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ABSTRACT

The internal structure and mass distribution of the terrestrial objects are yet unknown. The 2D
gravity model with a constant density of the terrestrial objects can shed light on the surficial or
textural heterogeneity due to topographic variations of the terrestrial objects. Three different
asteroids, which are Bennu (101955), Itokawa (25143) and Eros (433) are modelled in this study.
During the modelling phase, a different number of edges, elements, nodes, and faces are used to
describe the 3D models of Bennu, Iltokawa, and Eros. These 3D models are used in 2D Non-Uniform
Fast Fourier Transform (NU-FFT) applications to obtain gravitational attraction with a constant
density polyhedron model. Tensor gradients and tensor invariants of the modelled gravity anomaly
are calculated. Three major outcomes are interpreted from tensor gradient and tensor invariants.
Firstly, textural heterogeneity due to relatively low topography is detected in the central part of
Bennu. Secondly, considerably different properties which can be related to surface variations
between the two lobes of Itokawa are observed. Lastly, directional surficial heterogeneities were
detected in Evos.

1. Introduction

The forward solution of the gravity potential and

method for computing the gravity effect of the 2D/3D
grids with small grid spacing.

its derivatives are considered to have a widespread
application for different subjects. The gravity potential
is described as a volume integral, and the volume
integral is generally solved in the space domain by
analytical methods. Alternatively, spectral-domain
solutions can be used to solve volume integrals. If space
domain and spectral domain solutions are compared, it
is possible to say that space domain solutions are more
accurate but cost more computation time. Therefore,
spectral-domain solutions are the more appropriate

Cooley and Tukey (1965) fundamentally described
the FFT algorithm. In this study, FFT process was
applied in three steps. Firstly, the Fourier transform
of the given 2D/3D grid is computed. Then, the data
is analytically or numerically solved in the spectral
domain. Lastly, the spectrum is transformed back to
the space domain by the inverse Fourier transform.
Analytical solutions of the gravity effect in the spectral
domain for the rectangular prism with constant
and variable density are derived by many authors
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(Bhattacharyya, 1966; Chai and Hinze, 1988; Chenot
and Debeglia, 1990; Lee and Biehler, 1991; Tontini
et al., 2009; Wu and Chen, 2016). Furthermore,
these analytical solutions of the gravity effect can be
derived using polyhedron models with constant or
variable density (Pedersen, 1978; Wu, 1983; Hansen
and Wang, 1988).

The gravity vector and its gradient tensor can
be expressed by differential relation in the spectral-
domain (Wu, 2019). Wu and Chen (2016) mentioned
the major limitations of the Fourier transform are
quadrature error and truncation error within the
computed forward anomaly. In order to eliminate
major drawbacks of Fourier-domain methods, the non-
uniform FFT (NU-FFT) technique was introduced by
Wu and Tian (2014) and Wu (2021). This technique
uses both the shift sampling method (Chai and Hinze,
1988) and Gauss quadrature rules. Many authors (Wu
and Tian, 2014; Wu, 2016; Wu and Chen, 2016; Wu
and Lin, 2017; Wu, 2019; Wu, 2021a) showed that
the NU-FFT algorithm produces better results than
the conventional FFT algorithm for arbitrary-shaped
models. Furthermore, less quadrature error was
observed in NU-FFT results than in conventional FFT.
However, neither NUFFT nor traditional FFT methods
can eliminate truncation errors, which are controlled
by Nyquist frequency.

NU-FFT and gradient tensor applications in the
spectral domain were applied to Bennu, Itokawa,
and Eros asteroids. The noticeable properties of
Bennu, Itokawa and Eros can be summarised as;
(1) weathering, impact, and other processes have
altered the surface of Bennu, as evidenced by mass
displacement, cracks, and craters (Barnouin et al.,
2019; DellaGiustina et al., 2019; Walsh et al., 2019),
(2) Itokawa appears to be composed of a rubble-pile
structure rather than a single integrated mass (Saito et
al., 2006), (3) Eros has a cratered surface and is also
encrusted in a layer of regolith and rocks (Veverka et
al., 2001; Chapman et al., 2002; Robinson et al., 2002;
Thomas et al., 2002; Richardson et al., 2004).

The aim of this paper is to digitize 3D models of
Itokawa, Eros and Bennu asteroids and compute their
gravity anomalies and gradient tensors by the 2D NU-
FFT technique. The modelled gradient tensors are

used in the computation of rotational and horizontal
invariants which can be used as edge detection
techniques, surficial heterogeneity analysis due to
abnormal elevation or topography for the asteroid
models. The paper offers that digitising various file
extensions (“.off’, “stl”, “.ply” and “.mesh”) to
obtain elements, faces and edges of the provided 3D
model and compute its gravity anomaly and gradients
for rotational and horizontal invariant techniques to
detect major surficial heterogeneities of the celestial
bodies. Briefly, the results of this study indicate that an
anomalous forward modelled gravity anomaly due to
relatively low topography is discovered in the middle
region of Bennu, significant differences in surficial
properties are seen between Itokawa's two lobes and
directional surficial heterogeneities were discovered
in Eros. The gravity field of planetary bodies could
identify information about interior mass distribution if
direct gravity observations were available (Scheeres et
al., 2020). However, forward modelled gravity fields
with constant density can only clarify the surficial or
textural heterogeneities of terrestrial bodies. Since the
constant density forward modelling algorithm was
used, the inner structure of the asteroid could not be
interpreted. The lows and highs in gravity anomaly
and its derivatives can be linked to topographical
variations.

2. Physical Properties of Asteroid Bennu,
Itokawa and Eros

2.1. Asteroid Bennu (101955)

The asteroid was discovered on 11 September 1999
by the Lincoln Near-Earth Asteroid Research program
(Stokes et al., 2000). Bennu (101955) is a small near-
Earth celestial body with a half kilometer diameter
and an equatorial bulge (Figure 1). The structure of the
asteroid Bennu is a rubble-pile, which is inferred from
low-density measurements, and its surface is rocky
(Barnouin et al., 2019; DellaGiustina et al., 2019;
Lauretta et al., 2019; Scheeres et al., 2019; McMahon
et al., 2020). Scheeres et al., (2019) suggested that the
dynamical evolution of Bennu is quite complex owing
to the non-spherical shape of its body.

The surface of Bennu is affected by weathering,
impact, and other processes since mass movement,
fractures, and craters are noted (Barnouin et al., 2019;
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Figure 1- Shape of the asteroid Bennu with digitised edges.

DellaGiustina et al., 2019; Walsh et al., 2019). Signs
of exfoliation events are observed in the boulders of
Bennu due to the existence of disaggregated thin layers
at the surface (Molaro et al., 2020a). According to
Molaro et al., (2020b), physical features of an asteroid
Bennu stems from the thermal fatigue process, which
might be linked to thermal cycling (Holzhausen,
1989).

Asteroid Bennu was modelled (Molaro etal., 2015;
Hazeli et al., 2018; El Mir et al., 2019) and laboratory
studies (Thirumalai and Demou, 1970; Levi, 1973;
Delbo et al., 2014) were conducted in terms of the
thermal fatigue process by many researchers. The
results of models and laboratory work suggested that
chemical and biogenic weathering due to thermal
fatigue triggered the exfoliation of rock boulders
(Waragai, 1998; McFadden et al., 2005; Fletcher et al.,
2006; Eppes et al., 2010; Eppes and Keanini, 2017,
Lamp et al., 2017).

Chesley et al. (2014) investigated the bulk density
of Bennu via orbital deviations and thermal missions.
The estimated bulk density of asteroid Bennu is

Table 1- Bennu size and shape parameters (Lauretta et al., 2015)

1260£70 kg/m?. Furthermore, they shed light on the
rubble-pile internal structure of Bennu by presenting
the macro-porosity range as 40+10 %. The mass of the
terrestrial body is estimated as 7.8+0.9 * 10'°kg and
GM= 5.2+0.6 m*/s? (Chesley et al., 2014). The size
and shape parameters of Bennu are provided in Table
1.

2.2. Asteroid Itokawa (25143)

The asteroid was discovered on 26 September
1998 by the Lincoln Near-Earth Asteroid Research
program (Stokes et al., 2000). In November 2005, the
Hayabusa spacecraft collected regolith samples on the
asteroid’s surface, and these samples returned to Earth
in June 2010 (Yano et al., 2006; Tanbakouei et al.,
2019). Nakamura et al. (2011) showed that vast rocks
and stones are non-uniformly distributed on Itokawa’s
surface. Itokawa seems likely to have a rubble-pile
structure instead of a single consolidated structure.
A wide range of boulder sizes, ranging from meters
to hundreds of meters, are analysed on the surface of
Itokawa (Saito et al., 2006).

Fujiwara et al. (2006) resembled Itokawa’s shape
to a sea otter (Figure 2). The asteroid consisted of a
smaller head part and a larger body part. The head part
of Itokawa has more facets (Saito et al., 2006) rather
than the body part and this physical characteristic has
been taken into account during the modelling stage.
The body and head parts have a rounded shape which
indicates a long period of evolution (Fujiwara et al.,
2006).

Whiteley et al. (2002) claimed that Itokawa might
be either a loosely consolidated body or a young
terrestrial body that has been exposed to collisional
disruption. Large facets on Itokawa indicate that the
asteroid has experienced large impacts in the past, but
these impacts cannot be transmitted to the internal

Parameter Value Uncertainty ()
Mean diameter (m) 492 20

Polar dimension (m) 508 52
Equatorial dimensions (m) 565 x 535 10
Volume (km®) 0.0623 0.006
Surface Area (km?) 0.786 0.04
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Figure 2- Shape of the asteroid Itokawa with digitised edges.

body due to the high porosity structure (Asphaug et
al., 1998).

There are two scenarios for the origin of Itokawa.
The first scenario suggests that the head part and
body part were formed separately (Saito et al., 20006).
Then, these two parts contacted at a relatively slow
speed, and the original shape of the body and head
parts was protected (Saito et al., 2006). The second
scenario suggests that a large impact formed the neck
part, which is located between the head and body parts
(Fujiwara et al., 1993). Before the impact event, the
asteroid was a single body (Fujiwara et al., 1993).

The physical properties of asteroid Itokawa were
found by the Hayabusa spacecraft. These properties
are provided in Table 2.

2.3. Asteroid Eros (433)

Asteroid Eros was discovered on 13 August 1989
by Gustav Witt (Yeomans, 1995) and it was observed
before any definition between 30 November 1988
and 5 December 1988 with the Arecibo telescope
(Ostro et al., 1992; Magri et al., 2001). Near-Earth
Asteroid Rendezvous (NEAR) mission (Cheng et al.,
1997) provided crucial information about Eros’ pole
orientation, spin rate, orbit, mineralogy, chemical

Table 2- Itokawa size and shape parameters (Fujiwara et al., 2006).

composition and internal structure (McCoy et al.,
2000). The mission was started on 14 February 2000.
The results of the mission indicated that Eros has a
cratered surface and covered with a regolith layer
and boulders (Veverka et al., 2001; Chapman et al.,
2002; Robinson et al., 2002; Thomas et al., 2002;
Richardson et al., 2004).

Eros is an S-class asteroid (Figure 3) that is
composed of pyroxene, olivine, plagioclase, and
ordinary chrondrites (McCoy et al., 2000). There are
two theories about the formation of the asteroid Eros.
The first theory claims that space weathering and
differentiation processes result in hemispheric-scale
heterogeneity (Murchie and Pieters, 1996; Veverka et
al., 1999). The other theory states that the existence of
ordinary chrondrites presents unaltered composition
from the solar system's formation process. The
chemical structure of ordinary chrondrites is almost
identical to that of the Sun. Therefore, it might be said
that Eros is an unaltered body after the accretion of the
chrondrites (Yeomans, 1995).

Figure 3- Shape of the asteroid Eros with digitised edges.

The Near mission provided the size and shape
parameters of Asteroid Eros. These parameters of the
Asteroid Eros are illustrated in Table 3.

Parameter Value Uncertainty (£)
Size (m) 535 X 294 x 209 1
Density (kg/cm?®) 1000 130

Mass (kg) 3.51 x 10" 0.105 x 10"
Volume (m?) 1.84 x 107 0.092 x 107
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Table 3- Eros size and shape parameters (Miller et al., 2002; Konopliv et al., 2002; Kanamaru et al., 2019).

Parameter Uncertainty (+)
Size (km) 13x13x33 -
Density (kg/cm?) 30

Mass (kg) 6.6904 x 105 0.003 x 101
Volume (km?®) 25

3. Methods

3.1. Digitizing and Re-Modelling of 3D Asteroid
Models

3D models of the asteroids were downloaded from
https://solarsystem.nasa.gov/. The models can be
downloaded as either gl TF or USDZ file. In this paper,
gITF file (.glb) format is used for Bennu, Itokawa and
Eros models.

The“gITF” file formatcanbe visualised in ParaView
which is open-source data analysis and visualisation
software. Paraview’s Visualisation Toolkit comprises
C++, Java and Phyton libraries to process the input
model and visualise the processed model. For a large
dataset, ParaView can use distributed memory to
shorten the processing time. Furthermore, ParaView
allows users to convert file formats from “.glb” to
“.stl” (Ayachit et al., 2015). In this study, the “stl” file
format is required to digitise edges, elements (or mesh
tetrahedral), faces, and nodes (or mesh points) of the
given 3D model. Therefore, Paraview was used for the
conversion of data formats to “.stl”” and for visualising
the converted 3D model (Table 4).

After conversion from “.glb” to “.stl”, data is
ready for the digitising phase. Tetgen open-source
C++ program can be used for digitising processes for
arbitrary complex models. It can generate tetrahedral
meshes to detect edges, elements, faces, and nodes of
the given model. Various file extensions (.off, .stl, .ply
and .mesh) are readable in Tetgen (Si, 2015). In this
study, the “.stl” format, which was converted from
“.glb” in Paraview, was used as an input file extension

in Tetgen. To extract, nodes (.node), elements (.ele),
faces (.face) and edges (.edge), “tetgen -fe Name.
stl” command was run in Windows Powershell or Git
Bash. The outputs of Tetgen were used in Matlab code
for re-modelling asteroids Bennu, Itokawa and Eros.

3.2. 2D Non-Uniform FFT (NU-FFT)

The defects of standard FFT based forward
solutions are the finite length and discretization
effects (Wu and Tian, 2014). Wu and Tian (2014)
described the finite length effect as a cut point of an
infinite Fourier integral at the Nyquist frequency.
Furthermore, the discretization effect stems from the
finite integral’s maximum and minimum limits at the

Nyquist frequency.

Finite length errors can be ignored for potential field
studies due to the amplitude of the spectrum decaying
exponentially with increasing wavenumber. However,
the discretization effect cannot be neglected since the
oscillations of the Fourier integral may be inadequately
covered by the trapezoidal rule. In this case, a smaller
interval for the trapezoidal rule is mandatory for the
standard FFT method. In other words, grid expansion
should be applied to avoid the discretization effect.
The other option to minimize discretization error is
using the 2D Gaussian quadrature rule. Additionally,
the standard FFT forward results produce quite reliable
results as long as the source lies in the centre of the
window. However, if the position of the source does
not lie in the centre of the window, the edge effects
tend to occur. This problem can be solved by grid

Table 4- Number of digitised faces, edges, elements and nodes for each input model.

Model Name Faces Edges Elements Nodes
Bennu 9750 6895 4202 1348
Itokawa 10299 7135 4488 1325
Eros 5680 3993 2456 770
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expansion in the standard FFT methods, whereas the
2D Gaussian quadrature rule can automatically solve
the problem via the shift-sampling technique.

According to Barnett (1976), polyhedral bodies
which include polygonal bodies, can be re-modelled by
triangular surfaces. Then, the 2D Gaussian quadrature
rule is applied to the modelled triangular surfaces with
NU-FFT ( Lee and Greengard, 2005; Greengard and
Lee, 2006; Keiner et al., 2009; Wu, 2016; Barnett
et al., 2019; Barnett, 2021). A combination of the
Gaussian quadrature rule and NU-FFT was introduced
by Wu, (2021a).

In the cartesian coordinate system, r = (x,y,z)
presents gravity field coordinates and 7 = (X, ¥, Z2)
are the coordinates of the source body. For the
wavenumber domain, (k,, k,) corresponds to (x, y)
spatial domain coordinates on a constant level
(z = zp). The gravity potential U can be used to obtain
gravity fields in different directions and tensor gravity
components in the wavenumber domain (Wu, 2016).

where , 9o gy and g, denotes first
derivative of gravity potential U and T,,, Ty, Tzz Ty,
Ty T, are the second derivatives of U.

The computation of U is a somewhat complex
procedure for polyhedral bodies with constant
density. If a polyhedron has Ny faces, the unit normal
of each face is described as n; = («;, S;, vi), Where
i=1,..,Ng Additionally, J; denotes 2D Gaussian
quadrature order applied to the i facet of the
polyhedron, with j=1,...,J; the index for the
corresponding Gaussian nodes and weights.

Gaussian nodes and weights are represented by
7;j and w; j. The index [ can be replaced by the index
of Gaussian quadrature nodes and weights (i, j) (Wu,
2021a):

Nf
Nyp = Z]i
i=1

Wiicisnyp = {Wl,lr oW W10 s W gy v s Wi, 1 s WNFJNF}'

Tascienyp = {TM' s T 12,0 0 T2,y 0 TR, L ""rNFJNF}’

M ctenpp = {nl, e, Ny, Ny Ny, ooy My ...,nNF],

where 1ng,..,Mq, Ny, ..., N and Nyg, -, Ny are
repeated by /1, J2 and Jn times, respectively. Hence
vertical component of the gravitational vector [g,(1)]
can be written as (Wu, 2021a):

where|r — #|is Euclidian distance between the gravity
field point and the quadrature point, G = 6.67 X
1071 m3 kg ~'s~?and p, (kg/m?) constant density
of the polyhedral body. For 2D approximation, the
gravitational effect is calculated on a constant plane
z = zy. Then 2D Fourier transform is applied to both
sides of equation (6) (Parker, 1973; Wu, 2021a):

where Ny is Taylor series expansion order, Zr denotes
reference level (Wu and Lin, 2017), FNY represents
2D NU-FFT application (Greengard and Lee, 2006;
Wu, 2018) and Z; is depth coordinates. Finally, the
Fourier transform of the gravitational potential F (U)
F(U) is obtained by (Wu, 2016):

FU) = 7 Flo,)]

Once F(U) is computed, vector components of the
gravity potential U is computed by equation (1). In this
study, the combination of 2D NU-FFT type 1 and 2D
Gaussian quadrature rule, which was proposed by Wu,
(2021), is used to compute the gravitational attraction
of the terrestrial bodies.

3.3. Invariant Methods

The gradient tensors can be estimated from the
total magnetic field anomaly or gravity data. The
important factor is the aerial coverage of the data
during the tensor estimation process (Nelson, 1988a,
b; Pedersen and Rasmussen, 1990).
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It is known that the gravity field varies smoothly,
and the decay of the field is described by the inverse
square power. Additionally, invariants of the gravity
field decay as inverse fourth to the ninth power.
Therefore, the gradient tensors and computed
invariants provide high-resolution near-surface
information (Klokoc¢nik et al., 2014). The gravity
gradient tensors can be described as second derivatives
of the gravitational potential, U (see equation (1). The
outside of the source masses, tensor components
satisfy Laplace’s equation similar to the disturbing
potential (U) (Floberghagen et al., 2011).

Each gravity gradient tensor contains a different
type of information about the variation of the
gravity field. Specifically, T,, component provides
geological contact information (zero contours) while
the horizontal components diagnose the shape of the
source body (Murphy and Dickinson, 2009; Kloko¢nik
et al., 2014). Individually, inflection points in Ty, and
Tyy
minimum (troughs) in Ty, and T,,, are indicators of the

source edge, centre point of peaks and troughs in Ty,

represent the source edge, maximum (peak) and

marks the centre of the mass. If there is an asymmetry
in Ty, it indicates a dipping body. Rotational and
horizontal invariants are obtained by the combination
of the gravity gradient tensors.

The reason for the computation of gradient
tensors and their invariants is to monitor small-scale
variations in potential field data. It should be noted
that gradient tensors and invariants do not provide
additional information that is not already contained
in the potential field. However, they may provide
different insights for the interpretation stage (Pedersen
and Rasmussen, 1990).

Invariants can be grouped into 2 categories;
rotational and horizontal invariants. Rotational
invariants are described as (Pedersen and Rasmussen,
1990; Pawlowski, 2012; Kloko¢nik et al., 2014):

Iy = T Tyy + Tyy Toz + Tax T2z — Txyz - Tyz2 - szz

IZ = Txx (Tnyzz - Tyzz) + Txy (Tszxz - TxyTzz) + sz(TxyTyz - szTyy)

Characteristics of I is similar to analytic signal,
but the output is always negative. Additionally, I is
the measure of the 3D-ness of input.

Horizontal invariants, including total horizontal
derivative (THDR) and magnitude of curvature
(MC), aim to detect edges of contact. The horizontal
invariants can be written as ( Murphy, 2007; Murphy
and Dickinson, 2009):

Peaks in THDR output clarify the edges of the
source, whereas local minima in MC output detect
the edge of contact. Since both THDR and MC mark
the edge of the input, cross-checking between the two
methods provides a more reliable interpretation.

4. Findings and Discussion

In this section, estimated gravity anomalies,
tensor components, and invariants of the asteroids
Bennu, Itokawa, and Eros are presented. Additionally,
the surficial heterogeneities in terms of the forward
modelled gravity anomaly with constant density of
these terrestrial objects is discussed. Each result is
computed by the MATLAB code, proposed by Wu,
(2021b) and a colormap of the results is generated by
ColorBrewer (Cynthia, 2002).

Polyhedral models are quite convenient for
estimating the gravity fields of arbitrarily-shaped
objects. However, polyhedral models require two
assumptions; (1) the asteroid should have a polyhedral
shape, (2) the density of the polyhedral shape is
constant (Werner and Scheeres, 1996; Kanamaru and
Sasaki, 2019).

Typically, asteroids less than 10 km in dimension
tend to have rubble pile structures (Scheeres et al.,
2015). It should be re-mentioned that Asteroid Bennu
has a rubble-pile structure with different sizes of
boulders. Hence, the size differences would disrupt
the computed gravity anomaly (Scheeres et al., 2020).
The gravity anomaly of Bennu is computed by a 2D
NU-FFT application. The computation parameters are
discussed in Section 2.1. Figure 4 indicates the 2D and
3D input models of the asteroid Bennu and the first
derivatives of gravity potential (gx, 9y, 9z).
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Figure 4- First derivative results for Asteroid Bennu (101955): a) 3D model of input, b) 2D model of
input, ¢) vertical component of gravity potential U, d) X component of gravity potential U, ¢)
Y component of gravity potential U. Solid black line delineates the boundaries of the Asteroid

Bennu.

In Figure 4, the central part of the body is marked
in gx and gy components along y and x directions,
respectively. Furthermore, horizontal variations at z=z,
of gravity anomaly are delineated in g, component.
Although the first derivative of gravity potential U
produces interpretable results, better evaluation can
be done by tensor components and invariant of the
gravity field (Figure 5).

In Figure 5, the minimum estimated gravity
values at the equator and centre of asteroid Bennu
are compatible with previous studies (Hirabayashi
and Scheeres, 2014; Sanchez and Scheeres, 2014;
Lauretta et al., 2019; Scheeres et al., 2019, 2020).
In the equatorial region, the material is migrating
to the region where compaction is less dominant.
Additionally, an equatorial bulge occurs due to the
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Figure 5- Second derivative results for Asteroid Bennu (101955): @) Ty, b) Ty, €) Txz, d) Tyy, €) Ty, £) Ty, 8) 11, h) I, 1) THDR and j) MC.
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fast spin rate of the asteroid and material migration
(Hirabayashi and Scheeres, 2014; Sanchez and
Scheeres, 2014).

A low gravity anomaly in the equatorial bulge of
the asteroid Bennu can be associated with relatively
low topography. Since the heterogeneity of this zone
iS quite dominant, tensors and invariants delineate
its horizontal variations at z=z,. Especially in g,,
anomaly, symmetrical peaks and troughs indicate
the centre of topographic undulations with constant
density. I; invariant provides less information about
the lower topography zone, whereas I, MC and
THDR more susceptible to variations of surficial
heterogeneity.

The shape of the asteroid Bennu is more uniform
than that of Itokawa. NU-FFT becomes more
prominent when computing gravitational attraction
of non-uniform arbitrary shapes such as Itokawa and
Eros. The gravity anomaly of Itokawa is calculated via
the same method that was used for the asteroid Bennu.
The computation parameters are discussed in Section
2.2. Figure 6 indicates the 2D and 3D input models of
Asteroid Itokawa and the first derivatives of gravity
potential (gx» Gy, 92).

The internal structure and mass distribution of the
asteroid Itokawa are yet unknown. It is known that
the bulk porosity of Itokawa is approximately 40 %
(Saito et al., 2006; Sanchez and Scheeres, 2014) and
the mean density is roughly 1900 kg/m* (Abe et al.,
2006; Fujiwara et al., 2006).

The computed gravitational attraction results
shed light on the surficial heterogeneity of Itokawa.
However, the high or low density regions cannot be
obtained since constant density polyhedral models are
used. It is possible to say that, we assume the head
and body parts of Itokawa have the same density and
variations in the computed gravity anomaly should be
linked to surficial heterogeneity. Sorsa et al. (2020)
proposed that both lobes of Itokawa have a uniform
structure and surface composition. Furthermore, the
differences between lobes might be linked to void
space distribution or high density metallic fragments.

The first derivative of gravity potential indicates
that the body and head parts have distinct gravity
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anomalies. In Figure 6¢ and 6d, the body part produces
a distinctly higher gravity anomaly, while the head
part has a lower gravity anomaly. Although the head
part has higher density values (Kanamaru and Sasaki,
2019; Sorsa et al., 2020), lower gravity anomalies are
estimated in g, and gx. It is worth noting that using
constant density models during the computation of
gravity anomaly does not provide a reliable density
distribution. Therefore, estimated gravity anomalies
cannot be associated with the density distribution of
the terrestrial body. The computed gravity anomaly
with constant density contrast distribution is the direct
output of the surficial or textural heterogeneity. To
detect variations in forward modelled gravity anomaly
with constant density contrast, tensor gradient
and invariant applications tend to produce more
interpretable output than first derivative anomalies
(Figure 7).

In Figure 7, surficial heterogeneity analysis
presents anomalous characteristics in the body part,
and this is compatible with the previous findings
(Kanamaru and Sasaki, 2019; Sorsa et al., 2020).
Tensor gradients T, and T, delineate the edge of
the structural heterogeneity zone along the x and y
axes. Asymmetrical anomalies in Ty,, indicate that the
position of the surficial heterogeneity is either close
to the body or head part. Horizontal variations at z=z,
can be tracked in T,, anomaly. It is possible to say
that horizontal variations forward modelled gravity
anomalies with constant density contrast are observed
near the body part. THDR and MC outputs present
extremum points where anomalous topographical
variations are detected. Negative anomalies towards
the body part indicate a major source of gravity
anomalies in I; invariant. The 3D-ness of anomaly (I2
anomaly) has a positive correlation with topographic
highs and lows. The lowest values of I, distributed at
the centre of the body whereas the highest value of I,
is observed towards the body part. On the whole, the
edge detection results indicate that there are textural
heterogeneities towards the body part of the Asteroid
Itokawa. Direct measurements and observations from
this region may provide prominent knowledge of the
nature of Itokawa.

Unlike asteroid Itokawa, Eros (433) is nearly

homogeneous. Furthermore, a uniform density
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Figure 6- First derivative results for Asteroid Itokawa (25143): a) 3D model of input, b) 2D model of input, c) vertical component
of gravity potential (U), d) X component of gravity potential (U), €) Y component of gravity potential (U). Solid black line

delineates boundaries of the Asteroid Itokawa.

distribution is observed in the asteroid Eros (Garmier
et al., 2002). Trombka et al. (2000) studied the
elemental composition of Eros via the NEAR (Cheng
et al. 1997) X-ray spectrometer and their findings
indicated anomalous characteristics of Himeros
depression (saddle-shaped structure). In order to

interpret the surficial heterogeneities of Eros and
Himeros depression, the first derivatives and 2D/3D

model of Asteroid Eros are illustrated in Figure 8.

Figure 8 depicts a roughly homogeneous textural
heterogeneity along the X and Y axes in gy and g..
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Figure 7- Second derivative results for Asteroid Itokawa (25143): a) Ty, b) Tyy, ©) Typs d) Tyy, €) Ty, ) Ty, g) 11, h) I, i) THDR and j) MC.
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Figure 8- First derivative results for Asteroid Eros (433): a) 3D model of input, b) 2D model of input, c¢) vertical component
of gravity potential U, d) X component of gravity potential U, ¢) Y component of gravity potential U. Solid black line
delineates boundaries of the Asteroid Eros.

However, gx is not symmetrical with respect to the X-axis. To provide a better explanation for the surficial

centre of the body. This asymmetrical behaviour heterogeneity, tensors and invariants are computed
might be associated with heterogeneity along the (Figure 9).
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Figure 9- Second derivative results for Asteroid Eros (433): a) Ty, b) Ty, ©) Ty, d) Tyy, €) Ty, ) Ty, 2) I, h) I, 1) THDR and j) MC.

14



Bull. Min. Res. Exp. (2024) 173: 1-18

For Asteroid Eros, tensors and invariants have
different characteristics. For example, findings in Ty,
indicate uniform distribution along the Y direction
while T, presents heterogeneous distribution along
the X-axis. This heterogeneous distribution might be
linked to the saddle-shaped Himeros depression. This
anomaly is compatible with the results of Trombka et
al. (2000) and Garmier et al. (2002). Furthermore, T,,
can be used to analyse the gravity effect of Himeros
depression with a roughly -100 E&tvds value. It is
worth mentioning again that, although the gravity
anomaly of the Himeros depression is relatively
higher (Garmier et al., 2002), our study presents a
lower gravity value in that region. The reason for our
density models are constant and the aim is to detect
surficial heterogeneities. The maximum and minimum
distributions in T, are symmetrical but their intensity
indicates asymmetrical behaviour around the Himeros
depression.

With the exception of I, the invariant methods
exhibit structure-centred anomalies. However, I
invariant detects surficial heterogeneities in the
Himeros depression, since 3D characteristics of
anomaly vary in that region. I3 invariant successfully
determines the location of the heterogeneous
zone. THDR and MC findings validated the nearly
homogeneous structure of Eros (433) which was
proposed by Garmier et al. (2002).

5. Conclusion

Information about terrestrial bodies is quite limited.
Constant density forward modelling sheds light on the
heterogeneities related to topographical variations.
The computed gravity anomalies with constant density
cannot classify high and low density regions, but they
detect surficial diversity in these regions. The findings
in this study were compared to previous studies for
asteroids Bennu, Itokawa and Eros.

Specific characteristics of three asteroids are
detected in this study. For Bennu (101955), textural
heterogeneities are observed in the central part
of the body. The gravity tensor and invariant of
Itokawa (25143) reflect different surficial properties
of the head and body parts. Finally, directional
differences are detected for the asteroid Eros (433).
Along the Y direction, surficial distribution in Eros

is nearly uniform, whereas surficial heterogeneities
are interpreted along the X direction and Himeros
depression.
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ABSTRACT

The Bozburun coalfield hosts a late Miocene 1.1 m thick coal seam. This study aims to determine
coal quality, mineralogy, petrography and geochemistry, and controlling factors of elemental
enrichments. The coals are generally black and greyish black in colour, and the low part of the seam
commonly includes fossil shell remains. The ash yield displays a decreasing trend towards the upper
part of the seam; in turn, gross calorific and total C values increase upwards. The total S content
being generally higher than 5% (on dry basis), displays an increasing trend towards the upper part.
In the entire seam, huminite is the most common maceral group, while inertinite and liptinite display
variable proportions. The identified minerals by XRD are mainly quartz, clay minerals, calcite,
pyrite, and aragonite (in fossil shell remains-bearing samples), whereas feldspars and marcasite
determined in a few samples. Furthermore, in the coal samples, celestine and barite were identified
by SEM-EDX. This study indicates that precipitation of celestine and Sr-bearing barite grains during
diagenetic stage and Sr-uptake by mollusc within the palacomire caused Sr enrichment in the entire
seam. Overall, the water influx and redox conditions controlled the mineralogical and the elemental
compositions of the coal seam.

1. Introduction

The mineralogical

elements, and element ratios have been used (e.g.,

Goodarzi and Swaine, 1994; Dai et al., 2015a, 2018,

and geochemical features

of coal and coal combustion remains have been the
subject of several studies because of the hazardous
elements and critical elements contained (e.g., Dai et
al., 2012a, 2020a, b, 2021; Dai and Finkelman, 2018;
Hower etal., 2020, 2022). Besides, more recent studies
show that these features of coal beds and partings in
combination with coal petrography, palaeontological,
and sedimentological data could provide significant
information about the depositional conditions in the
palaeomires (e.g., Finkelman et al., 2019; Dai et al.,
2020a; Hood et al., 2020) for this purpose, indicative

2020a; Spiro et al., 2019). For example, distributions
of As, U, and Mo contents, along with Th/U ratio, are
used for the determination of palaeoredox conditions
in palacomires, while distributions of total S, B, and
Mo contents and Sr/Ba ratio serves as palaeosalinity
indicator in palacomires (Goodarzi and Swaine,
1994; Spiro et al., 2019; Dai et al., 2020a; Goodarzi
et al., 2020; Celik et al., 2021). Nevertheless, these
index elements and elemental ratios should be used
with caution, since coal seams have heterogeneous
elemental and mineralogical compositions and certain
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accessory minerals (e.g., barite, chromite, monazite)
can increase the concentrations of certain indicator
elements (Finkelman et al., 2019; Dai et al., 2020a, b;
Karayigit et al., 2020a, b).

The petrographical and geochemical features
of Turkish low-rank coals, particularly of the early-
middle Miocene coals in western and central Anatolia,
are well documented as a result of their use as feed
coals in power plants (Querol et al., 1997; Karayigit
et al., 2000, 2017a; Tuncali et al., 2002; Palmer et al.,
2004). However, the coalfields of eastern Anatolia,
with the exception of Kangal and Afsin-Elbistan
coalfields, have received less attention (Karayigit and
Gayer, 2000; Karayigit et al., 2001, 2019; Siit¢ii and
Karayigit, 2015). The tectonic evolution of eastern
Anatolia during late Cenozoic times resulted in the
formation of several sedimentary basins (e.g., Afsin-
Elbistan, Golbasi, Sivas-Kangal and Malatya), which
host mineable late Miocene and Plio-Pleistocene coal
seams (Tuncali et al., 2002; Kaymake1 et al., 2000;
Siitcli and Karayigit, 2015; Karayigit et al., 2016;
Yilmaz, 2019; Seyitoglu et al., 2022). Another result
of the tectonic activity is the development of regional
volcanic activity from the early Miocene to Pliocene
(Figure 1a) (Kocaaslan and Ersoy, 2018; Di Giuseppe

et al., 2021). Hence, volcanic complexes (Yamadag
and Kepezdag) and volcanic fields (Kangal and Sivas)
were developed.

The Bozburun coalfield is located in the Malatya
Basin (Figure 2) and hosts a 1.1 m thick economic coal
seam. Previous studies have mostly focused on the
sedimentological and palaeontological properties of
the Cenozoic sedimentary rocks and the petrogenesis
of Cenozoic volcanic rocks in the Malatya Basin
(Ercan and Asutay, 1993; Tiirkmen et al., 2004,
2007, 2011; Ekici et al., 2007; Nazik et al., 2008;
Kog-Taggin, 2011). Although coal seam exploitation
in the study area began in early 1990s (Onal, 1995),
only one coal geology study from the western part
of the Bozburun coalfield has been conducted to
date. In there, the coal seam displays relatively small
thickness, and coal beds-bearing outcrops are located
in the northern part of the Malatya Basin (Yalgin-
Erik and Ay, 2020). The results of the previous coal
geology study show that the coal displays significantly
high ash yield and total sulphur content, and the
coal is of subbituminous rank. The biomarker data
supports the previous palynological results from Onal
(1995) and Tiirkmen et al. (2004), indicating that the
peat-forming vegetation was a mix of herbaceous

Figure 1- a) Regional geological map of the surrounding area of the Bozburun coalfield (modified from geological map of Tiirkiye,
1/500.000-scale), b) simplified geological map of the study area (modified from Tiirkmen et al., 2004; Stimengen, 2016), c)
generalized stratigraphic column in the study area (modified from Tiirkmen et al., 2004).
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Figure 2- The sampled profile at the Bozburun coalfield.

and woody plants. Nevertheless, detailed elemental
composition and paleoenvironmental reconstruction
of the Bozburun coalfield are still lacking. Considering
the volcanic activity in the Malatya Basin, the coal
rank of the Bozburun coalfield might have differences
from the northernmost of the Malatya Basin (Figure
1a). Therefore, this study focuses on determining the
factors controlling the coal quality, the petrographical,
mineralogical, and geochemical features of the late
Miocene coal in the eastern part of the Bozburun
coalfield and reconstructing the palacoenvironment
during the peat accumulation. The specific goal of the
current study is to ascertain factors controlling coal
rank variation in the Malatya Basin.

2. Geological Setting

The Bozburun coalfield is located in the
southernmost of the NE-SW trending Malatya Basin,
which is controlled by the Malatya Fault Zone (Figure
la) (Kaymakei et al., 2006; Sangar et al., 2019). The
pre-Neogene basement consists of Permo-Triassic
Keban metamorphics (marble and schist), middle
Triassic-early Cretaceous Kuluncak ophiolite, late
Cretaceous Elazig magmatics (andesite, basalt, diorite,
and gabbro), and Palaeocene to late Eocene marine
carbonates with gypsum lenses and beds (Figure 1b-c)
(Tiirkmen et al., 2007; Kog-Taggin, 2011; Siimengen,
2016). The Malatya Basin begun developing during
early Miocene due to regional extensional tectonic

regime (Kaymakge1 et al., 2006). Thus, the Neogene
basinal infillings started with late Oligocene
(?)-early Miocene shallow marine deposits (Alibonca
Formation), and this unit is conformably overlain
by middle Miocene Malatya volcanics (andesite and
basalt) of the Yamadag volcanic complex (Ercan and
Asutay, 1993; Onal, 1995; Tiirkmen et al., 2004, 2007;
Kog-Tasgin, 2011; Siimengen, 2016; Kocaarslan and
Ersoy, 2018; Di Giuseppe et al., 2021). Terrestrial
conditions became dominant in the Malatya Basin
during the late Miocene and these units inequitably
overlay early-middle Miocene units (Figure 1c). The
total thickness of late Miocene basinal infillings in
the study area is around 1200 m and is divided into
three formations (Tiirkmen et al., 2004, 2007; Nazik
et al., 2008; Kog-Tasgin, 2011), from bottom to top,
Kiseyin Formation, Bozburun Formation, and Boyaca
Formation (Figure 1c).

The Kuseyin Formation is composed of alteration of
conglomerate, sandstone, and reddish mudstone with
freshwater mollusc-bearing limestone (Tiirkmen et
al., 2004, 2007; Nazik et al., 2008; Ko¢-Taggin, 2011).
The sedimentological features of Kiiseyin Formation
imply that the formation was deposited under alluvial
fan and meandering river conditions where small
freshwater ponds and lakes were developed (Tlrkmen
et al., 2004, 2007; Kog-Tasgin, 2011). The ostracod
fauna hosted in sediments suggest freshwater to
oligohaline conditions (Nazik et al., 2008). The coal-
bearing Bozburun Formation overlies conformably
the Kiiseyin Formation and commences with current-
or wave-ripple cross-laminatted sandstone, plant
remains-bearing greyish green claystone, a coal
seam, fossiliferous marl and limestone, and reddish
mudstone (Tiirkmen et al., 2004, 2007; Siimengen,
2016) (Figure 1b). Previous sedimentological and
palaeontological studies show that the Bozburun
Formation was deposited in shallow lakes associated
with peatlands and deltaic areas (Onal, 1995; Tiirkmen
et al., 2004, 2007; Nazik et al., 2008). Furthermore,
the identified palynoflora from the Bozburun coal
seam implies that palaeomires were developed under
freshwater lakeshore and floodplain conditions, while
the ostracod and gastropod fauna from the Bozburun
Formation show that freshwater and brackish
conditions were developed during the late Miocene.
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The Boyaca Formation is widely exposed in the study
area and consists of reddish mudstone, mudstone,
and an alternation of planar parallel-stratified
conglomerate, planar cross-stratified sandstone, and
reddish mudstone (Figure 1b), related to alluvial fan
conditions (Tiirkmen et al., 2007; Kog-Tasgin, 2011).
During late Miocene to Pliocene, a compressional
tectonic regime caused the deformation of Miocene
formations in the Malatya Basin, which could be
observed as hydroplastic deformation horizons within
the late Miocene formations (Kaymakge1 et al., 2006;
Kog-Taggin, 2011) (Figure 1b). Even though late
Pliocene basalt lava flows are common in the northern
part of the Malatya Basin (Ercan and Asutay, 1993;
Ekici et al., 2007; Kocaaslan and Ersoy, 2018; Di
Giuseppe et al., 2021) Late Pliocene basalt lavas or
volcanic rocks are not exposed within the Bozburun
coalfield. Finally, all Neogene units are overlain by
unconformably unconsolidated Quaternary sediments
(pebbles, sand, and silt) (Figure 1c).

3. Samples and Applied Methodology

In this study, a total of twelve samples (nine coal,
one floor, one roof, and one parting) were obtained
from the working coal face of an underground mine
in the eastern part of Bozburun coalfield (Figure 2).
The lithotype descriptions of the coal samples were
performed following the International Committee
for Coal and Organic (ICCP) nomenclature (ICCP,
1993). Standard proximate, ultimate and petrographic
analyses, as well as calorific determination were
conducted at Hacetepe University. Coal petrography
analyses were performed using polished blocks
prepared according to the ASTM D2797/D2797TM
(2019) and examined under a coal petrography
microscope. The maceral nomenclature followed
ICCP System 1994 (ICCP, 2001; Sykorova et al.,
2005; Pickel et al., 2017). For rank determination,
the mean random huminite reflectance measurements
(%Rr) were exclusively performed on uliminite B
following ISO 7404-5 (2009) standard.

For X-ray powder diffraction (XRD) analysis of
raw coal and non-coal samples, a Bruker D§ equipment
at the General Directorate of Mineral Research
and Exploration (MTA) (Ankara, Tirkiye) was
used. EVA~ software (Bruker) was used for semi-
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quantitative determination of the mineralogical
composition of the samples. For a better detailed
mineralogical composition and determining accessory
phases selected six coal (P-4, -5, -6, -8, -10, -11) and
two non-coal samples (P-1 and -9) examined using
FEI Quanta 400 FEI-SEM-EDX at the MTA. For these
examination polished blocs were coated with carbon.
The powered raw coal and non-coal samples pellets
with KBr mixture were examined using a Perkin Elmer
Spectrum-II (Fourier transform-infrared spectrometry
(FT-IR) instrument. The XRF, ICP-OES, and ICP-MS
analyses of all samples were conducted at the MTA.
The major oxide contents were determined from raw
samples using XRF equipment. For determination
of minor and trace elemental compositions using
ICP-OES and MS analyses, all samples were firstly
ashed at 550 °C, for complete the removing of
organic fraction of samples, in a muffle furnace. The
digested solutions were prepared from ashed samples
using in perchloric acid, aqua regia, nitric acid and
concentrated hydrochloric acid following Nadkarni
(1980) methodology. Minor and trace elemental
compositions were determined using ICP-OES and
ICP-MS equipment. External and internal standards
were used for checking the accuracy of the analyses.

4. Findings
4.1. Coal Quality

The coal samples are generally black and greyish
black in colour. In the low part of the seam, calcareous
fossil remains-bearing bands were identified. In the
upper part of the seam, the matrix lithotype dominates,
i.e., black-coloured gelified humic mass without any
mineral impurities and/or with mineral impurities
thinner than 1 mm, were identified. In the low part the
mineral-rich lithotype prevails, i.e., greyish in colour
and containing fossil shell remains-bearing thicker
than 1 mm (Table 1, Figure 2). The roof rock sample
is fossiliferous claystone, while the parting and floor
rock samples are fossiliferous carbonaceous claystone
(Figure 2). Furthermore, parting and roof rock samples
also contain disseminated carbonized fossil plant litter
remains.
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Table 1- The results of proximate and ultimate analyses of coal and coal samples, as well as of the calorific value determination of coal samples

((VM: volatile matter, GCV: gross calorific value; asr: as-received basis; d: dry basis; daf: dry, ash-free basis; *oxygen content is

calculated by subtraction [O = 100 — (C + H + S + N + ash)] on dry basis).

Sample | Sampling Lithology for Non-coal Moisture | Ash yield | VM GCV C | H | N | S | o*
No Interval (cm) | samples/ Coal Lithotype | (wt.%, asr) (Wt.%, d) (MJ/kg, daf) (Wt.%, d)
P-1 0 10 Claystone 14.5 69.0 31.0 na 9.6 na na | 001 ]| na
P-2 10 20 Matrix 25.6 30.6 40.9 28.4 499 | 54 1.2 6.8 6.1
P-3 20 30 Mineral-rich 24.4 48.3 35.0 26.2 36.5 | 43 0.8 6.3 3.8
P-4 30 40 Matrix 26.7 32.3 42.2 28.3 496 | 55 11 6.6 4.8
P-5 40 50 Matrix 22.3 32.0 43.4 28.5 505 | 54 11 6.4 4.5
P-6 50 60 Matrix 26.8 20.8 42.7 28.8 58.7 | 6.2 1.3 4.6 8.4
P-7 | 60 | 70 Mineral-rich 23.2 744 | 19.8 16.7 156 | 30 | 03 | 26 | 42
P-8 | 70 80 Mineral-rich 25.8 2.6 | 349 27.0 406 | 43 | 09 | 66 | 50
P-9 80 90 Carbonaceous claystone 17.1 62.0 38.0 na 128 | na na 0.1 na
P-10 90 100 Mineral-rich 19.6 60.6 394 8.6 174 | 1.5 0.1 03 | 20.1
P-11 100 110 Mineral-rich 19.4 62.7 37.3 6.7 156 | 1.4 0.1 04 | 19.8
P-12 | 110 | 120 Carbonaceous claystone 20.4 87.6 12.4 na 47 | 1.7 | 00 | 1.7 | 43

The ash yield displays a decreasing trend towards
the upper part of the seam (Figure 3); in turn, the gross
calorific value (GCV) and total C content are relatively
high in this part. These trends are clearly related to the
matrix lithotype in the upper part of the seam (Table 1).
Furthermore, the total S content displays an increasing
trend towards the upper part, where total S content
is high (> 5%, on dry basis) (Table 1 and Figure 3).
As expected, the volatile matter contents of fossil
shell remain-bearing samples are deceptively higher
than this in the other samples. This could be related

to the breakdown of the calcareous remains (Table 1).
Similarly, relatively high volatile matter content is also
generally reported from fossil shell-bearing Turkish
Cenozoic coalfields such as Afsin-Elbistan, Soma,
Kangal, Milas, and Karapinar coalfields (Karayigit et
al., 2001, 20174, 2019; Biigkiin et al., 2015; Oskay et
al., 2016, 2019). The hydrogen content of the matrix
samples is relatively higher (5.4-6.2%, on dry basis)
than this of the mineral-rich ones (1.4-4.3%, on dry
basis).

Figure 3- Vertical distribution of ash yield, total C and S, and maceral contents (on whole-basis) through the studied seam (for lithostratigraphic

column, see Figure 2).
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4.2. Maceral Composition and Huminite Reflectance

Huminite is the most common maceral group
(34.1-84.5%, on a whole basis) in the studied samples,
while inertinite (1.3-8.3%, on a whole-basis) and
liptinite (1.5-6.7%, on a whole-basis) display variable
proportions in the entire seam (Table 2 and Figure 3).

Telohuminite is the prevalent huminite maceral
subgroup in the matrix lithotype samples, whereas
detrohuminite displays generally higher proportions in
the mineral-rich matrix samples (Figure 4). Textinite
prevails generally in the matrix lithotype (Figures
4a-b) with telohuminite being mainly represented by
ulminite (Figures 4a-c and e, and 5a). Porigelinite,
resinite and corpohuminite commonly fill cell lumens
of textinite (Figures 5a-b). The ulminite B variety is
generally well gelified; however, the ulminite A variety
exhibits very weak brownish fluorescence (Figures
Sa-b). Densinite has higher proportions in the matrix
samples, whereas in the mineral-rich ones, attrinite
is more common. Inertinite (e.g., inertodetrinite and
fusinite) and liptinite macerals (e.g., sporinite and
liptodetrinite) are generally embedded within densinite
(Figures 4d and 5c-d). Furthermore, attrinite appears
generally within clay mineral aggregates (Figures 5c
and f). Corpohuminite is the prevalent gelohuminite
maceral in the coal samples and, as mentioned above,
is mostly observed as cell-lumens infilling, as well as
phlobaphinite (Figure 4a). The latter one could also be

an indicator of woody peat-forming plants (Sykorova
et al., 2005). As noted above, porigelinite is identified
within telohuminite macerals (Figure 4b), while

levigelinite is identified in the entire seam (Figure 4d).

The inertinite content is generally higher than 10%
(on a mineral matter-free basis) in the low part of the
seam, and fusinite, inertodetrinite, and semifusinite are
identified in the entire seam. Inertodetrinite, fusinite,
and semifusinite macerals are mostly observed within
clay aggregates and densinite (Figures 4d and 5c-d),
while individual fusinite and semifusinite macerals
are also identified in the coal samples (Figure 5f).
Funginite is less common in the coal samples and is
mostly identified within ulminite (Figure 4c). Liptinite
proportions show an increasing trend towards the upper
part of the seam (Figure 3), which resulted in increased
H contents. Cutinite, liptodetrinite and sporinite
are identified in all the samples (Figures 4e-f). The
presence of fluorinite-variety resinite could also imply
the existence of Myrica within the palaecomire, which
is also supported by the presence of Myrica pollen
according to Tirkmen et al. (2004). The identified
minerals under white-incident light are mostly clay
mineral aggregates and framboidal pyrite grains and
agglomerates, and rarely syngenetic carbonate bands
(Figures 4b-d, and 5c and f). Furthermore, calcareous
fossil shell fragments and possible diatom remains
and/or sponge spicules are also included (Figure 5e).

Table 2- Maceral composition (vol%) and mean random ulminite reflectance (%Rr) of the studied coal samples and floor sample (P-12) (TH:

telohuminite, DH: detrohuminite, GH: gelohuminite, H: huminite, I: inertinite, L: liptinite, MM: mineral matter, Stdv: standard

deviation).
Petrographic Composition (vol%) Maceral Indices (dimensionless)
Sample | TH [DH |[GH | H [ 1 | L MM %Rr £
No vol.%, on whole | ~ Stdv A B C | TPL| GI | VI |GWI
vol%, on mineral-free basis basis
P-2 46.0 | 33.6 | 10.9 | 90.5 | 1.9 7.6 11.9 56.1 | 42.0 | 1.9 1.4 2.3 1.3 0.8
P-3 270 | 463 | 7.7 | 810 | 12,6 | 6.4 49.1 319 | 555 | 126 | 0.6 0.9 0.6 1.9
P-4 49.0 [ 27.0 | 120 | 88.0 | 5.2 6.8 211 0.31+£0.01| 555 | 394 | 5.1 1.4 2.3 17 0.9
P-5 51.7 |1 30.7 | 10.2 | 92.6 | 1.5 5.9 13.4 58.0 | 40.5 | 1.5 1.5 31 1.5 0.6
P-6 579 | 16.6 | 142 | 88.7 | 6.7 4.6 4.7 0.32+0.01 | 66.5 | 26.8 | 6.7 2.6 4.0 2.9 0.6
P-7 272 | 462 | 7.7 | 811 | 125 | 64 49.0 320 | 554 | 125 | 0.6 0.9 0.6 1.9
P-8 372|369 | 1591 90.0 | 31 6.9 31.2 0.32+0.01 | 42.6 | 543 | 3.1 0.8 2.8 1.0 1.5
P-10 276 | 52.0 | 22 | 818 | 148 | 3.4 57.0 0.32+0.01 | 29.6 | 55.6 | 149 | 0.5 0.4 0.5 18
P-11 190 | 556 | 30 | 77.6 | 181 | 43 54.4 214 | 604 | 182 | 0.3 0.3 0.4 1.7
P-12 91 | 644 | 10 | 745 | 167 | 88 54.1 131 (701 | 16.8 | 0.1 0.1 0.2 1.6
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The mean random huminite reflectance (%Rr) values 4.3. Mineralogy

ranges between 0.31-0.32% (Table 2). These values

are generally lower than the reported measured ones

(0.38-0.51%) from the western part of the coalfield by The minerals identified by XRD in the bulk coal
Yalgin-Erik and Ay (2021). samples, are calcite, clay minerals (illite and smectite),

4.3.1. Minerals in Coal Samples

Figure 4- Selected photomicrographs of the Bozburun coal samples. All photomicrographs are taken under incident white light (a-e) or
blue-light excitation (f), in oil immersion, 500x total magnification (Abbreviations: textinite (T), ulminite (U), ulminite-A (U-A),
ulminite-B (U-B); densinite (D), corpohuminite (Cp), porigelinite (Pg), levigelinite (LG), inertodetrinite (Id), funginite (Fung);
sporinite (Sp); cutinite (Cut), and pyrite (Py)).
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Figure 5- Selected photomicrographs of the Bozburun coal samples; a), ¢), d), ), f) all photomicrographs are taken under incident white light,
b) blue-light excitation in oil immersion, 500x total magnification (Abbreviations: textinite-A (T-A), ulminite (U), attrinite (A),
densinite (D), fusinite (Fus), semifusinite (SF), inertodetrinite (Id), resinite (R), pyrite (Py), clay mineral (CM), syngenetic carbonate

(Carb), and mineral-matter (M)).

quartz, and pyrite (Table 3); a similar mineralogical
composition is also obtained from the western part of
the basin (Yal¢in-Erik and Ay, 2021). Furthermore, in
fossil shell-bearing samples, aragonite is also detected,
and feldspars and marcasite are determined as minor
phases (Table 3). Clay and carbonate minerals are
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abundant to dominant phases, while quartz is generally
a minor phase. The SEM-EDX data agrees with the
XRD data, and chlorite (chamosite), CIl/F-apatite,
celestine, dolomite, barite, sphalerite, titanite (sphen),
and Ti-oxides, are identified as accessory phases
(Table 3). In addition, pyritized calcareous fossil
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Table 3- Semi-quantitative mineralogical composition of the Bozburun coal and non-coal samples based on XRD and SEM-EDX analyses
(+++ = dominant phase (> 40%), ++ = abundant phase (10-20%), + = minor phase (< 10%) by XRD, a: accessory mineral detected

by SEM-EDX).
Mineral Sample
P-1 P-2 P-3 P-4 P-5 P-6 pP-7 P-8 P-9 P-10 P-11 P-12
Quartz + + + + + + + + + + + +
Clay Minerals + +++ +++ +++ +++ +++ +++ +++ a a a +++
Feldspar a + a a a a a +
Titanite a a
Calcite +++ + ++ ++ + + +++ +++ +++ +
Aragonite ++ ++ ++
Dolomite a a
Pyrite + +++ ++ ++ ++ + + + + a + +
Marcasite a +
Sphalerite a
Celestine a a
Barite a
Apatite a a a
Ti-oxides a

shell fragments and diatom/freshwater sponge spike
remains, and fossil bone remains of Ca-phosphate
composition were also identified using SEM-EDX.

4.3.2. Minerals in Non-coal Samples

According to XRD data, the minerals in the non-
coal samples are similar to these of the coal samples.
Calcite, clay minerals (smectite, illite and chlorite),
quartz, and pyrite are identified in all non-coal samples
(Table 3). Furthermore, feldspars are also detected
from the floor sample. As expected, calcite is generally
the dominant phase in the roof and parting samples in
calcareous fossil remains-bearing samples, whereas in
the floor sample clay minerals are predominant (Table
3). Quartz and pyrite are minor phases in the non-coal
samples.

4.4. FT-IR Analysis

Selected FT-IR spectra are reported in Figure 6. The
bands around wavenumbers 1030 and 530 cm™ could
be originated from clay minerals (Georgakopoulos
et al., 2003; Madejova, 2003). Furthermore, the
intense bands at 3400 cm™! could also be attributed to
clay minerals or more possibly with OH-stretching
vibration (Madejova, 2003; Djowe et al., 2013;
Jiang et al., 2021). The band around 470 cm could
be attributed to quartz/silica grains (Cetinkaya and

Figure 6- FT-IR spectra of selected Bozburun samples.

Yiiriim, 2000; Georgakopoulos et al., 2003; Naik et
al., 2021) however, the lack of intense bands at 1100
cm™ might not imply a lack of quartz/silica in the
samples. This may be caused by the strong absorption
of clay minerals and the overlap of quartz peak at 1100
cm!. Strong and board peaks around 1425, 875, and
711 cm!, particularly in the sample P-11, clearly result
from calcite and/or fossil shell remains; similar peaks
were also reported from fossil shell remains bands-
bearing Turkish Neogene coals (e.g., Soma and Mugla
Basins) (Cetinkaya and Yiiriim, 2000; Baysal et al.,
2016). The peaks at 2851 cm™ and 1385 cm, and
2920 cm™! could imply the existence of aliphatic CH,
and CH, symmetric and aliphatic C-H asymmetric
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stretching vibrations, respectively (Oikonomopoulos
et al., 2013; Chen et al., 2015; Jiang et al., 2021; Naik
etal., 2021). The oxygen-containing functional groups
(e.g., C=0 and C=C aromatic ring) in coal samples
could be evident with the peaks between 1613-1630
cm! (Georgakopoulos et al., 2003; Chen et al., 2015;
Celik et al., 2021).

4.5. Geochemistry

The major oxide contents of studied samples are
reported in Table 4. The SiO, (8.4-46.8%, on whole
coal basis) and ALO, (3.1-11.6%, on whole coal basis)
contents of the coal samples are generally higher than
inorganic samples. The CaO contents of fossil shell-
bearing coal samples (34.5-37.6%, on coal basis) in
the low part of seam, floor and intercalation samples
(33.3-36.8%, on whole rock basis) are significantly
higher than coal samples in the upper part of seam
(1.5-6.0%, on whole coal basis) (Table 4). The
contents of SiO,, TiO,, ALO,, Na,0, and K,O display
increasing trends towards the central part of the seam
(Figure 7 and Table 4). As expected, the CaO content
decreases towards the upper parts of the seam, and the
Fe,O, and MnO contents do not show any significant
changes throughout the seam (Figure 7). The average
concentrations of trace elements in analysed coal
samples using ICP-MS do not exceed 100 ppm on
a whole coal basis, except B and Sr concentrations
(Tables 4 and 5). The average B concentration of coal
samples is 161 ppm (Tables 4 and 5), whereas the
average concentration of Sr is 1021 ppm, and the Sr
concentration of sample P-10 is 6814 ppm on a whole
coal basis (Tables 4 and 5). Like the coal samples, the
average Sr concentration of non-coal samples exceeds
1000 ppm on a whole rock basis (Tables 4 and 6). In
addition, the average Ba concentration of non-coal
samples is higher than 100 ppm on a whole rock basis
(Tables 4 and 6). The concentrations of trace elements
in the coal samples are mostly less than 5 ppm, while
the average concentrations of rare earth elements and
Y (REY) contents do not exceed 1 ppm on a whole
coal basis, except Y and La (Table 5).

The concentration coefficient (CC) of coal and non-
coal samples was calculated for determining elemental
enrichments (Tables 5 and 6). This calculation is based
on dividing average concentrations of elements into
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Clarke values for low-rank coals and sedimentary
rocks (Ketris and Yudovich, 2009; Dai et al., 2015b).
Nickel (CC = 10.4) is the only significantly enriched
element in coal samples, and the other enriched
elements are Sr (CC = 8.5), As (CC =5.8), Mo (CC =
5.4), and U (CC = 5.1). Furthermore, slightly enriched
elements in coal samples are Cr (4.4), V (4.4), P (3.8),
Ti (2.5), B (2.9), Rb (2.3), and Zn (2.1), whereas Ba
and most of REY are depleted (CC<0.5) (Table 5).
The remaining elements display concentrations close
to the Clarke values of low-rank coals. In non-coal
samples, the majority of elements are depleted (Table
6); nevertheless, the slightly enriched elements in non-
coal samples are Sr (CC =4.0), As (CC =2.7), and Ni
(CC=2.2). The elements P, Ti, Cr, Mn, Co, Ba, Pb, and
U have average concentration close to Clarke values
of the sedimentary rocks (Table 6). Furthermore,
outlook coefficient (C_ ) of REY and ZREY oxides
values of coal and non-coal samples are within non-
promising for REY recovery potential (Seredin and
Dai, 2012). Of note, the ashing temperature might also
cause the volatization of As and B in coal samples;
therefore, their CC might be higher than the measured
concentrations.

5. Discussions

5.1. Coal Rank

The measured Rr values (0.31-0.32%) and the
determined gross calorific values (6.7-28.8 MJ/kg,
on dry, ash-free basis) of the coal samples imply that
the Bozburun coal seam is of low rank C-B (lignite)
according to ASTM D388-19a (2021), E.C.E-UN
(1998) and ISO 11760 (2005) classifications. The
coal samples are also classified as moderate to high
ash yield coal and very low to moderate grade coal
according to ISO 11760 (2005) and E.C.E-UN (1998)
classification, respectively. Considering the ash yields
of the mineral-rich lithotype samples from the low
part of the seam, these samples could be classified as
carbonaceous shale. Nevertheless, this identification
could not be accurate since calcareous fossil shell
remains-bearing bands are included in these samples.

In comparison with the reported measured Rr
values (0.38-0.51%) from the western part of the
Bozburun coalfield, and the northern part of the
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Table 4- Elemental composition of coal and non-coal samples (all on whole rock-basis) in the Bozburun coalfield. All results in ppm, expect
otherwise cited (LOI: loss on ignition, bdl: below detection limit).

Sample
Element

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 P-10 P-11 P-12
LOI (%) 31.0 72.4 55.1 70.6 70.7 81.6 26.7 60.6 37.2 38.7 37.0 37.0
SiO, (%) 21.7 12.9 22.7 11.8 11.0 8.4 46.8 22.1 15.1 10.7 15.4 331
TiO, (%) 0.2 0.3 0.3 0.2 0.2 0.2 0.7 0.4 0.1 0.2 0.2 0.7
AlLO, (%) 5.9 4.0 6.3 33 31 2.2 11.6 5.6 43 31 4.7 10.9
Fe,0, (%) 3.4 5.5 6.3 5.6 5.5 33 5.8 6.3 24 6.1 4.6 6.7
MnO (%) 0.11 0.05 0.07 0.06 0.07 0.04 0.08 0.07 0.09 0.09 0.07 0.09
MgO (%) 2.6 2.2 2.8 2.1 2.2 1.7 3.6 2.4 2.7 21 2.0 43
CaO (%) 33.3 1.5 4.8 5.1 6.0 1.4 2.2 1.0 36.8 37.6 34.5 43
Na,O (%) 0.4 0.6 0.7 0.6 0.6 0.6 0.8 0.7 0.3 0.3 0.3 0.9
K,0 (%) 1.2 0.4 0.7 0.4 0.4 0.4 1.5 0.8 0.8 0.7 1.0 18
P,O, (%) 0.12 0.12 0.22 0.22 0.25 0.18 0.07 0.06 0.13 0.28 0.15 0.13
Li bdl 10 12 6.0 7.2 5.5 14 14 bdl bdl bdl 8.4

B 15 216 146 234 235 297 87 170 17 37 28 30

Sc 34 2.6 29 2.2 2.6 2.2 7.6 4.5 2.2 21 2.4 5.9

\% 20 70 142 81 89 110 82 152 21 69 74 43

Cr 63 57 66 45 55 47 126 104 41 45 49 108
Co 4.1 8.9 8.0 3.7 35 3.6 14 12 3.1 5.4 5.5 15

Ni 43 103 153 55 64 40 142 147 31 70 68 166

Cu 7.5 8.3 14 1 9.8 10 13 1 8.0 13 12 15
Zn 21 37 24 22 26 23 94 59 17 26 33 84
Ga bdl 42 49 4.0 4.0 2.7 7.6 6.0 bal 42 bdl 6.8
As 23 22 66 75 115 12 19 35 10 33 18 29
Rb 15 12 20 15 15 11 66 26 18 16 22 68

Sr 1794 244 239 329 269 240 162 216 1218 6813 679 244

Y 3.6 2.2 3.5 2.2 2.3 5.4 8.5 5.5 3.0 2.7 3.6 5.3

Cd bdl bdl bdl bdl 17 0.9 bdl bdl bdl bdl bal bdl
Mo bdl 14.7 8.9 16.1 16.1 19.5 4.8 13.6 bdl 6.6 7.4 bal
Sb bal bdl 6.6 bdl bal bal bal bdl bdl bdl bdl bal

Ba 478 32 33 33 26 16 56 35 126 181 97 47

La 4.6 31 5.3 31 3.6 4.7 16 6.6 3.2 3.0 45 13

Ce 8.5 6.5 11 5.6 6.3 7.9 30 12 5.6 5.4 7.8 24

Pr 11 0.7 1.3 0.7 0.8 1.0 4.0 1.6 0.7 0.7 1.0 3.2

Nd 3.5 2.4 42 2.2 2.6 35 13 5.0 2.4 2.4 3.4 10
Eu 0.3 0.1 0.2 0.1 0.1 0.2 0.7 0.3 0.2 0.2 0.2 0.4
Gd 0.7 0.4 0.8 0.4 0.5 0.8 2.3 11 0.6 0.5 0.7 1.9
Th 0.14 0.08 0.13 0.09 0.09 0.15 0.4 0.2 0.06 0.06 0.12 0.3
Dy 0.6 0.4 0.7 0.3 0.4 0.7 1.8 1.0 0.4 0.4 0.6 13
Ho 0.14 0.08 0.13 0.09 0.09 0.16 0.3 0.2 0.06 0.06 0.12 0.3

Er 0.3 0.2 0.4 0.2 0.2 0.4 0.8 0.6 0.2 0.2 0.3 0.4
Tm bdl bdl bdl bdl bdl 0.07 0.14 0.08 bdl bal bal 0.08
Yb 0.3 0.2 0.3 0.2 0.2 0.4 0.6 0.5 0.2 0.2 0.2 0.5
Lu bdl bdl bdl bdl bal 0.05 0.07 0.08 bdl bdl bal bdl

Hf 2.0 13 1.0 0.9 13 0.7 1.7 29 bdl 0.8 0.6 1.4
Pb bdl 6.1 bdl 3.7 5.8 45 14.4 10.8 bdl bdl 9.2 16.9

Th 1.6 1.9 2.8 1.3 1.6 1.3 6.9 33 11 1.0 1.4 5.7

U 0.7 10.9 15.5 16.7 19.6 20.4 9.5 19.2 2.0 9.8 10.0 44
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Table 5- Weighted average of the Ti, P, Mn, minor and trace
elements (in ppm) for the Bozburun coal samples and their
comparison with worldwide coals (a: from Swaine (1990);
b: from Ketris and Yudovich (2009). Elements in bold are

enriched.
Clarke
Most values for | Bozburun | Concentration
world low-rank coal coefficient

Element | coals?® coals samples (CC)
Li 1-80 10 7.7 0.8
B 5-400 56 161 29
10-3000 200 757 3.8

Sc 1-10 4.1 3.2 0.8
Ti 10-2000 720 1769 25
\% 2-100 22 96 4.4
Cr 0.5-60 15 66 4.4
Mn 5-300 100 517 5.2
Co 0.5-30 4.2 7.2 1.7
Ni 0.5-50 9.0 94 104
Cu 0.5-50 15 11 0.8
Zn 5-300 18 38 21
Ga 1-20 5.5 4.2 0.8
As 0.5-80 7.6 44 5.8
Rb 2-50 10 23 2.3
Sr 15-500 120 1021 8.5
Y 2-50 8.6 4.0 0.5
Cd 0.1-3 0.24 0.3 1.2
Mo 0.1-10 2.2 12 5.4
Sb 0.5-10 0.84 0.7 0.9
Ba 20-100 150 57 0.4
La 1-40 10 5.6 0.6
Ce 2-70 7.2 10 1.4
Pr 1-10 3.5 13 0.4
Nd 3-30 1 43 0.4
Eu 0.1-2 0.5 0.2 0.5
Gd 0.1-4 2.6 0.8 0.3
Tb 0.1-1 0.32 0.1 0.5
Dy 1-4 2.0 0.7 0.3
Ho 0.1-2 0.5 0.1 0.3
Er 1-3 0.85 0.4 0.4
Tm 0.5-3 0.31 0.0 0.2
Yb 0.3-3 1.0 0.3 0.3
Lu 0.03-1 0.19 0.02 0.1
Hf 0.4-5 12 12 1.0
Pb 2-80 6.6 6.1 0.9
Th 0.5-10 33 2.4 0.7
u 0.5-10 29 15 5.0
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Table 6- Weighted average of the Ti, P, Mn, minor and trace
elements (in ppm) for the Bozburun non-coal samples and
their comparison with worldwide coals [a: from Ketris and

Yudovich (2009)].
Clarke values Bozburun
for sedimentary non-coal Concentration
Element rocks? samples coefficient (CC)
Li 33 2.8 0.1
B 72 20 0.3
P 670 567 0.8
Sc 9.6 3.8 0.4
Ti 3740 2180 0.6
\Y% 91 28 0.3
Cr 58 71 12
Mn 830 755 0.9
Co 14 7.4 0.5
Ni 37 80 2.2
Cu 31 10 0.3
Zn 43 41 0.9
Ga 12 2.3 0.2
As 7.6 20.7 2.7
Rb 94 33.4 0.4
Sr 270 1085 4.0
Y 29 4.0 0.1
Ba 410 217 0.5
La 32 6.8 0.2
Ce 52 13 0.2
Pr 6.8 1.7 0.2
Nd 24 54 0.2
Eu 0.94 0.3 0.3
Gd 4 1.1 0.3
Tb 0.69 0.2 0.3
Dy 3.6 0.8 0.2
Ho 0.92 0.2 0.2
Er 1.7 0.3 0.2
Tm 0.78 0.03 0.0
Yb 2 0.3 0.2
Hf 3.9 11 0.3
Pb 12 5.6 0.5
Th 7.7 2.8 0.4
U 34 2.4 0.7
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Malatya Basin (0.68-0.79%) (Karayigit and Whataley,
1997; Yalgin-Erik and Ay, 2021), the studied samples
generally display relatively low Rr values (Table 3).
Furthermore, the calculated Rr values using Rock-Eval
pyrolysis data obtained from the western part of the
Bozburun coalfield and coal beds outcropping north
of Arguvan town (Yal¢in-Erik and Ay, 2021), strongly
vary from 0.20-0.69%. This parameter is proposed for
organic-rich rock and/or bituminous shale samples
by Jarvie et al. (2001), and its application to humic
coals, particularly on Cenozoic low-rank coals, could
be very problematic due to the presence of certain
compounds (Zdravkov et al., 2006; Hazra et al., 2019;
Celik et al., 2021). For instance, the oxygenated
functional groups in ulminite macerals (e.g., ulminite
A or resin-impregnated ulminite A) or the breakdown
of carbonate minerals could elevate S, peak values;
hence, the T __ values are suppressed and calculated
Rr values could be reduced. Considering the presence
of oxygen-containing functional groups in the FT-
IR spectra and the carbonate minerals in the coal
samples, the calculated Rr values from Rock-Eval
pyrolysis data should be used with caution as a rank
parameter for the Bozburun coal. As mentioned above,
the presence of H-rich compounds could also cause a
reduction of the Rr values. The reported palynological
and biomarker datasets from the Bozburun coalfield
imply the existence of H-rich peat-forming plants
(e.g., Taxodaecae-Cupressecae) within the palacomire
(Onal, 1995; Tiirkmen et al., 2007; Yal¢in-Erik and Ay,
2021). Thus, significantly low Rr values (e.g., 0.27)
were calculated from coals according to Rock-Eval
data. Nevertheless, the coal petrography data indicates
that the potential influence of H-rich ulminite macerals
on Rr values may be very limited, because ulminite
B is the dominant telohuminite and ulminite A in the
studied samples displays very weak fluorescence only
(Figure 5b).

Another possibility controlling Rr differences
within the Malatya Basin could be the tectonic
deformation. Since the study area faced post-
coalification regional tectonic deformation, the Rr
values might have been affected (Hower and Gayer,
2002). This also seems to be not possible due to the
lack of any deformed macerals in the coal samples. In
the northern part of Malatya Basin, Pliocene basalts
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and andesitic domes of the Yamadag volcanics are
widely exposed and overlay late Miocene coal-bearing
sequences (Karayigit and Whateley, 1997; Ekici et
al., 2007). The measured Rr values of the coal seams
in the Selimoglu coalfield are around 0.70%, which
indicates bituminous rank. Nevertheless, the elevated
measured Rr values are obviously controlled by heat
flow due to post-coalification andesitic domes in the
Selimoglu coalfield (Karayigit and Whateley, 1997).
Considering the presence of Pliocene volcanic rocks
and lavas north of Arguvan town, the reported slightly
high calculated Rr values of the coal beds outcropping
in this area (Kuyudere and Akoren locations in Figure
l1a), could be related to increased heat flow in the
northern part of Malatya Basin (Yal¢in-Erik and Ay,
2021).

Since the Pliocene volcanic rocks are observed
in the Bozburun coalfield, the relative differences
on measured Rr values among the coalfield may
not be related to influence of heat flow, like in the
northern part of the Malatya Basin. Nevertheless,
alkaline conditions within the palaeomire could cause
biogeochemical gelification of organic matter; in turn,
high gelification degree of organic matter could result
in an increase of the Rr values (Dehmer, 1995). As can
be seen in sections 5.2 and 5.4, gelification index (GI)
values are different within the coalfield and carbonate
minerals are more common in the western part of the
Bozburun coalfield, the studied section and the western
part of the Bozburun coalfield display relatively small
Rr differences due to biogeochemical gelification
and alkaline conditions within the palaeomire.
Overall, coal-rank variations were developed from
the northern (Selimoglu coalfield) to the southern
part (Bozburun coalfield) of the Malatya Basin due to
post-coalification volcanic activity; biogeochemical
gelification within the palacomires caused variations
in Rr values within the Bozburun coalfield.

5.2. Provenance of minerals

Quartz/silica is mostly identified as irregularly
shaped grains during SEM-EDX
examination (Figure 8a and d), which indicates a
clastic origin. In some samples, partially pyritized
siliceous skeletons of diatoms and/or sponge spicules
are also detected (Figure 8e). Such remains suggest

individual
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Figure 8- Selected SEM backscattered (BSE) images from the Bozburun samples: a) apatite (Ap), quartz (Qz) and organic matter
(OM) associated with illite (Ilt), b) K-feldspar (Kfs), plagioclase (Pl) and organic matter associated with clay minerals
(CM), c) illite/mica (Ilt/Mc) and organic matter associated with smectite (Smc) and framboidal pyrite (Py) grain, d) apatite
(Ap), chlorite (Chl), quartz (Qz), plagioclase (Pl), titanite (Ttn), illite/mica (Ilt/Mc) and organic matter (OM) associated
with clay minerals (CM), e) pyritized possible diatom/sponge spike and framboidal pyrite (Py) aggregates, f) calcite (Cal)
and fossil shell remains (FS).
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that silica in coal samples is also biogenic in origin
(Ward, 2002; Oskay et al., 2016; Celik et al., 2021).
Even though feldspar is a minor phase, K-feldspar
and plagioclase grains are commonly observed during
the SEM-EDX study. Like quartz, feldspar grains are
identified as irregular shaped individual grains with
sharp edges within clay mineral aggregates (Figure
8b and d). This implies short-distance transport of
feldspar grains from the adjacent areas. The clastic
sources for feldspars presumably are mainly the
middle Miocene Malatya volcanics, and, in a lesser
extent, the late Cretaceous Elazig magmatics of the
basements.

Clay minerals are identified as aggregates hosting
also other mineral grains (e.g., Cl/F-apatite, quartz,
feldspars, and titanite) and organic matter (Figures 8a-
d). The clay aggregates mostly consist of smectite and
subordinately illitic according to the SEM-EDX data.
Illite components mostly derive as clastic input into
the palaeomire (Siavalas et al., 2009), while smectite
mostly originates from alteration of syngenetic or
epiclastic volcanic input (Bohor and Triplehorn, 1993;
Dai et al., 2017, 2020a; Karayigit et al., 2020b). Since
illitic aggregates are more common in the low part of
the seam, illite aggregates in samples are syngenetic
and clastic in origin. Furthermore, the individual
illite/mica grains in the clay matrices could also
be related to clastic input from the middle Miocene
Malatya volcanic and/or magmatic rocks in the pre-
Neogene basement (Figures 8c-d). The alterations of
clastic input from the Malatya volcanics within the
mires could result in syngenetic smectite formation
under hydrogeologically closed system. During
the SEM observations, lath-shaped Fe-rich chlorite
(chamosite) grains are generally observed within
the clay aggregates. Also, chlorite overgrowths are
detected around feldspar grains (Figure 8d). These
could indicate that chlorite is either derived from
clastic inputs into palacomires or alteration of feldspar
grains within the paleomires and/or early diagenetic
stages (Ward, 2002; Hower et al., 2015).

Carbonate minerals generally appear in form of
carbonate bands and calcareous fossil shell remains,
and rarely as individual calcite and dolomite grains
(Figures 8f, 9a-b). These observations might imply
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that the carbonates are clearly syngenetic originating
from clastic input from the Permo-Triassic Keban
metamorphics (e.g., marbles) or the pre-Neogene
carbonates. Besides, calcareous fossil fragments,
which are partially pyritized, are commonly observed
in fossil shell remains-bearing samples (Figures 9a-b).
Aragonite is generally detected as an abundant phase in
the XRD patterns in a few fossil shell remains-bearing
samples. However, aragonite was not detected in some
calcareous fossil remains-bearing samples, whilst
calcite is detected instead of aragonite (Table 3). This
could be related to the conversion of aragonite to its
polymorph calcite within the palaeomire or during a
diagenetic stage (Querol et al., 1999; Ward, 2002). The
predominance of carbonate minerals and the presence
of partially pyritized calcareous fossil shell remains
could indicate neutral to weak alkaline conditions
(Kortenski, 1992; Karayigit et al., 2017a;). However,
the lack of carbonate minerals and the existence of
framboidal pyrite grains and siliceous fossil remains
(e.g., diatom) in the upper seam part point to low pH
values of mire water or the Ca contents of influenced
water into palaecomires was decreased (Korstenski,
1992; Dai et al., 2020a). Thus, syngenetic carbonate
formation was limited due to increased acidity of
palaeomire during late stages of peat accumulation in
the Bozburun coalfield. Overall, syngenetic carbonate
formation in the Bozburun palaeomire was controlled
by the Ca-rich water influx along with clastic influx.

Pyrite is generally observed as individual
framboidal aggregates within organic matter (e.g.,
ulminite), and framboidal and euhedral pyrite grains
aggregate during coal petrography and SEM studies
(Figures 4b, c, e, Sa, f, 8c, e, 9a). Additionally, cleat/
fracture pyrite-infillings, and pyritized plant tissues,
siliceous skeletons of diatoms and/or sponge spicules,
and fossil shell remains, as mentioned above, are
contained in coal samples (Figure 8e, f, 9c). These
findings suggest that framboidal pyrite grains were
precipitated within the palaeomire and/or early
diagenetic stages as a result of sulphate-reducing
bacteria and sulphate-rich water influx into palacomires
(Querol et al., 1989). The cleat/fracture pyrite-
infillings are presumably controlled by precipitation
of sulphate-rich porewaters during coalification.
Another sulphide mineral identified by XRD is
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Figure 9- Selected SEM-BSE images from the Bozburun samples: a) calcite (Cal), fossil shell remains (FS) and euhedral pyrite
grains, b) fossil shell remains (FS) and pyritized fossil shell remain, c) marcasite (Mrc) overgrowths around framboidal
pyrite (Py) grains within organic matter (OM), d) epigenetic cleat/fracture pyrite infillings (Py) with organic matter and
pyritized plant tissue, ) cleat/fracture apatite infillings (Ap) within organic matter (OM) and framboidal pyrite (Py) grains

and f) fossil bone remain in Ca-phosphate composition.
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marcasite (Table 3), and dendritic-like marcasite was
identified as overgrowths around framboidal nucleated
pyrite grains in a few samples by SEM-EDX (Figure
9d). Marcasite in coal is sometimes thought to be
an indicator of marine influence in palacomires and/
or hydrothermal solution penetration (Querol et al.,
1989; Rieder et al., 2007); however, both cases can
be ruled out based on palaeontological data from
the seam and the lack of cleat/fracture marcasite-
infillings. Marcasite overgrowths around nuclei of
framboidal pyrite grains; on the other hand, it forms
replacing early diagenetic framboidal pyrite grains
during the late diagenetic stages (Querol et al., 1989;
Ruppert et al., 2005; Kolker, 2012). For such marcasite
formation, pH should be lower than 5.0 (Ruppert et
al., 2005); despite the fact that the co-existence of
syngenetic pyrite grains and carbonate bands in these
samples could indicate that marcasite formation was
developed under weak acidic to neutral conditions.
Other sulphide mineral that was identified by SEM-
EDX in coal samples is sphalerite (Table 3), and its
presence within clay mineral aggregates indicates a
clastic origin. These micron-sized sphalerite grains are
presumably derived from volcanic and/or magmatic
rocks in the adjacent areas as clastic inputs into the
palaeomire.

Apatite is the only identified phosphate mineral
in the Bozburun coalfield by SEM-EDX, and apatite
grains are identified within the clay mineral aggregates
and/or syngenetic carbonate bands (Figures 8a, d, e,
f, 10a), which indicate detrital origin for apatite. The
presence of measurable Cl, F, and Sr (Figure 10a) in
these grains could also imply that apatite grains have
volcanogenic origin (Bohor and Triplehorn, 1993;
Dai et al., 2020a). Beside individual apatite grains,
cleat/fracture apatite-infillings (Figure 9¢) and Ca-
phosphate fossil bone remains (Figure 9f) are also
observed during SEM-EDX analysis in a few samples.
Cleat/fracture apatite-infillings are mostly derived
from reactions between liberated P from decay of
plant matter and dissolved CaO in porewater during
coalification, while Ca-phosphate fossil bone remains
are related to biogenic activities within the palaeomire
(Ward, 2002). Hence, apatite has both syngenetic
(clastic and biogenic) and epigenetic origin.
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The identified sulphate minerals in the samples are
barite (BaSO,) and celestine (SrSO,). Celestine grains
are identified as euhedral individual grains within the
syngenetic carbonate bands in coal samples and roof
rock samples (Figure 10b-f). In addition, individual
cuhedral barite grains and barite-celestine (Ba, SrSO,)
solid solution overgrowths associated with syngenetic
carbonate bands and rarely feldspar grains are also
observed in the roof sample (Figure 10e-f). Barite is
a common sulphate mineral in coal, while celestine in
coal is less common. Both sulphate minerals generally
originate from the precipitation of sulphate-rich
solutions during coalification and/or leached solutions
overlying marine sediments, and syngenetic barite
in coal seams is very rare (Finkelman et al., 2019;
Dai et al., 2020a, 2021; Karayigit et al., 2020a). The
authigenic formation of celestine is generally related
to evaporation of seawater or reactions between Sr-
bearing hypersaline fluids with gypsum/anhydrite
(Honar, 2004). However, the identified mollusc fauna
from the Bozburun coalfield implies freshwater
to oligohaline conditions during the late Miocene.
Therefore, any influence of marine and/or hypersaline
water influence on the palacomire and/or onset of
geochemical coalification could be ruled out for the
study area. Celestine and Sr-bearing barite have been
found within cavities of syngenetic framboidal pyrite
grains in Turkish Neogene coals, as well as Sr-bearing
barite overgrowths around feldspars (e.g., Kangal/
Sivas and Keles and Orhaneli/Bursa) (Karayigit et al.,
2019, 2021; Celik et al., 2021). In these coalfields,
altered tuff layers are located in the coal seams, and
liberated Sr and Ba from alteration of volcanogenic
minerals (e.g., Sr-/Ba-bearing feldspars) and/or air-
fall ash (tephra) within paleomires were reacted
with sulphuric acid in the palacomire. As a result of
sulphate-reducing bacteria activity in the palacomire,
celestine and Sr-bearing barite were precipitated along
with syngenetic framboidal pyrite grains. Furthermore,
the geochemical data from the Yamadag volcanic
complex reported high Ba and especially high Sr
contents of Miocene andesite and basalt (Kocaaslan
and Ersoy, 2018; Di Giuseppe et al., 2021). In the
roof rock samples, the presence of barite grains and
overgrowth barite-celestine solid solution associated
with feldspar grains could explain the source of Ba
and Sr in the roof rock samples. The presence of Sr-
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Figure 10- Selected SEM-BSE images from the Bozburun samples; a) fluorapatite (F-Ap) with measurable Sr and fossil shell (FS)
remains within syngenetic carbonate bands (Cal) and framboidal pyrite (Py) grains, b) authigenic celestine (CIt) grains and
syngenetic carbonates (Cal), c), f) celestine (Clt) and barite (Brt) within syngenetic carbonates and clastic plagioclase (PI)
grains and fossil shell (FS) remains. (Highlighted area in images e and d are reported in Figures 13 and 14, respectively).
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bearing volcanogenic apatite grains could be another
evidence of a clastic volcanogenic mineral source for
Sr in the samples. Even though Ba and Sr could be
derived from alteration of volcanogenic minerals in
the Bozburun palaeomire, no altered tuff layer was
identified in the coal seam and/or volcanic rocks were
not observed from the overlying units in the coalfield.
Therefore, the necessary Ba and Sr ions should have
derived from another main source instead of clastic
feldspar grains from middle Miocene volcanic rocks
in the basin.

Economic gypsum and celestine deposits are found
in late Cretaceous, Eocene, and early Miocene marine
carbonates in the neighbouring Sivas Basin (Tekin et
al., 2002). Similarly, Palacogene-late Eocene marine
carbonates in the basement rocks of the Malatya Basin
contain gypsum layers and lenses like those in the Sivas
Basin (Stimengen, 2016). Strontium is more soluble
in aquatic environments than Ba (Hanor, 2004), and
additional Sr could be introduced into the Bozburun
palacomire by dissolved sulphate-rich water from
the gypsum-bearing Palacogene-late Eocene marine
carbonate. Therefore, alteration of clastic Ba-and
Sr-rich feldspars from the middle Miocene Malatya
volcanics and/or sulphate-rich water influx from the
gypsum-bearing pre-Neogene units could be a source
for Ba and Sr ions in the Bozburun palacomire.
Besides, Sr could display a high concentration in
aragonitic mollusc shells, and this element could be
essential for biogenic aragonite precipitation in the
aquatic system (Hanor, 2004; Boning and Bard, 2009;
Brisset et al., 2017) as well as Sr-bearing calcareous
fossil shell remains were reported from some Turkish
Neogene coalfields (Karayigit et al., 2000). Hence,
introduced Sr from alteration of clastic feldspar grains
in the palacomire and/or sulphate-rich water influx
could be uptaken by molluscs. With this assumption,
a measurable amount of Sr should be traced by SEM-
EDX from calcareous fossil shell remains in the
studied samples. During the SEM-EDX observation,
Sr was rarely detected from these remains (Figure
11); nevertheless, Sr could also be released from
aragonitic fossil shell remains during calcination in
the depositional environment at an early diagenetic
stage (Querol et al., 1999; Hanor, 2004; Marcano et
al., 2015). Furthermore, Sr could not be incorporated
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into calcite due to its bigger ionic radius than this of
Ca?" (Langston et al., 1998; Finch and Allison, 2008).
Thus, liberated Sr ions from calcination of fossil
remains also seem having reacted with dissolved
sulphate ions in the mire water. Overall, authigenic
barite and celestine, and barite-celestine solid solution
formation took place during diagenetic stages.

5.3. Factors Controlling the Elemental Distribution

The statistical approach is commonly applied for
determining mode of occurrence of elements in coal
(Dai etal., 2021). Nevertheless, recent studies denoted
that the statistical approach should be cooperated with
SEM-EDX or other direct methods in order to eliminate
misinterpretations (Dai et al., 2021; Xu et al., 2022;
Eminagaoglu et al., 2022). Therefore, both statistical
and SEM-EDX analyses were here applied in order to
accurately identify the controlling factors of elemental
distribution. The major oxides, such as SiOZ, TiOZ,
MgO, and K,O, display positive correlations with ash
yield and ALO, content (Table 7); which indicates
aluminosilicate mineral affinity. The SEM-EDX data
also agrees with this observation, and the contents in
TiO,,MgO, K,0, and Na,O are determined from clay
minerals. Besides clay minerals, feldspar grains in
the samples are another source of K,O and Na,O. In
addition, Al,O, contents of the samples show positive
correlations with elements like Ga, Rb, Ni, and the
REY (Table 7), which also imply an aluminosilicate
affinity. Since aluminosilicate minerals in the samples
are clastic in origin, clastic influx from volcanic and
metamorphic rocks into the palaecomire could control
their distributions and enrichment. This might also
explain why P,O, concentrations are high in clastic
apatite-bearing samples (Figures 8a and 10a, and Table
4). Additionally, measurable Mg is also determined
from fossil shell fragments (Figure 11). Furthermore,
TiO, displays a moderate positive correlation with
Fe,O,, which could be related to the accessory Ti-
oxide and/or titanite in the samples (Figure 8d). The
lack of correlation among Fe,O,, ash yield, total S,
AlO,, and SiO, contents could imply an intermediate
affinity for Fe,O,; however, Fe is also detected in clay
minerals, sulphides, and sulphates in the samples.
Therefore, iron seems having an inorganic affinity in
the samples.
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Figure 11- SEM-BSE images; a), ¢c) SEM-EDX spectra of fossil shell (FS) in syngenetic carbonate (Cal), b) and d) SEM-EDX spectra of clay
mineral (CM) matrix.

Table 7- Element affinities with ash yield (%, d) deduced from the calculation of Pearson’s correlation coefficients.

Correlation with ash 0.70<r<1.0

AlLO,, MgO, K,0, Ga

Correlation with ash 0.40<r<0.70

SiO,, TiO,, MnO, Sc, Cr, Rb, La, Ce, Eu, Gd, Tb
Correlation with ash r>-0.40

B, V, Mo, U, total S

Correlation with A1,O, 0.70<r<1.0

SiO,, TiO,, MgO, K0, Sc, Cr, Co, Ni, Zn, Ga, Rb, Y, La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Yb, Th
Correlation with AL,O, 0.40<r<0.70

Na,O, Li, Cu, Pb

Correlation with Fe,0,0.50<r<1.0

Li, Ga, Co, Cu, Ni, Pb, Zn, total S

Correlation with Ca0 0.50<r<1.0

Ba, Sr

Correlation with total S0.50<r<1.0

B, Mo, V, As
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The CaO displays a weak positive correlation with
ash yields. The organic matter contains measurable by
SEM-EDX amounts of Ca and S. This data implies an
organic affinity for CaO. In Turkish Neogene coals,
sulphate minerals, particularly gypsum/anhydrite,
are reported as minor phases due to the evaporation
of porewater during storage or reactions between
liberated sulphuric acid from pyrite oxidation and
CaO in porewater or organic matter (Karayigit et
al.,, 2017a, 2021). In contrast, gypsum/anhydrite
are lacking from XRD and are also not identify
during SEM examination. Although additional high-
resolution analysis should be needed, measurable Ca
and S in the organic matter might be an indicator for
sub-micron sized gypsum/anhydrite grains (Finkelman
et al., 2019; Dai et al., 2020b). Therefore, Ca seems
having an inorganic rather than organic affinity.
Supporting this assumption, the CaO concentrations
are generally high in fossil shell fragments and
syngenetic carbonate-bearing samples. Thus, the CaO
in samples has a carbonate affinity. Furthermore, the
CaO displays moderate positive correlations with Ba
(reeo = 0.67) and Sr (r,, = 0.65). These correlations
again imply the sulphate affinity for CaO, which is
supported by measurable Ca from barite and celestine
by SEM-EDX (Figures 12-14). Although CaO does
not show any meaningful correlations with ALO,
and P,O,, Ca0 in the samples could also be partially
affiliated with apatite, Ca-phosphate fossil bone
remains, and feldspar grains in the samples. Hence,
CaO is mainly derived from carbonate minerals, and
in a lower degree with sulphates, apatite and feldspars.

The Sr-enrichment in coal is related to epigenetic
sulphate (e.g., celestine and Sr-bearing barite and
gypsum/anhydrite) minerals, carbonate minerals (e.g.,
strontianite); and/or clastic feldspar grains, biogenic
aragonite, and syngenetic phosphate and zeolite
minerals (Pollock et al., 2000; Dai et al., 2012b, 2021;
Karayigit et al., 2020b; Spiro et al., 2019; Celik et
al., 2021; Du et al., 2021). In the studied samples,
Sr, as mentioned above, only displays a positive
moderate correlation with CaO. This correlation and
the presence of measurable Sr in fossil shell remains
could easily imply a carbonate affinity for Sr (Figure
11). However, this could be only applicable for
some samples due to the presence of celestine and
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Sr-bearing Cl/F-apatite grains in coal and roof rock
samples (Figure 10a). In the roof rock sample, Sr
is also measured from barite grains (Figures 13 and
14). Therefore, significantly high Sr concentrations in
samples are mainly controlled by sulphate minerals.
Furthermore, measurable Sr is not traced by SEM-
EDX from organic matter, which indicating a clear
inorganic affinity for Sr.

The B concentrations of the Bozburun coal
samples are generally higher than 110 ppm (Table
4). Such concentrations could be evidence of paralic
conditions (Goodarzi and Swaine, 1994; Goodarzi et
al., 2020). The reported palynoflora and mollusc fauna
from the Bozburun Formation suggest that freshwater
conditions have been common (Tiirkmen et al., 2004;
Nazik et al., 2008). The B-enrichment in coal was
not always controlled by seawater and the presence
of clay minerals or certain detritus accessory minerals
(e.g., tourmaline). Boron uptake by peat-forming
plants could cause B-enrichment (Boyd, 2002;
Karayigit et al., 20203, b, 2021; Dai et al., 2021). The
Turkish Neogene coals have B concentrations higher
than 110 ppm despite their formation under freshwater
conditions (Karayigit et al., 2000; Tuncali et al., 2002;
Palmer et al., 2004). Boron have been derived from the
wash-out from the volcanic rocks in the adjacent areas.
Since middle Miocene volcanic rocks are close to the
Bozburun coalfield, similar controlling parameters
seem to have been developed for B enrichment. The
strong negative correlation between B and ash yield
(r, =-0.933) could easily indicate an organic affinity
for B and possible B uptake by plants in the mires.
Boron, however, could easily incorparted into clay
minerals in the palaeomires, and the presence of clay
minerals and illite/mica grains could also imply that B
enrichment in the samples is also partially controlled
by aluminosilicate minerals.

Chromium enrichment in Turkish Neogene coals
is mostly related to clastic chromite grains derived
from ophiolites in the basement (Karayigit et al.,
2000, 2020a, 2021; Palmer et al., 2004; Celik et al.,
2021). Ophiolites, like in other Turkish Neogene
coalfields, are found in the Bozburun coalfield's
adjacent areas (Figure 1a), and chromitites reported
from these ophiloties (Uysal et al., 2007). However,
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Figure 12-SEM-BSE images; a) SEM-EDX spectra, b), ¢) of authigenic celestine
(Clt) grains within syngenetic carbonate (Cal) band.

chromite grains were not found in the samples during
the SEM observations. Apart from clastic chromite
grains, clastic input from ophiolitic rock within the
palacomire and their alteration by-products could
control Cr enrichment of coal (Ruppert et al., 1996;
Dai et al., 2021). In such cases, chlorite (chamosite)

may contain Cr**and/or Fe* which could be partially
replaced by Cr**. Considering the presence of clastic
chlorite (chamosite) in the samples and strong positive
correlations among Cr, AL,O, SiO, and MgO (Table
7), it is possible that Cr enrichment was controlled
by clastic chlorite grains. Nickel is another element
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Figure 13- SEM-BSE images; a) SEM-EDX spectra, b), d) of barite (Brt) and celestine (Clt) within syngenetic carbonate (Cal) band.

which could be associated with clay minerals in coal or
clastic input from the basement ophiolites (Ruppert et
al., 1996). The positive moderate correlations among
Ni, ALQ,, and SiO, also suggest an aluminosilicate
affinity for Ni (Table 7); however, the SEM-EDX
indicates another affinity for Ni. During the SEM-EDX
studies, measurable Ni and As contents were detected
in matrices of framboidal pyrite aggregates and/or
marcasite overgrowths around nuclei of framboidal
pyrite (Figure 15). As the samples contain more Ni-
and As-bearing marcasite overgrowths, Ni and As
enrichments in the coal samples might be took place
during the late diagenetic stages The MnO does not
display any significant correlation with ash yield, total
S, or any other elements, which implies an intermediate
affinity for MnO. In contrast, Mn is detected from
euhedral framboidal grains (Figure 16). Hence, MnO
shows a sulphide affinity. While elements Cu, Zn, and
Pb were not detected in the framboidal pyrite grains,
these elements generally display concentrations in

42

framboidal pyrite grains below the detection limit of
conventional SEM equipment (Hower et al., 2008;
Kolker, 2012). The moderate positive correlation
between Fe,O, and Zn can also be controlled by
sphalerite grains in the samples (Figure 8b).

The elements V, Mo, and U also have negative
correlations with ash yields (Table 7), which implies an
organic affinity. Furthermore, V, Mo, and U elements
show positive correlations with total S contents (Table
7), which are typical for Turkish Neogene coals. The
enrichment of these elements in coal, on the other
hand, could have been controlled by redox conditions
(Arbuzovetal.,2011; Dai etal., 2021). These elements
are generally enriched due to the development of
anoxic conditions within the palaeomire and, in some
cases, neutral to weak alkaline conditions. The latter
one could be possible since fossil shell fragments
and syngenetic carbonate bands are common in the

samples. In the Turkish Neogene coals (e.g., Soma,
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Figure 14- SEM-BSE images; a) and SEM-EDX spectra, b), d) of barite (Brt) and celestine (Clt) around clastic plagioclase (Plg) grain, and

calcite (Cal) and chlorite (Chl).

Orhaneli, and Cayirhan coalfields), the alterations of
synchronous volcanic input and/or clastic influx into
the palacomire could cause V, Mo, and U enrichment
due to anoxic conditions (Querol et al., 1997; Palmer
et al., 2004; Karayigit et al., 2017a, 2021b, 2022).
Considering that the middle Miocene volcanic rocks
are exposed in the eastern margins of the coalfield,
the source of V, Mo, and U could have been related
to clastic input. These elements could be taken by
peat-forming plants, like B; thus, they are enriched
in coal samples. This could also explain their positive
correlation with B.

5.4. Depositional Environment

The coal facies diagrams are the most common
approach for assessing the depositional conditions
during peat accumulation; nevertheless, these
diagrams should be supported by sedimentological,
palaeontological, mineralogical, and geochemical

(e.g., biomarker) data from coal seams due to the
complex nature of the peatlands and uncertainties
about the origin of some macerals (Crosdale, 1993;
Moore and Shearer, 2003; Oikonomopoulos et al.,
2015; Dai et al., 2020a; Guo et al., 2020; Liu et al.,
2020; Hower and Eble, 2022). Therefore, in this study,
the coal facies data is interpreted along with elemental
and mineralogical compositions of the studied samples,
and published sedimentological, palaeontological, and
organic-geochemical data from the Bozburun coalfield
(Tirkmen et al., 2004; Nazik et al., 2008; Yal¢in-Erik
and Ay, 2021). The coal samples are generally plotted
close to the mid-point between the A and B apexes
on Mukhopadhyay’s (1989) ternary diagram (Figure
17). The presence of both woody and herbaceous peat-
forming plants in the palaeomires resulted in such
distribution. In addition, some mineral-rich samples
from the low part of the seam are plotted close to apex
B, which suggests the predominance of herbaceous
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Figure 15- a), d) SEM-BSE images of pyrite (Py) and b), ¢), ) and f) SEM-EDX spectra (b, ¢, e and f) marcasite (Mrc).
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Figure 16- SEM-BSE images (a-c) and SEM-EDX spectra (b-d) of pyrite (Py) grains within smectite (Smc).

peat-forming plants and/or macrophyte in palacomires.
The relatively high total inertinite contents (> 10%
on a mineral matter-free basis) of these samples
could have been controlled by oxic conditions such
as these caused by exposure of peat surface due to
very low watertable and/or wildfires on palacomire’s
surface or in the surrounding area (Figure 17). The
presence of semifusinite and fusinite macerals in these
coal samples are an indicator of wildfires within the
palacomire (O’Keefe et al., 2013; Hower et al., 2021).
Char-rich lithotype should be observed in the studied
coal seam a, if such thermal oxidation took place in
the palaecomire (O’Keefe et al., 2013). In the studied
profile, however, neither char-rich lithotypes nor char
bands were observed. High inertinite contents do not

always relate to oxic conditions in the palaeomire,
and the presence of allochthonous inertinite macerals
could result in higher inertinite contents (O’Keefe et
al., 2013; Oskay et al., 2019). In the coal samples,
semifusinite, fusinite, and inertodetrinite macerals
are mostly associated with clay mineral aggregates
and/or detrohuminite macerals. Thus, the high
inertinite content in the low part of the seam are due
to inertinite transport by surface water/windblown or
mechanical degradation and subsequent oxidation in
the palaeomire.

The Gelification Index (GI) vs Tissue Preservation
Index (TPI) and the Groundwater Index (GWI) vs
Vegetation (VI) diagrams were used in order to
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Figure 17- The Bozburun coal samples on Mukhopadhyay’s ternary diagram (after Mukhopadhyay, 1989).

evaluate the preservation of organic matter and the
vegetation type in the palaeomire (Figure 18). These
diagrams were firstly proposed for late Palacozoic
coals of Canada and Australia by Calder et al. (1991)
and Diessel (1992), respectively. Since the Cenozoic
flora differs from the late Palacozoic one, in this study
the modifications proposed by Kalaitzidis et al. (2004)
are applied. The TPI and VI values vary widely in
the studied profile (Figure 18), which could imply
variable preservation degree of organic matter and/or
variations in the peat-forming vegetation. Additionally,
the reported TPI (0.17-0.33) and VI (0.38-0.81) values
from the western part of the Bozburun coalfield
indicate vegetation variations in the palaeomire
during the late Miocene (Yal¢in-Erik and Ay, 2021).
It is worth mentioning that the reported gelohuminite
contents are very high in the western part of the
Bozburun coalfield, which in turn, reduces TPI and
VI values. Despite this, increasing trends of TPI and
VI values towards the upper part of the studied profile
were calculated (Figure 18 and Table 2). The TPI and
VI values from the low part of the seam are generally
lower than 1.0, which indicates the predominance
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of herbaceous peat-forming plants during the initial
stages of peat accumulation (Oskay et al., 2016; Guo
et al., 2020). The presence of palynomorphs related
to reed and macrophyte plants, as well as the short-
chain n-alkanes in the Bozburun coalfield also support
this assumption (Tiirkmen et al., 2004; Yalcin-Erik
and Ay, 2021). Furthermore, freshwater gastropod
remains and syngenetic carbonate bands in coal seam
could also be another evidence for lakeshore (limno-
telmatic) conditions and/or Ca-rich water influx into
the palacomire (Siavalas et al., 2009; Karayigit et
al., 2017a). Hence, the Ca concentration of the coal
samples is significantly higher in this part of the seam
(Figure 7 and Table 4), and alkaline conditions seem
to be more common. Gelification of organic matter is
supposed to be high due to bacterial activity forced
by the increased alkalinity (Dehmer, 1995; Zdravkov
et al.,, 2006; Stock et al., 2016); however, the GI
values are generally lower than 1.0 in this part of
the seam. Fluctuating water tables might also cause
mechanical degradation of herbaceous plant matter
and allochthonous inertinite macerals (Mach et al.,
2013; O’Keefe et al., 2013). Thus, the attrinite and
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Figure 18- The distributions of the Bozburun coal samples on; a) GI vs. TPI plot of (after Diessel, 1992, modified from Kalaitzidis et al., 2004),
b) VI vs. GWI plot of (after Calder et al., 1991, modified from Kalaitzidis et al., 2004).

inertodetrinite contents could be high; in turn, the Gl
values of the low part are low.

In contrast to the low profile part, the relatively
higher TPl and V1 values (Figure 18 and Table 2) in the
central and upper parts of the seam imply an increased
contribution of forested vegetation (Oikonomopoulos
et al., 2015; Omodeo-Salé et al., 2017; Oskay et
al., 2019; Karayigit et al., 2020a). Furthermore, the

reported existence of certain palynomorphs (e.g.,
Inaperturopollenitis dubius) and the long-chain
n-alkanes point to coniferous peat-forming plants
(Tiirkmen et al., 2004; Yalcin-Erik and Ay, 2021). This
could also explain fluorescent ulminite A macerals in
this part of seam, which is related to the presence of
H-rich compounds in peat-forming plants and/or a

coniferous peat-forming vegetation in the palacomires
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(Mastalerz et al., 2013; Karayigit et al., 2017b,
2020b; Oskay et al., 2019; Kus et al., 2020). Such
vegetation is typical for wet-forest mires in flood and/
or upper delta plains (Buillit et al., 2002). Supporting
this assumption, previous sedimentological studies
from the southern part of the Malatya Basin show
that the Bozburun Formation was deposited under
shallow lake and deltaic conditions. Furthermore, the
watertable was generally stable and clastic influx could
be low under such conditions; thus, anoxic conditions
resulted in relatively good preservation of organic
matter (Zdravkov et al., 2006; Mach et al., 2013; Kus
et al., 2020). The anoxic conditions could be evident
from the syngenetic framboidal pyrite grains and the
decrease trend of ash yield upwards. The reported
pristane/phytane (Pr/Rh) ratio from the Bozburun
coalfield could also imply anoxic conditions (Yalgin-
Erik and Ay, 2021). The GWI values of the coal
samples from the upper part of the seam, however,
are relatively low (Figure 18b), which is acceptable
for telohuminite-rich coals (Kalaitzidis et al., 2004;
Oikonomopoulos et al., 2015; Karayigit et al., 2017a).
The relatively high Gl values and the syngenetic
carbonate along with calcareous fossil remains could
also imply that Ca-rich water influx and/or aquifer
support into the palaeomire was continuous and
gelification of organic matter is relatively high during
the late stages of peat accumulation (Dehmer, 1995;
Stock et al., 2016). Hence, the pH value of the mire
water is alkaline, and concentrations of redox sensitive
elements (e.g., Mo) are enriched in the upper part of
the seam (Figure 7). The source of Ca-rich water could
derive from the Palaeocene to late Eocene marine
carbonates in the basement. As mentioned previously,
these carbonates also contain gypsum layers; thus,
the aquifer from these carbonates could also enrich
the peat with sulphates. This supply could also cause
the formation of authigenic sulphate minerals (e.g.,
celestine) since Sr is soluble in sulphate-rich waters
(Honar, 2004). In general, the Sr/Ba ratios higher than
1 along with high total S content could be an indicator
of marine influence during peat accumulation and/
or penetrating solutions from the overlying marine
sediments (Spiro et al., 2019; Meduni¢ et al., 2020; Lui
etal., 2021). Both cases seem to have been impossible
for the Bozburun coalfield, since only terrestrial
and lacustrine conditions were developed in the
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Malatya Basin during the late Miocene. As mentioned
previously, the alteration of clastic feldspar grains
from the middle Miocene volcanic rocks could be also
provided additional Sr** ions. In turn, Sr/Ba ratios and
total S contents of coal samples are elevated and could
be high like paralic coals. Nevertheless, sulphate-
rich water influx into the palacomire may also cause
weak brackish conditions, and this could explain the
presence of freshwater to oligohaline mollusc fauna
in the Bozburun coalfield and the presence of salinity
indicator biomarkers (Nazik et al., 2008; Yal¢in-Erik
and Ay, 2021). Besides, the significantly high Ba
and Sr contents could also indicate subsidence ratio
during the late Miocene in the study area was optimal
for the fixation of Ba and Sr in sulphate minerals in
the palaocemires (Hower and Eble, 2022). Moreover,
the varatitions on clastic-influx ratio, common peat-
forming vegetation and mire water chemistry between
western and eastern parts of the Bozburun coalfield
seem to cause differences on coal quality parameters
and mineralogy.

6. Results

Changes in peat-forming environment, redox
conditions, clastic influx, and chemistry of water supply
in the palacomire have implications for coal quality,
mineralogical, and elemental composition of the late
Miocene coal seam in the eastern part of the Bozburun
coalfield. The low part of the seam was accumulated
under limnotelmatic conditions, which were open to
clastic influx and water table fluctuation, and Ca-rich
water influx was high into the palaecomire. Hence,
detrohuminite, allochthonous inertinite, and calcareous
fossil shell remains were commonly identified, and
ash yields and volatile matter contents are relatively
higher in this part of the seam. Furthermore, Ca-rich
water influx resulted in the formation of neutral to
weak alkaline conditions, which allowed authigenic
formation of syngenetic carbonate minerals. Thus, CaO
concentrations of the coal samples are significantly
high in this part of the seam. The increasing trends of
telohuminite proportions, TPI, and VI values towards
the upper part of the seam could imply the formation of
pure telmatic (wet-forest mire) conditions during the
late stages of peat accumulation. Low clastic influx and
stable water table conditions led to the establishment
of anoxic conditions, in which authigenic framboidal
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pyrite grains and marcasite overgrowth formed.
Thus, chalcophile elements were enriched in the coal.
Furthermore, continuous Ca-rich water influx into the
palacomire seems to control gelification of organic
matter. The co-existence of syngenetic framboidal
pyrite grains and carbonate minerals in the palaeomire
of the upper part also implies weak acidic to neutral
conditions; in turn, V, Mo and U are enriched in this
part.

The high Sr/Ba ratios, the high total S contents
and the presence of authigenic marcasite in the coal
samples might be an indication of marine influence
and/or penetration of porewater from overlying
marine sediments. All these are clearly inapplicable in
the Bozburun coalfield due to the freshwater mollusc
remains, and the freshwater peat-forming plants
according to previously published palaeontological
and biomarker data. The formation of celestine and Ca-
and Sr-bearing barite during diagenetic stages could
be related to Sr-bearing sulphate-rich water influx
into the palacomire from gypsum-bearing Palacogene
and late Eocene carbonates and clastic feldspar grains
from middle Miocene volcanic rocks. In addition, Sr
uptake by mollusc fauna within the palaeomire could
also cause elevated Sr-concentrations in fossil shell
fragments-bearing coal and non-coal samples. Overall,
the chemical composition of the water supplied the
palaeomire and the redox conditions controlled the
mineralogical and the elemental compositions in the
eastern part of the Bozburun coalfield.
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ABSTRACT

Fifty-four coal clast samples in the siliciclastic rocks (e.g., sandstone and conglomerate) were
collected from cores of two-deep research wells (K20H and K20K) drilled at the Kozlu coalfield in
Zonguldak Basin, and for the first time, they were evaluated using mineralogy by XRD and SEM-
EDX and random vitrinite reflectance (%Rr) measurements in order to find out their origin and
timing. Petrographic observations on polish surfaces show that the coal clasts are either entirely
xylitic/vitrinitic particles or coals including a broader range of macerals. The detected minerals in
the samples are mostly derived from the parental coal seams and, to a lesser extent, precipitated
from penetrated pore-water in the cleats/fractures of clasts. The %Rr values of coal clasts in
Carboniferous sediments are generally relatively higher than those measured in the coal seams
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due to weak oxidation during transportation. Furthermore, similar mineralogical and maceral

compositions between coal clasts and coal seams imply that these clasts were mainly eroded during

the peatification and/or early coalification of parental seams and display similar coalification

patterns. The close %Rr value of a coal clast sample in the Early Aptian Zonguldak Formation and
Received Date: 16.07.2022  Carboniferous coal seams could suggest that this coal clast sample is presumably derived from the
Accepted Date: 23.11.2022  coal seams eroded during Early Aptian.

1. Introduction 2021; Zhang et al., 2019; Yang et al., 2020). Coal
clasts are commonly found in Carboniferous coal-
bearing sequences and range in size from a millimeter

to tens of centimeters. Fragments of pebble-sized

Peat beds and coal-bearing sequences could be
eroded due to several reasons (e.g., flooding events
and mass movements during peat formation or fluvial

and marine influence after coalification) (Petersen coal particles and/or in some cases coalified woody

et al., 1998; Gerslova et al., 2016; lzart et al., 2016;
Martinek et al., 2017; Bicca et al., 2020). As a result,
coal clasts and/or coal-placers could be observed
within the synchronous siliciclastic sediments and
marine carbonates of coal seams and in modern
marine sediments (Littke et al., 1989; Hower et al.,
2001; PeSek and Sykorova, 2006; Dill et al., 2017,

material (xylite) within clastic sediments (e.g.,
sandstone, conglomerate) were reported from several
late Palaeozoic coal basins in Europe since the early
20" century (PeSek and Sykorova, 2006). However,
there are a limited number of detailed studies
conducted on coal clasts mainly focused within Late
Carboniferous coal basins in central Europe and South
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Wales (Littke et al., 1989; Paszkowski et al. 1995;
Gayer et al., 1996; Kozusnikova et al., 1999; Dan¢k et
al., 2002; Misz-Kennan et al., 2019; Suchy et al., 2019;
Yang et al., 2020). These studies show that the maceral
and mineralogical composition, random vitrinite
reflectance (%Rr) values, palynological properties, and
size and shapes could provide data about the timing of
erosion of Late Carboniferous seams, the origin and
possible transportation distance (e.g., a short distance)
of coal clasts, and, in some cases, maturation and coal
bed methane potential of late Palaeozoic coal-bearing
sequences. For instance, the relatively lower %Rr
values of coal clasts than the closest late Palaeozoic
coal seams within the basin could imply that coal clasts
are derived from coal seams in the proximity of coal-
bearing sequence due to erosion of these coal seams
before coalification. Furthermore, their palynoflora
composition could also provide their origin, and more
importantly, whether the coal clast-bearing sediments
were deposited after a hiatus.

The Zonguldak Basin is located in the NW
Tiirkiye (Figure la) and hosts major economic
bituminous coal resources in Tiirkiye within the late
Palacozoic sequences (Figure 1b and 1c) (Karayigit
et al., 1998; 2018a). Previous studies of the coal
seams of Carboniferous age in the Zonguldak Basin
show that the late Paleozoic coal seams display
similar palynoflora and coal petrographical features
to late Palaeozoic coal basins in the east and central
Europe (Akgiin and Akyol, 1992; Karayigit, 1992;
Karayigit et al., 1998, 2018a, b; Cleal and Van
Waveren, 2012; Cleal et al., 2017, 2018; Oplustil et
al., 2018). Furthermore, the sedimentological data
from the Carboniferous coal seams show that the roof
rocks of Carboniferous coal seams are mainly made
up of conglomerates and sandstones, which mostly
overlie coal seams with erosional bases, and possible
erosion of Early Carboniferous (Serpukhovian-
Bashkirian) sequences during the Late Carboniferous
(Duckmantian-Asturian) was also assumed (Zijlstra,
1952; Kerey, 1985; Oplustil et al., 2018). In addition,
the 1-D thermal history modelling from coal seams in
the Zonguldak Basin implies possible erosion events
during the Carboniferous, Permian, and afterward
(Yalgmetal., 2002; Karayigit etal.,2018a). Hence, it is
acceptable to observe coal clasts within Carboniferous
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and Cretaceous sequences in the Zonguldak Basin, but
no data was published regarding the coal clasts from
coal mines in the Zonguldak Basin. However, during
the late 1990s, several deep research wells were drilled
by Turkish Hard Coal Enterprise (TTK) in the Kozlu
coalfield in order to find out the evolution, geological
features, and coalbed methane potential of coal seams
within the Carboniferous formations (Alaacagzi,
Kozlu, and Karadon, Formations) (Figures lc and
1d), and several studies have been done from these
exploration wells (e.g., Giirdal and Yalgin, 2000, 2001,
Yiirim et al., 20014, b; Yalcin et al., 2002; Giirdal et
al., 2004; Karayigit et al., 2018a). During the drilling,
several coal clast-bearing sediments were cored from
Carboniferous formations (Oktay, 1995); however,
only very limited palynological data from coal
clasts from the Karadon Formation were conducted
for age determination (Akgiin et al., 1997) and no
petrographical investigation and/or their origins have
been reported to date. This study aims to present the
first detailed vitrinite reflectance and mineralogical
data of Late Palaeozoic, as well as Early Aptian
coal clast within Incigez clastics in the Zonguldak
Basin. The special target of the study is to find out
the origin and timing of these coal clasts in order to
estimate whether the erosion took place during peat
accumulation or coal formation.

2. Geological Settings

The pre-Carboniferous basement rocks in the
basin are mainly the Silurian Hamzafaki Formation
(metasediments and shales with diabase and
andesite dykes and sills) and the Devonian Goktepe
(metasediments with diabase and andesite dykes) and
Yilanli (marine limestone and dolomite) formations
(Figure 1b). The Carboniferous coal-bearing
sequences are divided into three formations, namely,
Alacaagzi, Kozlu, and Karadon (Figure 1b). The
Alacaagzi Formation is composed of alterations of
sandstone, claystone, siltstone, and coal seams (Figure
1b), which were deposited under deltaic conditions
during Serpukhovian-Bashkirian (Namurian) (Agrali,
1963; Akyol, 1972, Kerey, 1985; Akgiin and Akyol,
1992; Yalgin et al., 2002; Cleal et al., 2017). The
Kozlu Formation conformably overlays the Alacaagzi
Formation and consists of conglomerate, sandstone,
siltstone, claystone, and coal seams alternations (Figure
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Figure 1- a) Location map of Zonguldak Basin, b) generalized stratigraphic column of surrounding area of the Kozlu coalfield, ¢) regional
geological map of Zonguldak Basin, and d) simplified cross-section between studied wells (modified from Kiiskii et al., 1997,

Yalgn et al., 2002; Karayigit et al., 2018a).

1b). Previous sedimentological and palaecontological
studies from the formation suggest that the formation
was interpreted to have been deposited under mainly
fluvial conditions (deltaic and meandering rivers)
and lacustrine conditions during the Langsettian

(Westphalian A) (Agrali, 1970; Akyol, 1972; Kerey,
1985; Akgiin and Akyol, 1992; Oktay, 1995; Yalgin
et al., 2002; Cleal and Van Waveren, 2012; Oplustil
et al., 2018). The Kozlu Formation is conformably
overlain by the Karadon Formation (Figure 1b) and
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consists of alternations of conglomerate, sandstone,
siltstone, claystone, and coal seams, as in the Kozlu
Formation. This formation was deposited under
fluvial conditions (deltaic and meandering river)
and lacustrine conditions during the Duckmantian-
Asturian (Westphalian B to D) (Agrali, 1970; Kerey,
1985; Akgiin and Akyol, 1992; Oktay, 1995; Yal¢in et
al., 2002; Cleal and Van Waveren, 2012; Oplustil et
al., 2018).

Post-Carboniferous formations in the basin are
mostly comprised of the Early Cretaceous Zonguldak
Formation (Figure 1c¢ and 1d) (Kerey, 1985; Karayigit
et al., 1998; Yal¢m et al., 2002; Tiiysiiz et al., 2016).
Even though the existence of coal clasts and coaly
material were reported from the Zonguldak Formation
(Mann et al., 1995; Yalgin et al., 2002), no coal
seams were reported from this formation to date. The
Zonguldak Formation is divided into four members,
from bottom to top, lower Barremian Okiisne clastics
member, Barremian Okiisne member, Early Aptian
Incigez clastics member, and Aptian Kapuz member
(Kiiskii et al., 1997; Yalgin et al., 2002). The lower
Barremian Okiisne clastics member composed
of alternations of conglomerate, and sandstone-
mudstone alternations, whereas Early Aptian Incigez
clastics members are alternations of conglomerate,
sandstone, siltstone, claystone, and limestone. The
Barremian Okiisne member is mainly made up of
dolomitic limestone, and the Aptian Kapuz member
is composed of sandy limestone and limestone. The
orogenic movements from Hercynian to Alpine
resulted in the development of several regional reverse
faults and folds in the Zonguldak Basin (Figure 1c and
1d) (Okay et al., 1994; Yalcin et al., 2002; Okay and
Nikishin, 2015). Thus, Carboniferous and Cretaceous
sediments in the basin are deformed. Furthermore,
post-Carboniferous dykes also intruded Carboniferous
and Cretaceous formations in the basin (Karayigit,
1992; Karayigit et al., 1998; Yal¢in et al., 2002).

3. Material and Applied Methodology

A total of fifty-four coal clast samples were
obtained from different depths of the K20K and K20H
research wells drilled at the Kozlu coalfield (Table 1).
In this study, five coal clast samples (two from the
K20K and three from the K20H) were examined from
the Alacaagzi Formation; thirty-six coal clast samples
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(six from the K20K and thirty from the K20H) from
the Kozlu Formation; twelve coal clast samples (four
from the K20K and eight from the K20H) from the
Karadon Formation; and only one coal clast sample
from the limestone of the Early Aptian Incigez clastics
(Zonguldak Formation) was cored in the K20K well.
The depths of identified formations in the K20H wells
from bottom to top; 1891.00-2002.20-m Alacaagzi
Formation, 715.30-1891.00-m Kozlu Formation,
424.70-715.3-m Karadon Formation, and 0-424.70-m
Zonguldak Formation (287.00-424.70 Okiisne clastics
and 0-287.00-m Okiisne limestone), while in the
K20K well, 1119.90-1251.65-m Alacaagzi Formation,
793.05-1119.90-m Kozlu Formation, 468.70-793.05-
m Karadon Formation, and 0-468.70 Zonguldak
Formation (264.55-468.70-m Okiisne limestone,
203.00-264.55-m Incigez clastics, and 0-203-m Kapuz
limestone) (Figure 1d).

The fundamental petrographic observations of
samples were conducted from polished coal blocks,
which were prepared according to ASTM D2797/
D2797M (2011) standard, under a reflected light
microscope (Leica DM4000M coupled with J&M
equipment and software) at Hacettepe University. The
maceral identification was done according to the ICCP
1994 classification as modified by ICCP (1998 and
2001), and Pickel et al. (2017). The random vitrinite
reflectance measurements (%Rr) were conducted
mainly from collotelinite following the ISO 7404-
5 (2009) standard using an oil-immersion 50X
objective. The mineralogical compositions of suitable
twenty-eight studied coal clast samples in both
wells (one sample from the Zonguldak Formation,
five samples from the Karadon Formation, eighteen
samples from the Kozlu Formation, and four samples
from the Alacaagzi Formation) were determined using
an X-ray powder diffraction (XRD) with a Cu anode
tube at Hacettepe University. In order to examine
mineralogical compositions in detail, selected eight
polished samples (K20K-02, and -08, K20H-O1, -OS5,
-07, -015, -039, and —041) were coated with carbon
and examined under Scanning Electron Microscope
(SEM) equipped with Energy Dispersive X-Ray
Analysis (EDX) in the General Directorate of Mineral
Research and Exploration (MTA) and Hacettepe
University.
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Table 1-  The list of coal clasts samples from K20K and K20H research wells and their depths and lithology of embedded sediment.
. . Lithology of embedded
Well Formation Age Sample No Sampling depth (m) Sg diment
 Zonguldak Early Aptian K20K-O1 250,65 Pyritized limestone
(Incigez clastics)
K20K-02 700.50 Conglomerate
Karadon Langsettian (Westphalian A) K20K-03 710.50 Conglomerate
K20K-04 770.55 Conglomerate
K20K-05 789.15 Conglomerate
K20K K20K-06 1030.10 Sandstone
K20K-O7 1033.70 Conglomerate
Kozlu Duckmantia.n-Asturian K20K-0O8 1037.55 Conglomerate
(Westphalian B-D) K20K-09 1042.45 Conglomerate
K20K-010 1055.85 Conglomerate
K20K-O11 1099.50 Sandstone
- Serpukhovian-Bashkirian K20K-O12 1125.80 Conglomerate
Alacaagzi .
(Namurian) K20K-013 1230.95 Conglomerate
K20H-O1 431.70 Sandstone
K20H-02 451.00 Sandstone
K20H-0O3 455.40 Conglomerate
Karadon Langsettian (Westphalian A) K20H-04 438.80 Conglomerate
K20H-05 527.30 Sandstone
K20H-06 541.00 Sandstone
K20H-O7 636.20 Sandstone
K20H-08 686.30 Sandstone
K20H-09 754.80 Conglomerate
K20H-010 760.20 Conglomerate
K20H-O11 813.40 Conglomerate
K20H-012 829.25 Conglomerate
K20H-O13 1002.80 Conglomerate
K20H-O14 1010.70 Conglomerate
K20H-O15 1025.65 Conglomerate
K20H-016 1045.70 Sandstone
K20H-017 1061.30 Sandstone
K20H-O18 1081.60 Sandstone
K20H-019 1101.80 Conglomerate
K20H-020 1118.30 Conglomerate
K20H K20H-021 1136.20 Conglomerate
K20H-022 1141.40 Conglomerate
Kozlu Duckmantia.n-Asturian K20H-023 1146.80 Conglomerate
(Westphalian B-D) K20H-024 1162.20 Sandstone
K20H-025 1207.20 Claystone
K20H-026 1219.35 Sandstone
K20H-027 1244.60 Conglomerate
K20H-028 1281.30 Sandstone
K20H-029 1296.80 Conglomerate
K20H-030 1358.50 Sandstone
K20H-031 1447.00 Sandstone
K20H-032 1474.20 Conglomerate
K20H-033 1484.05 Conglomerate
K20H-034 1542.60 Conglomerate
K20H-035 1624.50 Conglomerate
K20H-036 1803.80 Conglomerate
K20H-037 1834.20 Sandstone
K20H-038 1850.00 Conglomerate
. - K20H-039 1900.00 Sandstone
Alaacagz Serpukhovian-Bashkirian K20H-040 1972.30 Sandstone
(Namurian)
K20H-041 1981.00 Pebbly sandstone
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4. Findings
4.1. Macroscopic Description

The studied coal clast samples are variable in
centimeter size (from 1 to 5 cm), and generally have
surface areas around 1 cm?® (Figure 2). The samples
are mostly vitrinitic/xylitic and mostly dull bright
sub-angular to angular and rarely rounded fragments
and do not display any certain orientations (Figure
2). Furthermore, cleat/fracture carbonates were
macroscopically observed in a few samples from the
Late Carboniferous samples, and these cleat/fracture
infillings are not observed in the coal clast-bearing
embedded sediments. In contrast, cleat/fracture
pyrite infillings are observed from the sample and
embedded coal clast sample in the Incigez clastics of
the Zonguldak Formation. The investigated coal clast
samples from the Late Carboniferous formations are
mainly obtained from sandstone and conglomerate
layers overlying coal seams, while one sample is
obtained from a limestone bed within Incigez clastics
of the Zonguldak Formation.

Figure 2- Selected photographs of the studied coal clast samples.
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4.2. Coal petrography and Vitrinite Reflectance of
Coal Clasts

The coal petrography examinations show that the
majority of samples are composed only of vitrinite
macerals, with liptinite and inertinite macerals rarely
observed (Figures 3-7). Therefore, no detailed maceral
counts were done from the studied clast samples.
Collotelinite is the most common vitrinite maceral
in all investigated samples (Figures 3b-f, 4a, 4b, 5a,
5b, 6a, 6b, and 7a, 7b), while telinite is more common
in the xylitic/vitrinitic clast samples (Figures 3a-c
and 5a). Collodetrinite and vitrodetrinite are other
vitrinite macerals identified from the samples (Figures
3b, 4c and f, 5d, 6¢, 6d, and 7a), while corpogelinite
is identified in the clast sample from the Zonguldak
Formation (Figure 3a). More importantly, deformed
and/or brecciated vitrinite grains (Figures 3e, 4e,
Sc, 5d, and 6a) and vitrinite with micro-cracks and
-fissures (Figures 3e, 3f, 4b, and 5¢) were observed
in all studied formations. The existence of such
grains could indicate that the peat slides during peat
formation and/or mainly tectonic deformations during
post-coalification (Taills, 1985; Xie et al., 2019; Hower
et al., 2021). The latter possibility seems to be more
common since the Carboniferous coal seams in the
Zonguldak coalfield were deformed due to orogenic
events (Yal¢m et al., 2002; Okay and Nikishin, 2015;
Karayigit et al., 2018a). In addition, oxidized vitrinite
grains with dark oxidation rims (Figures 7c and 7d) are
observed in coal clasts from the Alacaagzi Formation
samples, and vitrinite grains in clast samples from
conglomerates of the Kozlu and Alacaagzi formations
might also display possible brittle deformation around
the clastic mineral matter (Figures 4f, 5f, and 6f).

Inertinite and liptinite macerals are embedded
within collodetrinite (Figures 4a-d, 5b, 5c, and
6¢, 6d), as reported in the coal seams in both wells
(Karayigit et al., 2018a). Fusinite, semifusinite,
macrinite, and inertodetrinite are the generally
observed inertinite group macerals, while micrinite
bands within collodetrinite are also identified in some
samples (Figures 4a-c, 5b, 5d, and 6c¢, 6d). Similar
to the Kozlu and Karadon formations in the studied
wells and Amasra coalfield (Karayigit et al., 2018a,
b), sporinite is commonly identified in the studied
samples (Figure 4a, 4c, and 4d), and cutinite is also
rarely identified. In the Karadon Formation, liptinite
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Figure 3- Selected microphotographs of clast sample (K20K-O1) from the Zonguldak Formation; a) tellinite (T1) and cell-lumen infilling
corpogellinite (Cp), and framboidal pyrite (Py) grain; b) tellinite (T1), framboidal pyrite (Py) grains within collotellinite (Ct),
and vitrodetrinite (Vd) and mineral matter (MM) within clay mineral (CM) matrix, c) collotellinite (Ct), and tellinite (T1l) and
cell-lumen infilling clay mineral (CM) and pyrite (Py), d) collotelinite (Ct), e) and f) epigenetic carbonate cleat/fracture infilling
between micro-cracks-bearing collotelinite (Ct) and brecciated vitrinite grains. All photomicrographs are taken under incident
white light and oil immersion, 500 x total magnification. The %Rr value of the sample is 1.01%+0.02.

macerals, particularly sporinite, in some samples
display a very weak fluorescent colour under blue-
light excitation (Figures 4c, 4d), while in the Kozlu
Formation sporinite shows a pale grey colour under
incident light (Figure 5¢). The cleat/fracture carbonate

mineral-infillings are commonly identified in between
the brecciated vitrinite grains (Figures 3e, 3f, 4e,
and 7c), which was also commonly reported from
coal seams in the studied wells by Karayigit et al.
(2018a). In addition, cleat/fracture pyrite-infillings
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Figure 4- Selected microphotographs of clast samples from the Karadon Formation; a) intertodetrinite (Id), semifusinite (Sf), mega-
sporinite (Msp) and sporinite (Sp) embedded within collodetrinite (Cd) and collotelinite (Ct), b) micro-cracks and -fissures within
collotelinite (Ct), ¢) and d) intertodetrinite (Id), mega-sporinite (Msp) and sporinite (Sp) embedded within collodetrinite (Cd),
e) epigenetic carbonate mineral-infillings between brecciated vitrinite and collotelinite (Ct), f) collodetrinite (Cd) mineral-matter
(MM) and fusinite (Fs) within display plastic deformation. All photomicrographs are taken under incident white light (a, b, c, e
and f) and blue-light excitation (c), oil immersion, 500 X total magnification. Images a, ¢, and d from K20H-O3 (%R =0.94+0.02),
b from K20H-O1 (%R =0.98+0.02), e and f from K20H-O7 (%R =0.99+0.02).

and pyritized macerals were also detected in some
samples. Other identified minerals using white
incident light under a coal petrography microscope
are framboidal pyrite grains (Figures 3a and 7a), and
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rarely clay mineral aggregates (Figure 3b, 3c, and
7a) and syngenetic carbonate minerals (Figures 7a,
7b). In the Alacaagzi Formation, a few flake graphite
grains were identified (Figures 7e, 7f). Considering
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Figure 5- Selected microphotographs of clast samples from the Kozlu Formation; a) tellinite (T1) and collotellinite (Ct), b) collotelinite
(Ct), fusinite (Fs) and semifusinite (Sf), ¢) deformed vitrinite and mega-sporinite (Msp) grain;, d) collodetrinite (Cd),
macrinite (Ma), collotelinite (Ct), and brecciated vitrinite grains, e) micro-cracks-bearing collotelinite (Ct) and epigenetic
carbonate cleat/fracture infilling, f) deformed vitrinite around mineral matter (MM). All photomicrographs are taken under
incident white light and oil immersion, 500 x total magnification. Images a and b from K20K-O7 (%R =1.26+0.02), ¢ from
K20H-010 (%R =1.06+0.03), d from K20H-033 (%R =1.32+0.03), ¢ from K20K-O8 (%R =1.28+0.03), f from K20H-022
(%R =1.23£0.03).

the lack of thermal impact and natural coke formation Devonian Goktepe Formation, where metasediments
in the studied wells, the graphite grains were derived were intruded with magmatic dykes (Kiiskii et al.,
as clastic inputs into parental coal seams from 1997; Karayigit et al., 2018a).

presumably Silurian Hamzafaki Formation and/or
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Figure 6- Selected microphotographs of clast samples from the Alacaagzi Formation; a), b) collotelinite (Ct), c), d) collodetrinite (Ct), and
inertodetrinite (Id), macrinite (Ma) and micrinite bands embedded within collodetrinite (Cd), ) deformed collotellinite (Ct) around

mineral-matter (MM), f) collotelinite (Ct), inertodetrinite (Id) and brecciated vitrinite grains. All photomicrographs are taken
under incident white light and oil immersion, 500 x total magnification. Images a and ¢ from K20H-O41 (%R =1.73+0.03), b from
K20K-012 (%R =1.29+0.02), d and e from K20K-O13 (%R =1.29+0.03), f from K20H-040 (%R =1.72+0.03).

The %Rr values of coal clast samples from the
Alacaagzi Formation show significant differences
between K20H (1.70%-1.72%+0.03) and K20K
(1.29%=0.02) wells (Table 2). The samples of the
Kozlu Formation in the K20H well have %Rr values

64

of 1.08-1.314+0.02, while the %Rr values of samples
obtained from this formation in the K20K well display
a wide range and vary from 1.04+0.02 to 1.52+0.03
(Table 2). The Karadon Formation samples cored

in the K20K well have %Rr values ranging from
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Figure 7- Selected microphotographs of clast samples from the Alacaagzi Formation; a) collotelinite (Ct) and vitrodetrinite (Vd) within clay
mineral (CM) matrix, syngenetic carbonate (Carb) grains, and pyrite (Py), b) collotelinite (Ct) and carbonate (Carb) grains; c)
oxidized vitrinite with dark oxidation rim and inertodetrinite (Id), d) epigenetic carbonate cleat/fracture infillings between brecciated
collotelinite (Ct) grains, and e), f) clastic graphite grain, possibly derived from pre-Carboniferous basement, and collotelinite (Ct).
All photomicrographs are taken under incident white light (a-d) and partially crossed polarizers (e-f), oil immersion, 500 x total
magnification. Images from a, b, d-f from K20K-O13 (%R =1.29+0.03), ¢ from K20H-O40 (%R =1.72+0.03).

1.02-1.05+%0.03, whereas the %Rr values of samples 1.06%%+0.02 (Table 2). Finally, the %Rr value of a
of this formation from the K20H well are almost coal clast sample (K20K-O1) from the Early Aptian
within the range of standard derivation of ones Incigez clastics is 1.01£0.02 (Table 2).

from the K20H well and vary from 0.94%+0.02 to
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Table 2- The random reflectance (%Rr) of collotelinite and standard deviation (Stdv) of coal clasts samples from K20K and K20H research
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wells.
Well Formation Age Sample No %Rr + Stdv
Zonguldak Early Aptian K20K-O1 1.01+0.02
K20K-02 1.05£0.02
. . K20K-03 1.05+0.02
Karadon Langsettian (Westphalian A) K20K-04 1052002
K20K-05 1.02+0.02
K20K-06 1.08+0.02
K20K K20K-O7 1.26+0.02
Kozl Duckmantian-Asturian K20K-08 1.28+0.03
(Westphalian B-D) K20K-09 1.31+0.03
K20K-010 1.18+0.03
K20K-O11 1.1940.02
g Serpukhovian-Bashkirian K20K-012 1.29+0.02
Alacaagzi .
(Namurian) K20K-013 1.29+0.03
K20H-O1 1.04+0.03
K20H-02 0.98+0.02
K20H-03 0.94+0.02
. . K20H-04 0.99+0.03
Karadon Langsettian (Westphalian A) K200.05 10020.03
K20H-06 1.00+0.02
K20H-O7 0.99+0.02
K20H-08 1.06+0.02
K20H-09 1.04+0.02
K20H-010 1.06+0.03
K20H-O11 1.06+0.02
K20H-O12 1.10+0.02
K20H-O13 1.16+0.03
K20H-O14 1.18+0.02
K20H-O15 1.15£0.02
K20H-O16 1.19+0.02
K20H-O17 1.15+0.02
K20H-O18 1.28+0.02
K20H-019 1.28+0.03
K20H-020 1.19+0.03
K20H K20H-021 1.22+0.02
K20H-022 1.23+0.03
Kozlu Duckmantian-Asturian K20H-023 1.24+0.03
(Westphalian B-D) K20H-024 1.31£0.02
K20H-025 1.30+0.02
K20H-026 1.20£0.02
K20H-027 1.26+0.03
K20H-028 1.254+0.03
K20H-029 1.27+0.03
K20H-030 1.31£0.02
K20H-031 1.42+0.02
K20H-032 1.32+0.03
K20H-033 1.32+0.03
K20H-034 1.41£0.02
K20H-035 1.49+0.03
K20H-036 1.54+0.02
K20H-037 1.54+0.02
K20H-038 1.52+0.03
. - K20H-039 1.70+0.03
Alaacagzi Serpukhovian-Bashkirian K20H-040 1.7240.03
(Namurian)
K20H-041 1.73£0.03
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4.3. Mineralogy of Coal Clasts

The XRD results show that analysed coal clast
samples from all studied formations display similar
mineralogical compositions (Table 3). Quartz is
detected as a generally abundant to dominant phase,
while clay minerals (kaolinite and illite/mica) and
feldspar are minor phases in the samples (Table 3).
As expected, calcite is a dominant phase in the cleat/
fracture carbonate-infillings-bearing samples, and
dolomite and ankerite are detected as minor phases
in these samples (Table 3). Siderite is found in one
sample (K20K-O13) from the Alacaagzi Formation
(Table 3). Pyrite is an abundant phase in the samples
from the Zonguldak Formation, while it is found as a
minor phase in some samples from the Karadon and
Kozlu formations (Table 3). Besides XRD analysis,
anglesite, apatite, barite, chalcopyrite, chlorite
(chamosite), galena, monazite, sphalerite, titanite/
sphene, Ti-oxides, and zircon are detected as accessory
minerals according to the SEM-EDX data (Table 3).

5. Discussion
5.1. Origins of Minerals

The petrographical and SEM examinations
indicate that minerals in the coal clast samples are
derived from the parental Carboniferous coal seams
and the precipitation of solutions cleats/fractures of
coal clasts after the diagenesis of embedded sediments
and early coalification of parental coal seams. Quartz,
like in Carboniferous coal seams in the studied wells,
is generally identified as individual grains within
clay mineral matrices during SEM examination
(Figures 8a, 8d, 8e, 8f, 9a and 10b). These grains are
clearly derived as clastic inputs into palaeomires of
parental coal seams. Clay mineral matrices associated
with individual quartz, feldspars, apatite, monazite,
titanite/sphene, and zircon grains and organic matter
(macerals) were observed, and the SEM-EDX data
showed that the matrices have mostly kaolinite and
illitic compositions (Figures 8a-f and 10a-b). Similar
associations within kaolinite matrices were also
reported from the coal seams in the studied wells and
other coalfields in the Zonguldak Basin (Karayigit
et al., 2018q, b), and also from tonstein layers in
the Zonguldak Basin (Burger et al., 2000), which
were formed from alteration of synchronous and/or

epiclastic volcanic inputs within palaecomires during
the Carboniferous. Hence, the identified kaolinite
matrices and associated minerals from the investigated
coal clast samples are derived from parental coal
seams. lllitic matrices are presumably derived as
clastic influx into palacomires of the parental coal
seams; nevertheless, these matrices might also be
originated from the transformation of clastic smectite
and/or interstratified illite/smectite matrices into illite
during the diagenesis of embedded sediments. Besides,
cleat/fracture kaolinite-infillings were also observed
in some samples (Figures 9a-e). Since cleat/fracture
kaolinite-infillings were observed as monomineral
infilling or accompany with sulphide minerals (pyrite
and galena), these infillings seem to be formed from
the precipitation of Al and Si-rich hydrothermal
solutions during either the early coalification stage of
the parental seams, as like coal seams in both wells
(Karayigit et al., 2018a), or more possible during the
diagenesis of embedded sediments.

Carbonate minerals are mainly identified as
individual grains (Figures 8a and 10a) and nodules
(Figures 8c and 10b) within clay mineral matrices, and
more commonly cleat/fracture infillings (Figures 9f
and 10c-f), particularly from deformed and brecciated
vitrinite grains-bearing samples.

These infillings are mostly calcite with detectable
Mg and pure dolomite (Figures 10c-f), and, to a lesser
extent, Fe-rich dolomite with measurable Mn (Figures
10e and 10f) and ankerite (Figures 9f and 10c). Such
carbonate mineral-infillings are commonly reported
in Permo-Carboniferous coals and mostly originate
from the precipitation of Ca-rich hydrothermal
solutions (Dawson et al., 2012; Permana et al., 2013;
Xie et al., 2019; Valentim et al., 2020).

In accordance with this, Karayigit et al. (2018a)
also assumed that these carbonate infillings are related
to the precipitation of Ca-rich solutions derived by
penetration of hydrothermal solutions or leached
solutions from overlying Early Cretaceous limestones
via fault zones into coal seams in the studied wells.
Considering the presence of carbonate infillings
between deformed and brecciated vitrinite grains in the
studied samples, Ca-rich solutions could either have
penetrated after the tectonic deformation of parental
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Figure 8- Selected SEM backscattered electrons (SEM-BSE) images; a), b) and d) ankerite (Ank), calcite (Cal), chlorite (Chl),
chalcopyrite (Ccp), dolomite (Dol), quartz (Qz) and zircon (Zr) grains within kaolinitic (Kln) matrix, c) chlorite (Chl)
associated with siderite (Sd) nodules and quartz (Qz) grains, ¢) monazite (Mnz) and quartz (Qz) grains and organic matter
(OM) associated with clay mineral (CM), f) apatite (Ap), chalcopyrite (Ccp), quartz (Qz) and titanite (Ttn) grains within
illitic (Ilt) matrix. Images a from K20H-O15, b and f from K20H-O41, d and e from K20H-O7.
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Figure 9- Selected SEM-BSE images; a), b) cleat/fracture kaolinite (KIn)-infillings within organic matter (OM), syngenetic framboidal
pyrite (Py) grains and calcite (Cal) grains, c) cleat/fracture kaolinite (Kln) and pyrite (Py)-infillings within organic matter
(OM), d) and f) cleat/fracture barite (Brt), pyrite (Py) and kaolinite (KIn)-infillings within organic matter (OM), e) cleat/
fracture galena (Gn), pyrite (Py) and ankerite (Ank) with measurable Mn-infillings within organic matter (OM). Images a, b,
e from K20H-O1, ¢ from K20H-O7, d and f from K20H-O15.
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Figure 10- Selected SEM-BSE images; a) ankerite (Ank), dolomite (Dol) and zircon grains within illitic (Ilt) matrix, and cleat/fracture
kaolinite (KIn)-infilling within organic matter (OM), b) siderite (Sd) nodule, plagioclase (P1) and quartz (Qz) within illitic
(Ilt) matrix, c), d) cleat/fracture ankerite (Ank), calcite (Cal) and quartz/silica (Qz)-infillings within organic matter (OM), e)
and f) cleat/fracture calcite (Cal), dolomite (Dol) and Ti-oxide-infillings within organic matter (OM). Images a and ¢ from
K20H-015, b from K20H-041, d from K20H-O7, ¢ and f from K20K-O8.
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coal seams or embedded sediments. Nevertheless, the
presence of carbonate-infillings in clast samples might
also have originated from the precipitation of Ca-
rich intra-formation solutions during the diagenesis
of embedded limestone in case of the Zonguldak
Formation or penetration of carbonate cement of
conglomerate for Carboniferous clast samples.
Nevertheless, the latter case was probably not
common due to the lack of carbonate mineralization
around Carboniferous coal clasts. Siderite nodules
were detected rarely in a few samples within organic
matter or clay matrices (Figure 8c and 10b), which
implies these nodules originated from the parental
coal seams and formed within palacomires (Karayigit
etal., 2017, 20184, b; Dai et al., 2020). The formation
of epigenetic Ti-oxide (anatase/rutile)-infillings in
coals is mostly controlled by the precipitation of
hydrothermal solutions (Zhao et al., 2018; Rodrigues
et al., 2020; Liu et al., 2021). In the samples from the
Kozlu Formation, cleat/fracture Ti-oxide infillings are
associated with carbonate mineral-infillings (Figures
10f and 11). Such infillings were also developed from
the precipitation of hydrothermal solutions.

Framboidal pyrite grains within organic matter
are clearly related to parental coal seams (Figures
3a, 7a, 9a, 9b, and 12a). These framboidal pyrite
grains formed authigenically within the palaeomires
or early diagenesis of parental coal seams. The
cleat/fracture pyrite-infillings were also commonly
reported from the coal seams in the basin (Karayigit
et al., 1998, 2018a, b), which were formed after the
precipitation of Fe- and sulfate-rich from penetrated
hydrothermal solutions during coalification. Similar
cleat/fracture pyrite-infillings are also identified from
the Carboniferous coal clasts (Figures 9c-f), which
were also derived from the precipitation of penetrated
hydrothermal solutions, as like the kaolinite and
carbonate minerals. Even though the determination
of the timing of penetration of such solutions
could not be estimated accurately, these pyrite-
infillings were presumably formed mainly during the
diagenesis of embedded coal seams and, to a lesser
extent, during the early coalification of parental coal
seams. Considering the presence of macroscopically
identified cleat/fracture pyrite-infillings in the Early
Aptian coal clast sample, pyritized macerals and
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cleat/fracture pyrite-infillings in this sample seem to
have developed within the depositional environment
during the Early Aptian and/or post-Aptian. Besides
the cleat/fracture pyrite-infillings and framboidal
pyrite grains, galena and chalcopyrite are other
identified sulphide minerals in the samples. Galena
is only identified as cleat/fracture infillings, and such
infillings are generally accompanied by carbonate
minerals (Figures 9f and 12) and kaolinite (Figure
13). Chalcopyrite is only observed as individual grains
within clay mineral matrices (Figure 8a and f), which
imply a clastic origin for such grains. Barite (Figure
9d) and anglesite (Figure 14) are also only detected
as cleat/fracture infillings. Barite seems to have been
formed either during the early coalification of parental
coal seams and/or diagenesis of embedded sediments.
The anglesite overgrowths around galena-infillings,
which grew after galena formation, formed due to
the alteration of galena-infillings by pore-waters or
hydrothermal solutions after galena formation.

Although mono-mineralic cleat/fracture infillings
(e.g., Figures 9a, 9b and 10c) are commonly observed
in the samples, multi-mineralic (e.g., carbonate-
sulphide minerals or kaolinite-sulphide minerals)
infillings are also detected (e.g, Figures 9c-f, 10d-f,
11a, and 13), like coal seams in the studied wells. Such
multi-mineralic mineral infillings also formed from
the precipitation of hydrothermal solutions in coal
(Hower et al., 2001; Dawson et al., 2012; Permana
et al., 2013; Karayigit et al., 2018a; Liu et al., 2021);
thus, these infillings might be derived from the mainly
precipitation during mainly within parental coal seams
and/or diagenesis of embedded sediments, particularly
for coal clast sample from the Zonguldak Formation.

5.2. Ranks and Origins of Coal Clasts

The rank and grade determination of coal seams
are based on a combination of several parameters (e.g.,
%Rr, gross calorific values, and ash yields); however,
the size of investigated coal clast grains did not permit
all desired proximate, ultimate, and calorific analyses
for rank and grade determination. Therefore, the rank
determination of the investigated samples is only
based on %Rr values. The %Rr values of coal clasts
of the Alacaagzi Formation, as mentioned previously,
display differences (Table 2 and Figure 15);
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Figure 11- a) SEM-BSE image of cleat/fracture ankerite (Ank) and Ti-oxide-infillings within organic matter (OM), b) SEM-EDX spectra of
Ti-oxide at spot-1 and c), d) ankerite with measurable Mn at spot-2. Image from K20K-O8.

73



Bull. Min. Res. Exp. (2024) 173: 55-83

Figure 12- a) SEM-BSE image of cleat/fracture calcite (Cal) and
galena (Gn)-infillings within organic matter (OM) and
pyrite (Py), b) SEM-EDX spectra of galena at spot-1 and
¢) calcite with measurable Mn and Fe in image a. Image
from K20H-O1.

thus, the samples of this formation have relative rank
differences. Furthermore, the %Rr values of coal
clasts could be very useful for determining the origin
of coal clasts since coal clasts generally do not display
diagenesis differences with parental coal seams
(Gayer et al., 1996; Kozusnikova et al., 1999; Dan¢k
et al., 2002; PeSek and Sykorovéa, 2006; Misz-Kennan
et al., 2019). Of note, in some cases, coal clasts could
display a lower rank than the parental coal seams.
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The samples from the K20H well are of bituminous
A (medium rank A) according to ISO 11760 (2005)
coal-rank classification, while samples obtained from
the K20K well are of bituminous B (medium rank B).
This difference is not surprising since the Alacaagzi
Formation in the K20H well was cored to deeper
depths than the K20K (Figures 1d and 15a), and %Rr
values of coal seams in the Alacaagzi Formation in
the K20H well are relatively higher than coal seams in
the K20K well (Karayigit et al., 2018a). Furthermore,
the %Rr values of the Alacaagzi coal clasts samples
in the K20K are relatively higher than the coal seams
in this well (Table 1 and Figure 15b), but the %Rr
values are still within the range of standard deviation
and close to the %R __ values of coal seams in the
Alacaagzi Formation (Table 4). This difference could
be controlled by the oxidation of clast samples during
the transportation since micro-crack and —fissures-
bearing vitrinite grains and oxidized vitrinite grains
were observed in these samples. All these could imply
that the erosion of paternal coal seams seems to take
place during the peat stage and/or early stages of
coalification and transportation of coal clasts sample
took place in a short distance, while oxidation of coal
clasts was limited.

In contrast with the K20K well (1.29%0.02),
the %Rr values of coal clast (1.70-1.73%+0.03) from
the Alacaagzi Formation in the K20H are slightly
higher than coal seams (1.48-1.52%) of the Alacaagzi
Formation cored in this well (Table 4 and Figure
15a). This difference might be related to oxidation
clast during transportation; however, this explanation
could be applicable to sample K20H-O39, which was
obtained from sandstone between two coal seams, and
the remaining Alacaagzi clast samples were obtained
from conglomerate and sandstone layers beneath the
coal seams in this well. This could easily suggest that
the burial depth might increase their %Rr values, but
the theoretically calculated %Rr values (1.48-1.52
%Rr) using the depth of these clasts (1900-1981 m
beneath the surface) are close to the overlying coal
seams (Figure 15a). Hence, burial depth impact
might be limited on the coalification of these clast
samples. These samples are also characterized by the
presence of deformed and brecciated vitrinite grains
(Figures 6e, 6f, and 7e). Previous palynological and
palaeobotanical data from the coal-bearing formations
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Figure 13- a), b) SEM-BSE image of cleat/fracture kaolinite (KIn) and galena (Gln)-infillings within organic matter (OM) and syngenetic
framboidal pyrite (Py) grains within organic matter (OM), b) framboidal pyrite grain at spot-2, ¢) SEM-EDX spectra of kaolinite
with measurable Fe at spot-1, and d) galena with measurable Fe at spot-2 image b. Image from K20H-O1.
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Figure 14- SEM-BSE image of cleat/fracture kaolinite (Kln),
galena (Gn) and anglesite (Ang)-infillings within
organic matter (OM); a) SEM-EDX spectra of galena
with measurable Fe at spot-1 and b) anglesite with
measurable Fe in image a. Image from K20H-O1.

in the Zonguldak Formation suggest a humid to
seasonal dry climate conditions during Carboniferous
(Akgiin and Akyol, 1992; Oplustil et al., 2018). Under
such conditions, the stability of the peat surface could
be affected due to rewetting of the peat surface; in
turn, peat-mires could slide, and these grains could
be formed during the sliding of peat mires (Tallis,
1985; Daniels et al., 2008; Hower et al., 2021). The
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seasonal dry climate contains could also explain the
existence of oxidized vitrinite grains in the coal clast
samples from the Alacaagzi Formation. Nevertheless,
the post-coalification tectonic deformation, on the
other hand, could cause the formation of brecciated
vitrinite grains and following the emplacement of the
epigenetic mineralization, could cause elevation of the
%Rr values of coal seams (Hower and Davis, 1981;
Hower et al., 2001; Hower and Gayer, 2002).

This could also cause the formation of micro-
cracks on vitrinite grains. Similar assumptions were
also made for the Carboniferous coal seams in the
studied wells and the mono- or multi-mineralic cleat/
fracture infillings formed due to the penetration of
hydrothermal solutions during coalification (Karayigit
et al., 2018a). Since brecciated vitrinite grains and
carbonate mineral-infillings (e.g., pure calcite and Fe-
rich dolomite/ankerite, and ankerite) are commonly
observed in the Alacaagzi coal clast samples of the
K20H well, the %Rr values of these coal clasts seem
to be increased by tectonic deformation and following
the precipitation of Ca-rich hydrothermal solutions.
Furthermore, the calculated T, temperatures values
of coal seams in the Alacaagzi Formation from the
K20H well using Barker and Pawlewicz’s (1994)
formula (T, =(InVRr%+1.19)/0.00782) range from
202 to 204 °C (Karayigit et al., 2018a); while coal clast
samples from this formation in the K20H are around
220°C, which could indicate possible hydrothermal
solution penetration into embedded sediments, as like
coal seams. All these imply that the erosion of paternal
coal seams again took place during the late stages of
peat formation and/or early coalification, and coal
clasts beneath the coal seams of the Alacaagzi coal
seams in the K20H well display a similar coalification
pattern with coal seams in this well and penetration
of hydrothermal solutions is slightly increased
coalification of these clasts. In any case, the Alacaagzi
coal clasts samples from the K20H well display a
relatively higher coalification degree than the other
studied coal clasts and coal seams in the studied wells.
Although the palynological data from the coal clasts
within the Alacaagzi was not reported by Akgiin et
al. (1997), the observed maceral composition of coal
clasts in this formation is similar to the coal seams
cored in the Alacaagzi Formation. This observation
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Figure 15- a) The vertical distributions of the measured %R from coal clasts and coal samples and calculated %R, with depth in the K20H well
and b) K20K well (%Rr data of coal samples are from Karayigit et al., 2018a).

along with the close %Rr values of coal clasts (1.70-
1.73%+0.03) and %R__ values (1.63-1.65%=0.05)
of coal seams in this formation imply that the coal
clast samples in the Alacaagzi Formation could be
originated from coal seams from this formation.

The %Rr values (1.08-1.31% for K20H and 1.04-
1.52% for K20K) of coal clast samples from the Kozlu
Formation in both wells again display differences
to each other (Table 2 and Figure 15), and the %Rr
values of K20H samples are increased towards the

Table 4- The range of random reflectance (%Rr) values of coal clast samples and coal seams in the studied wells, and ranges of measured
Rmax values of coal seams in the studied wells (a: from Karayigit et al., 2018a) (Abbreviations: Stdv: standard deviation).

Wells Formation %Rr+Stdv of coal clast YoRr £8tdv :) fcoal YoRmax iStd:l of coal
seam seam
Zonguldak 1.01+0.02 - -
Karadon 1.02-1.05+0.02 0.78-1.01+0.04 0.82-1.10+0.03
20K Kozlu 1.08-1.31+0.03 0.99-1.08+0.05 1.04-1.13+0.03
Alacaagzi 1.29+0.03 1.18-1.28+0.07 1.22-1.35+0.03
Karadon 0.94-1.06+0.02 0.87+0.04 0.92+0.04
K20H Kozlu 1.04-1.52+0.03 0.97-1.46+0.06 1.00-1.57+0.07
Alacaagzi 1.70-1.73+0.03 1.48-1.52+0.11 1.63-1.65+0.05
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lower parts of the formation (Figure 15). In turn, the
rank of clast samples of the Kozlu Formation in this
well varies from bituminous B (medium-rank B) rank
to bituminous A (medium-rank A) rank according
to ISO 11750 (2005). The %Rr values of coal clasts
of the Kozlu Formation in the K20K well imply a
bituminous B (medium-rank B) rank. The %Rrvalues
of the coal clast samples from this formation in both
wells are relatively lower than the %Rr values of
the coal seams of the formation (Table 4 and Figure
15b). Considering the presence of brecciated vitrinite
and carbonate mineral-infillings, as in the Alacaagzi
Formation, the relatively high %Rr values could be
related to tectonic deformation and/or the influence
of hydrothermal solutions. Nevertheless, the %Rr
values of coal clast samples are generally within
the ranges of the standard deviation of %Rr values
(0.99-1.08%=+0.05 for K20K and 0.97-1.46%+0.06
for K20H) of coal seams in the Kozlu Formation,
and the %R __ values of these seams are close to the
samples (Table 4). Additionally, the calculated T
values from the coal clast are between 157 and 207°C,
which is almost within the range of T values (148-
201°C) of coal seams in Kozlu Formation in both
wells (Karayigit et al., 2018a). Therefore, the impact
of tectonic deformation and/or hydrothermal solutions
was limited to coal clasts, and the coal clasts in this
formation again seem to be transported a short distance
from the parental coal seams after late peat stage and/
or early coalification of these seams. The existence of
micro-cracks and —fissures-bearing vitrinite grains and
weathered liptinite macerals (Figure 5) in the samples
of the Kozlu Formation could explain relatively higher
%Rr values than the coal seams in this formation. Such
oxidised macerals in coal seams and coal clasts could
generally develop due to surface exposure of coal-
bearing sequences and/or oxidisation of coal clasts
during transportation (Gayer et al., 1996; Dan¢k et al.,
2002; Pesek and Sykorova, 2006; Kus et al., 2017).
The palynological data for the coal clast samples from
the Kozlu Formation, like the coal clast samples from
the Alacaagzi Formation, was not reported from the
studied wells by Akgiin et al. (1997); however, the
observed maceral composition and close %Rr values
of coal clasts and coal seams and the %R __ values
(1.04-1.13%for K20K and 1.00-1.57% for K20H) of
coal seams in this formation could imply that coal
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clasts presumably originated from coal seams in the
Kozlu Formation.

The rank of coal clasts from the Karadon
Formation in both wells is bituminous B (medium-
rank B) according to ISO classification. The %Rr
values (1.02-1.05%=0.02) of coal clasts samples in the
K20K well are within the ranges of the %Rr values
(0.78-1.01+0.04) of coal seams in this formation
(Tables 2 and 4), and the %R __ values (0.82-1.10%)
of this seam are similar to the %Rr values of coal
clasts (Table 4 and Figure 15). Although one coal
seam was cored in the K20H well, %Rr values (0.94-
1.06%+0.02) of coal clasts are relatively higher than
the %Rr values of this seam, and the %R __ value
(0.92%=0.04) of this seam is close to %Rr values
(Table 4). This difference again could be related to
oxidation during transportation since micro-cracks
and —fissures-bearing vitrinite grains are also observed
in these samples. Furthermore, again calculated T
values (144-160°C) of coal clasts in this formation
are close to the ranges of values of coal seams (120-
153°C). Hence, coal clasts in the Karadon Formation,
like other Carboniferous coal clasts, seem to have
originated from the erosion of palaeomire during peat
accumulation. The reported palynological data from
the coal clasts from the 708.20-m in the K20K well
and the coal clasts samples are approximately obtained
equivalent depths with samples K20H/O4 and -O5 of
by Akgiin et al. (1997) support this assumption that
these coal clasts were presumably originated from
the Karadon Formation coal seams. Considering
the Carboniferous formations (Alacaagzi, Kozlu,
and Karadon) in the studied wells were deposited
under fluvial conditions and the roof rocks of coal
seams in these formations are generally coal clasts-
bearing sandstone and/or conglomerate layers, the
examined Carboniferous samples clearly originated
from Carboniferous coal seams, and these seams
seem to have been eroded by mainly following fluvial
conditions after the peat-formation and, to a lesser
extent, sliding in peat-mires during the Carboniferous.
The generated 1-D model using %Rr values from the
studied wells by Karayigit et al. (2018a) also suggests
erosional events during the Carboniferous. These also
indicate that the Carboniferous coal clasts and parental
coal seams generally experienced similar coalification
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patterns, and oxidation during transportation seems to
cause relatively higher %Rr values of Carboniferous
coal clast samples, which also resulted in relatively
high calculated T values of coal clasts.

The measured %Rr value (1.01%=+0.02) of the coal
clast sample from the Early Aptian Incigez clastics
suggests a bituminous coal rank for this clast according
to ISO 11760 (2005) classification. Of note, Mann et al.
(1995) and Yalgin (1995) reported that the %Rr values
of Early Cretaceous sediments in the K20H research
well in the Kozlu coalfield is between 0.61-0.68%.
These values are lower than the investigated coal clast
sample from the Zonguldak Formation in the K20K
well, and %Rr value of this sample is quite similar to
clast samples and coal seams from the Carboniferous
formations (Table 4 and Figure 15b). Furthermore,
the calculated T value of this sample is 153°C,
while using the reported %Rr values of Early Aptian
Incigez clastics are between 89-130°C. This difference
could suggest that Early Aptian Incigez clastics in
the K20K were either affected by Cretaceous dykes
in the basin or that this coal clast originated from the
Carboniferous coal seams. The former case seems to
be not possible due to the lack of thermally affected
coal seams in both wells; nevertheless, this sample
is mainly composed of telinite and collotelinite, and
cleat/fracture carbonate mineral-infillings between
the brecciated vitrinite grains were observed. These
brecciated grains also contain micro-cracks and —
fissures in this sample (Figures 3e-f). The existence
of such brecciated vitrinite grains in the sample could
suggest that these fragments either deformed during
the coalification of parental coal seams or coal clast
embedding sediments also experienced the same
tectonic deformation as the encasing coal seams
(Kozusnikova et al., 1999; Hower et al., 2001; Xie
et al., 2019). Furthermore, similar brecciated coal
clasts within carbonate minerals-infillings were also
reported within the Carboniferous marine carbonates
in the western Kentucky coalfields (Valentim et
al., 2013; 2020; Hower et al., 2020). Even though
the coal metamorphism in the mentioned coalfield
is quite more complex than the Kozlu coalfield,
the %Rr values of brecciated clasts in the western
Kentucky coalfields are high and are of anthracite-
rank in comparison with Late Carboniferous seams

due to high-temperature thermal-fluid metamorphism.
For such metamorphism, the investigated coal clast
sample from the Early Aptian Incigez clastics should
contain relict liptinite macerals and natural coke
structures; however, none of these were observed
in the studied Early Aptian coal clast sample.
Additionally, cleat/fracture carbonate-infillings in the
sample are more simply related to the precipitation of
Ca-rich intra-formation solutions during diagenesis
rather than the precipitation of hydrothermal solutions
since the Zonguldak Formation is mainly composed of
marine carbonates. Hence, this sample is more likely
to be derived from the Carboniferous coal seams in
the Kozlu coalfield, which was presumably eroded
after the coalification of coal seams in Karadon or
Kozlu formations and/or due to uplift during the Early
Cretaceous, instead of hydrothermal alteration of
Early Aptian coal clasts and/or xylite fragment.

6. Results

The petrographical and SEM investigations of
coal clast samples from the Carboniferous and Early
Aptian formations in the K20H and K20K wells imply
that the majority of identified minerals in the coal
clasts mainly originated from the parental coal seams,
while cleat/fracture and cell lumen mineral infillings
were mainly formed during mainly early coalification
of parental coal seams and diagenesis of embedded
sediments. Nevertheless, the relatively high %Rr
values of the investigated Carboniferous coal samples
in comparison with the cored coal seams in both wells
are generally related to the oxidation of coal clasts
during transportation since surface oxidation derived
micro-cracks and —fissures are commonly observed
in these samples. Furthermore, this oxidation process
seems to be more severe for the coal clast samples
from the Kozlu Formation, where weathered sporinite
macerals are commonly identified. Despite the presence
of deformed and brecciated vitrinite grains and cleat/
fracture carbonate-infillings within these grains, close
%Rr values of coal clasts and %Rmax values of coal
seams and T

peak
post-coalification tectonic movements and penetrated

values imply that the influence of
hydrothermal solutions on the coalification of these

clasts is limited, and clasts and their parental coal
seams exhibit similar coalification patterns. Therefore,

79



Bull. Min. Res. Exp. (2024) 173: 55-83

Carboniferous coal clasts seem to have originated
from the coal seams in the studied formations.
Furthermore, their existence within conglomerate and
sandstone layers overlying coal seams also suggest
that these clasts were presumably eroded during peat
formation or early coalification stages of parental
coal seams by fluvial systems; nevertheless, sliding in
peat mire during Carboniferous might also cause coal
clast formation. The brecciated vitrinite grains could
also suggest that the tectonic deformation took place
during post-vitrinization event, or at least a post-lignite
stage event. In contrast, coal clast samples in the Early
Cretaceous Zonguldak Formation display relatively
higher %Rr values than reported %Rr values of this
formation, and close %Rr values with Carboniferous
formations imply that this coal clast was presumably
derived from eroded Late Carboniferous coal seams
in the Zonguldak Basin after coalification and/or due
to uplift during the Cretaceous. The cleat/fracture
carbonate mineral-infillings between brecciated
vitrinite grains in this sample might have developed
from the precipitation of Ca-rich solutions during the
diagenesis of this formation or more possibly formed
during the coalification of the parental coal seam
due to the presence of similar multi-mineralic cleat/
fracture infillings in the coal seams in the studied
wells. Overall, all the studied coal clast samples
originated from the Carboniferous coal seams in the
Kozlu coalfield, and display generally similar features
to Carboniferous coal clasts from central Europe and
South Wales.
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ABSTRACT

Magnetic inversion techniques have been implemented to infer the extension and geometry
of magnetic structures and also evaluate its influence on mineralization within Abakaliki and
its environs, southeastern Nigeria. The modeling approach considers the techniques of three-
dimensional (3D) magnetic data inversion, Euler deconvolution, analytic signal inversion, Enhanced
Local Wavenumber (ELW) Technique and Particle Swarm Optimization (PSO) to estimate source
parameters and compare results. Model solutions were interpreted to represent possible geologic
units with varying trends, housing mineralization within the study region. Results from inversion
computation over some active mine locations show subsurface bodies with magnetic susceptibilities
>0.00188 SI. Model results also show structural sources with almost 5.5 km depth extension,
stretching 18 km in the EW direction at Ngbo — Ekerigwe location. This could imply significant
mineral deposits at the location. Inversion of both magnetic anomaly and analytical signal enabled
derivation of the actual subsurface structures in the region, with most of the structures appearing as
dykes with depths ranging from 0.2 — 1.8 km at most of the mining sites. Location and depths of some
of the modeled intrusions have been corroborated with the active on-site mines. The delineation of
mineralization structures by this study would guide systematic exploration in the region.

1. Introduction

Quantitative explanation of a potential field data

important tool in exploration targeting (MacLeod
and Ellis, 2013). Inversion for a physical property
involves the subdivision of the causative sources

includes assessment of depth, horizontal location,
sources geometry as well as differences in the
physical attributes (Essa and Abo-Ezz, 2021; Essa
et al., 2021; Ganguli et al., 2021; Eshaghzadeh et
al., 2020; Abraham and Alile, 2019; Essa et al.,
2018; Aboud et al., 2018; Srivastava and Agarwal,
2010; Abdelrahman et al., 2003; Biiyiiksara¢ et
al., 1998, 2005). Modeling anomalies from a local
magnetic field, and in particular, three - dimensional
(3D) voxel-based modeling, is a contemporary and

into a collection of rectangular cells, whose density
or magnetization contrasts are to be appraised to
explain the true distribution of the geological sources
(Yao, 2007). 3D magnetic inversion allows total use
of information in magnetic anomalies, estimating a
3D discrete physical property distribution that can
describe the discerned geophysical field data (Li and
Sun, 2016; Mahmoodi et al., 2016). In oil exploration,
credible appraisals of depth to magnetic basement are
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needed for improved comprehending of the crucial
first-order basin examination parameters (Srivastava
and Agarwal, 2010; Li, 2003). Magnetic inversion
technique can resolve magnetic bodies possibly
associated with zones having abundance of magnetite
and other magnetic minerals, rendering structural
knowledge regarding these magnetic bodies and in
numerous occasions, about the structural system of
the mineralization (Couto et al., 2017). 3D inversions
have assisted interpretations just as magnetic data aids
the characterization of ore bodies (Ledo-Santos et al.,
2015; Biiytiksarag et al., 1998). On a regional scale, a
cross-plot of density and susceptibility has been used
(Melo et al., 2015; Kowalczyk et al., 2010) to define
the classes of different lithologies and identify rock
types. This approach can thus offer useful exploration
information in areas with a paucity of geological
information. Melo et al. (2015) used a comparable
approach to demonstrate copper mineralization
guided by the trend in the cross-plot of susceptibility
and conductivity.

Various geophysical studies have been conducted
around Abakaliki and environs. These include using
Vertical Electrical Sounding (VES) technique to
determine aquifer parameters, estimation of depth
to magnetic source in a location closer to Abakaliki
(Ugwu and Alasi, 2016), assessment of Curie Point
Depth (CPD) (Abraham et al., 2018), hydrocarbon and
mineral exploration prospect determination (Ezema et
al., 2014) using acromagnetic data and investigating
the sequence of deposition of sedimentary strata in the
region using seismic refraction and VES techniques
(Agha
dimensional (3D) inversion of magnetic data has been

and Arua, 2014). However, no three-

undertaken within the region towards the delineation
of geological structures housing mineralization in the
region. Inversion of magnetic survey data can offer
restrictions on subsurface susceptibility allotments
(Biiyiiksarag et al., 2005; Lelievre, 2003). Abakaliki
region is a mineralized province and has been
documented to house great mineral potentials that
include Lead, Zinc, Sodium Chloride, Silver, and
Limestone (Abraham et al., 2018; Ugwu and Alasi,
2016; Ezema et al., 2014). This has been substantiated
by mining activities (mostly local/small scale)
ongoing in the region. Given the economic relevance
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of these minerals and the need to quantify the deposits
for productive, extensive, and sustainable mining,
the Nigerian government authorized an airborne
magnetic and radiometric survey in the region betwixt
2005 and 2009. A close relationship exists between
the proportion of magnetic minerals and magnetic
susceptibility in rocks. Iron oxides; pyrrhotite, cobalt,
nickel, and metallic iron are noteworthy. As these
minerals, to the greatest extent, go with economic
mineral deposits, we could analyze magnetic survey
data to gain information on potential drilling targets
(Lelievre, 2003). The creation of 2D and 3D models of
geophysical inversion and mineral potential modeling
has added to the large precompetitive data available
to explorers (Biiyiiksarag et al., 2005, 1998). The arca
of coverage by this study locates within geographic
latitudes 6°00" and 6°30’ N and geographic longitudes
8°00" and 8°30’" E within the sedimentary terrain of
southeastern Nigeria (Figure 1).

Our study seeks to carry out 2D and 3D magnetic
inversion modeling, identify sources location, and
perform depth analysis to geologic units bearing
possible minerals in Abakaliki and environ. A credible
depth appraisal to the top of causative source enhances
budgeting as well as scheming of drill holes and
other exploitation projects (Srivastava and Agarwal,
2010). We anticipate that the effect of this study will
emphasize mineralized geologic units and structural
positions and augments mining certainty in the region.

1.1. Geological Setting

Following a series of tectonic activities and
recurrent sedimentation in the Cretaceous time, the
Nigeria-Benue trough was formed. The split of the
continents resulted in an abrupt rift (aulacogen) that
has been stuffed with transgressive and regressive
sedimentary lay downs (Ugwu and Alasi, 2016).

The lower Benue trough is supported below
by a thick sedimentary succession set down in the
Cretaceous era. Four geological formations which
include the Nkporo Shale (Campanian), the Awgu Shale
(Coniacian), the Asu River Group (Albian) and the
Eze-Aku Shale (Turonian), constitutes the sediments
that happened in the Abakaliki Anticlinorium (Figure
2). The sedimentary sequence was influenced by
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Figure 1- Map of Nigeria showing the general geology, location and coverage area of this study (modified

from Abraham et al., 2018).

large-scale tectonic events that occur in two stages
leading to folding of the sediments. Cenomanian and
Santonian deformations affected the area with a large
tectonic imprint (Nwachukwu, 1972; Olade, 1975;
Ezema et al., 2014).

A general NE-SW trending fold characterized
the Santonian deformation. The folding influenced
the development of the Abakaliki Anticlinorium,
a compressive structure marked with asymmetry
and reversed faults. Benkhelil (1988) described
the orogenic cycle of the anticlinorium to include
sedimentation, magmatism, metamorphism, and
compressive tectonism. Numerous intrusive bodies
within the shale are due to magmatism that affected
the Eze-Aku and Asu River Group (Figure 2).
Majority of these intrusive has been concealed by
the shale formation (general superficial geology)
of the region as observed in the geology. This study
offers supplemental information on the intrusive
bodies including estimates of their respective depths.

Intermediate intrusive appear on the surface and could
be seen in parts of the study area like the Abakaliki
town. This intrusive appears as sills (Ezema et al.,
2014; Ofoegbu, 1985; Eze and Mamah, 1985). The
Abakaliki shale (Asu River Group) is of Albian
age, dark gray, blocky and non-micaceous in most
locations. The Asu River Group is predominantly
shale and localized incidences of sandstone, siltstone,
and limestone intercalations. Eze-Aku formation
comprises of a succession of calcarecous sandstones.

Figure 3 shows the lithostratigraphic section
(Obarezi and Nwosu, 2013) of the two main geologic
unitsrecognized in the study area. The lithostratigraphic
section was erected from acquired and logged geologic
core data. The interpreted data shows the trend and
structure that controls mineralization, mineralogy, and
the sequence of deformation. Figure 4 displays images
of the current open cast mining of lead-zinc (Pb-Zn)
minerals by the locals within the study region. Current
mining operations at these regions are largely done by
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Figure 2- Detail geological map of southeastern Nigeria depicting the study area. The inserted red square represents the study area coverage in

Figure 1 (modified from Abraham et al., 2018).

locals with crude tools and haphazard exploitation.
Most of the mining is not mechanized as crude
tools and poor excavation methods are employed
by the locals to exploit these minerals. The water
accumulations in some of the mines are mine water
and rain accumulations.

2. Methods

Ourstudy areais covered by ahigh-resolution digital
aeromagnetic map sheet number 303 — Abakaliki,
(Figure 5) spanning an area of approximately 3025
km?. The airborne data was acquired for the Nigerian
Geological Survey Agency (NGSA) in 2005 and
2009. The entire data include approximately 2 km line
of magnetic as well as radiometric surveys carried out
at 500 m line spacing using 80 m terrain clearance.
The regional field and diurnal magnetic effects were
removed from the data. We applied the Reduction
to Equator (RTE) correction (Leu, 1981; Jain, 1988;
Abraham et al., 2018; Ganguli et al., 2021) assuming
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a magnetic declination of -2.15° and an inclination
of -13.91° for the study area utilizing the fast Fourier
transform operator. Strong variations in magnetic
intensities, suggesting different magnetic properties,
could be discerned from the map.

Positive anomalies with higher values (90 — 94 nT)
are observed at Onyen, Obubra, Ngbo, Abba Omega,
and part of Enyigba localities. The positive anomalies
at Obubra and Oyen regions may be due to intrusions
of basalt, trachyte, Rhyolite and other intrusions
within the region. This region locates within the Eze
Aku Shale Group, largely notable for higher magnetic
anomaly values (70 — 110 nT) (Figure 6). We note
lower magnetic values around FUNAI, Ezzagu, and
Egudenago localities between 19 nT and 40 nT.
Within the Enyigba — FUNAI region, the notable
lower magnetic anomaly unit observed, falls within
the Asu River Group (Figure 6) and may be due to an

intrusion within the Asu River shale formation. This
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Figure 3- Lithostratigraphic section of the geologic units in the
study area (modified from Obarezi and Nwosu, 2013)

may be true given the current exploitation of some
mineral deposits from the region. A conspicuous E-W
trending lower magnetic anomaly streak observed
at northern region may be due to a lower magnetic
susceptibility sill-like deposition located deeply in this
region. The variation of magnetic strength (Total Field
values) across the study area indicates the difference
in susceptibility of the geological bodies, including
mineralization and structures.

2.1. Magnetic Inversion

We present a brief theoretical insight into our
adopted method for the 3D inversion. Pilkington

(a) Ameri Mine (8.067°E, 6.300°N)

(b) Enyigba Mine (8.106°E, 6.174°N)

(c) Ameka Mine (8.100°E, (d) Mbaraekke Mine (8.270°E,
6.150°N) 6.490°N)
Figure 4- Images of some of the mines location in which current

mining of lead-zinc minerals is ongoing by the locals (as
could be seen in the pictures).

(2009) used the Cauchy norm (Sacchi and Ulrych,
1995) to solve the 3D magnetic inverse problem for
sparse models, i.e. those models in which the number
of nonzero values that fit the data is minimized. The
derived inversion is therefore regarded as geologically
unconstrained, in comparison with constrained

inversions in which hard geologic constraints like

&9
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Figure 5- Aeromagnetic Anomaly map covering the region of study. Current and active mines (white triangles) are located
on the map which includes the Ameri Mine Field (AF), Enyigba Mine Field (EMF), Ameka/Ohankwu Field (A/
OF), Mkpuma-Ekwaokuko Field (ME) and Enyigba Mine Field 2 (EM2).

for example drill hole intersections are included
(Pilkington, 2009).

For our computations, we assumed that all sources
are magnetized by induction, having a susceptibility
range starting from 0.0001 SI, an inclination of —13°,
and declination —2°. We inverted the entire dataset
to produce a 3D voxel susceptibility model using
Pilkington and Bardossy (2015) implementation in the
GEOSOFT program.

2.2. 3D Euler Deconvolution

Among the goals for performing the 3D Euler,
the process includes outputting a map that exposes
the depths of the geologic sources perceived in a 2D
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grid and their corresponding locations (Eshaghzadeh
et al., 2020; Whitehead and Musselman, 2005). The
standard 3D Euler technique is founded on Euler’s
homogeneity equation — an equation relating the
magnetic or gravity field along with its gradient
constituents to source position, with structural index,
SI (the degree of homogeneity N) (Thompson, 1982).
An exponential factor analogous to the ratio by which
the potential field falls off with distance when a source
with a given geometry is taken into account. For our
computations, we adopted the standard 3D design of
Euler’s equation (Reid et al., 1990) as implemented by
GEOSOFT Oasis Montaj software as:

aT aT aT aT aT

aT
xa+ya+za+nT=xoa+yoa+zoa+nb (D
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Figure 6- Aeromagnetic anomaly map with superimposed geology map of the study area.

where X, Y and z represents coordinates of a measuring
point, Xo, Yo and Zo represents coordinates of the
source position of which the total field is discerned
at x, y and z, b represent a base level, 1] represent the
structural index (SI) and T, Total magnetic field. The
source body type of interest determines the value of
SI (Whitehead and Musselman, 2005). As an example
(Kumar et al., 2020; Ganguli et al., 2019; Abraham
and Alile, 2019; Thompson, 1982; Reid et al., 1990)
proposes 1 = 0 for a contact, 7] = 1 (vertical dyke or the
edge of a sill), 77 = 2 (centre of a horizontal or vertical
cylinder), and 77 = 3 (centre of a magnetic orb or
dipole). Euler’s equation for magnetic data possesses
a significant advantage because it is indifferent to
magnetic inclination, declination, and remanence
which constitute a constant, in the anomaly function
of any given model. As we are interested in locating
source contact/faults with depths, to model geological
units influencing mineralization in Abakaliki and

environs, we adopted an SI of 0 (Reid and Thurston,
2014) and a window size >=10 at 15% depth tolerance,
for our computations.

2.3. Enhanced Local Wavenumber (ELW) Technique

Following the concept of local phase 2-D analytic
signal of any constituents of the Earth’s magnetic field
assessments, an equation (autonomous of the causative
source geometries) was obtained by Thurston and
Smith (Thurston and Smith, 1997) utilizing second-
order vertical and horizontal derivatives of magnetic
anomalies. This includes the contact, thin sheet, pole
and dipole, involving unknown parameters of location
and depth only. Having known the horizontal position
as well as depth parameters, the source geometry
was further determined (Srivastava and Agarwal,
2010). For this study, we utilized a FORTRAN code
developed by Agarwal and Srivastava (2008) to
analyze field anomalies.
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2.4. 3D Analytic Signal

Horizontal displacement regarding sources has
always complicated the elucidation of observed
magnetic anomalies. The non-vertical direction of
the induced magnetization and geomagnetic field,
results in displacement or skewness. To verify if the
magnetic anomalies in the area were brought about by
intrusions, we calculated the analytic signal response
of the geomagnetic field. The 3D Analytic Signal
amplitude is shown as (Roest et al., 1992; Riedel,
2008):

2
where T represents the observed field at x and y.

Despite this function not being a measurable
parameter, it is highly fascinating in the context of
interpretation, as it retains its independence in terms
of the direction of magnetization, as well as the
direction of the inducing field. This implies that all
bodies with the same geometry have the same analytic
signal. Maxima are displayed over magnetization
contrasts and are independent of the ambient magnetic
field including sources magnetization directions.
These maxima thus outline the magnetic sources
from their locations. The analytic signal is useful in
identifying the edges of the magnetic source bodies,
where remanence and/or low magnetic latitude (as in
this study) makes interpretation difficult (Whitehead
and Musselman, 2005).

2.5. Particle Swarm Optimization (PSO) and 2D
Analytic Signal

To model the subsurface structure from the
analytical signal and magnetic anomalies, we adopted
the particle swarm optimization (PSO) technique. PSO
results appear to be stable to a greater degree than other
optimization techniques (Essa and Elhussein, 2020;
Essa and Munschy, 2019; Srivastava and Agarwal,
2010). PSO (Srivastava et al., 2020; Srivardhan et
al., 2016; Kennedy and Eberhart, 1995) is a global
optimization method and is one of the accepted
naturally influenced metaheuristic algorithms founded
on the conduct of bird flocks as well as fish schools
looking for food (Pallero et al., 2015). The purpose

92

of a geophysical inverse problem is to discover a
best reasonable model explaining a collection of
observed data like an M-dimensional optimization
problem (Srivastava and Agarwal, 2010). Following
Srivastava and Agarwal (2010), we take into account
the mapping, g betwixt the ‘model space vector’, m
together with the ‘data space vector’, d as

d=g(m), 3)

Also, take into account that the model My,
produces the observed data, d,j,:

dops = 9 (Myrye) 4
The objective function is defined as

E(m) = [dobs - g(m)]T[dobs - g(m)], &)

The superscript T represents the matrix transpose.
When the appraised model m comes near to the true
model, M., the objective function E(m) tends to

minimum.

For the PSO, a swarm of particles is chosen by
chance from the M-dimensional model space vector in
orderthatthe position of each particle matchestoacould
be model. A particle i possesses the next attributes at
the kth iteration (flight): (1) current location, m¥ (2) the
best location accomplished so far m}* and (3) velocity,
Vk. A velocity adaptation of the particle is resolved
together by the previous best position filled by the
particle as well as the best position of the swarm for
each of the iterations. Computation of a new position
on account of the particle is performed utilizing the
new velocity. The part of the velocity adaptation
resolved by the individual’s previous best position is
known as the ‘cognition’, and the part impacted by the
best in the population is known as the ‘social’ part.
The swarm, from the other point of view, possess but
one characteristic, particularly, the best locations m?
, obtained up to the kth iteration. The cognitive and
social knowledge determines the direction of each
particle in the swarm. In mathematical form, this is
described as (Srivastava and Agarwal, 2010):

(6)

Parameters b and ¢ stands for the learning
rates controlling the cognition as well as the social
knowledge,

correspondingly. The parameter a
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represents the constriction factor established by (Clerc,
1999) and is nearly connected to the inertia factor
while ran(.) represents a random number generator
(Press et al., 1994) picked in a uniform manner in the
open interval (0, 1).

The amplitude of the Analytic Signal over a 2D
source (AS) is a symmetrical function with peak
almost agreeing with the upper corners of the causative
source (Mehanee et al., 2021; Nabighian, 1972).
Some researchers (Salem et al., 2005; Srivastava and
Agarwal, 2010) demonstrated that AS of distinctive
source geometries is capable of being approximated
by a generalized equation following the form:

K
(G = x)? + 221 @

l[AC)| =

The amplitude factor, K, is connected to the physical
characteristics of the source. The horizontal location
and depth of the source is represented as Xo and Zo,
correspondingly, and the shape factor is represented as
g. Equation (7) attains a maximum at X = Xo. PSO was
used to invert AS to resolve horizontal location and
depth, amplitude factor (K) and shape factor (q) for
every corner of the adopted model. These parameters
are determined by designating search spaces for
constant K, shape factor g, as well as the horizontal
location and depth (in connection with data spacing).
The amplitude of analytic signal AS of a 2D magnetic
source model as approached by an m-sided polygon

is the sum of the m symmetric bell-shaped functions
(equation 7) nearly centered atop corners of a polygon
(Srivastava and Agarwal, 2010; Huang and Guan,
1998).

For the PSO implementation, we performed 10
independent runs utilizing 100 particles to achieve
the optimum model parameters. Values 1, 2, and
2 were allocated for the inertia factor (a) as well as
the cognitive and social scaling factors (b and c),
correspondingly (Thompson, 1982). The variation
in shape factor from 0.2 — 1.5 was considered to
incorporate various types of source geometries.
Results obtained from PSO were compared with those
from ELW technique (Agarwal and Srivastava, 2008).

We computed a synthetic magnetic field data using
a MATLAB program (Stocco et al., 2009). The code
of the inversion routine is established on a weighted-
damped least-squares algorithm, following a standard
of balancing the weight of the data inaccuracies as
well as the compactness of the solution.

3. Results

The best 3D susceptibility model was achieved
at the 230" iteration on the magnetic anomalies
with a root-mean-square (rms) error of 1.129485 nT
and results displayed in Figure 7. Figure 8 displays
the model result after clipping susceptibilities lower
than 0.00113 SI. Figure 9 displays model result with
superimposed magnetic data respectively.

Figure 7- 3D model results from the inversion of magnetic data. The conspicuous contrast between the intruding structures and the host

environment could be seen in the model with susceptibilities >0,00113 SI..
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Figure 8- Model results after clipping susceptibilities lower than 0.00113 SI (Figure 7). A depth slice at -100 m was taken and the inversion
model was constrained using information from Figure 2 (Geology) and 3 (Lithostratigraphic section) of Enyigba, in addition to
Dobrin and Savit (1988).

Figure 9- Plan view of the magnetic field anomaly (watermarked at 59% transparency) superimposed on the outlines of the
model bodies. We noticed that some largely lower magnetic anomalies locate over high susceptibility units in the
model (circled).
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Results from 3D Euler deconvolution is presented
in Figure 10 The presented result is a map showing
Euler depth solutions superimposed on combined 3D
susceptibility solutions (Plan view) map and magnetic
anomaly data (with 59% transparency effect to enable
see-through to some of the susceptibility solutions in
the background).

The effect of the structural trends of possible
subsurface geologic contacts mapped with the Euler
deconvolution could be seen on the distribution
of the model solutions from the inversion results
(Figure 10). Parallel geologic structures trending NE
—SW directions (inserted white lines), which may

be faults structures ‘sandwich’ the mines clusters at
Enyigba — FUNAI enclave and appears to control
the existence of the mineral deposits in the region. A
similar structural network is also noticed at the Ameri
Mine Field (AF), above the Enyigba town. These are
observed on individual examination of the Plan View
display of model solutions. Figure 11 shows a map of
the Analytic Signal computation. The profiles on the
map possesses various parameters as summarized in
Table 1.

Figure 10- 3D Euler depths solutions overlain on the magnetic anomaly data (at 59% transparency) and 3D susceptibility model

solutions.

95



Bull. Min. Res. Exp. (2024) 173: 85-105

Figure 11- Analytic signal results of the study area. Various maxima observed on the map captures sources with strong
magnetization contrast and provide information on their respective locations. Profiles AA’, BB’ and CC’ are taken
on suspected anomalies especially at current mining sites. These were inverted and analyze to derive the actual

subsurface structures at these sites

Table 1- Profile parameters to include longitude, latitude, length and azimuth.

Longitude (°) Latitude (°) Length (km) Azimuth (°)
Profile AA’ Z?i Zgz 104.60 49.81
Profile BB’ 222 2:1 103.38 90.00
Profile CC’ 2(2)2 gi? 23.24 138.81

The synthetic dyke model (Figure 12) was assigned
a susceptibility of 0.005981 SI. The number of data
points (101), profile length (100m), thickness (2m),
depth to top of anomaly (4m) and depth to bottom
(8m). 5% and 10% random noise was added to the
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synthetic dataset and 2D analytic signal was computed
from the noise corrupted synthetic anomalies using a
frequency domain filtering undertaking as depicted by
Agarwal and Srivastava (2008).
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Figure 12- Synthetic anomaly with a dyke-like structure of 0.005982 magnetic susceptibility. Field intensity 33,000nT, inclination —10°.

The PSO program was tested with parameters
from the synthetic data before application to the
anomaly profiles taken from our study region. Figure
13 shows a plot of the initial computation (at 0% noise
data) and Table 2 displays model parameters reckoned
from PSO for the single dyke structure with various
noise percentages and the r.m.s. error. The computed
amplitude of analytic (AS) of the synthetic magnetic

data is also shown on Figure 13. Model parameters
were also computed with random noise addition of 5%

and 10% successively.

We present the search spaces and computed/
interpreted model parameters from PSO for profiles
AA', BB’ and CC’ on Tables 3, 4, and 5. Table 6 shows

a comparison of interpreted model parameters from

Figure 13- Synthetic Magnetic Anomaly data (0% noise) and its computed analytic signal.
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Table 2- Model Parameters calculated from PSO for a single dyke with various noise percentages and their r.m.s. error. Xo and 20 are the

coordinates of the source location in the unit of data spacing.

Model space Computed model parameters with random noise percentage
True model Minimum Maximum 0% 5% 10%
Amplitude 470 10 5000 490 515 520
Xo 55 10 100 56 56 58
Zy 4 1 12 4.5 4.5 4.8
q 1 0.2 1.5 1.0 1.0 0.9
rms Error 0.03 0.24 1.05

Data spacing = Im

Table 3- Search space for profile AA’ taken across a mine site within
the region of study with computed PSO parameters. Xg
and Zo are the coordinates of the source location in the unit
of data spacing.

Table 4- Search space for profile BB’ taken across a mine site within
the region of study with computed PSO parameters. Xg
and Zo are the coordinate of the source location in the unit
of data spacing.

Model space Computed parameters Model space Computed parameters
Minimum | Maximum from PSO Minimum | Maximum from PSO
Amplitude 10 3000 355 Amplitude 10 5000 420
X0 1 20 12.5 X0 7 20 9
Zy 0.1 10 1.8 Zo 0.1 10 0.2
q 0.2 1.5 0.9 q 0.2 15 0.8
r.m.s. error 0.1012 L.m.s. error 0.0682

Data spacing = 0.5 km

Data spacing = 0.5 km

Table 5- Search space for profile CC’ taken across two notable sources and the computed PSO parameters. X( and Zo are the coordinates of

the source location in the unit of data spacing.

Bell 1 Bell 2
Model space Computed Model space Computed
Minimum Maximum parameters Minimum Maximum parameters
Amplitude 10 5000 590 10 5000 1120
Xo 2 10 6 10 30 16.1
Zy 0.1 10 0.4 0.1 10 0.29
q 0.2 1.5 0.2 1.5 0.88
.m.s. error 0.1663 0.1882
Data spacing = 0.5 km
ELW and PSO computations for the respective profiles 4. Discussion

under consideration.

A plot of magnetic anomalies (MA), amplitude
of analytic signal (AS) from measured magnetic
anomalies and amplitude of analytic signal calculated
by utilizing interpreted model parameters from profiles
AA’, BB’ and CC' is shown in Figures 14, 15 and 16.
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Tests on synthetic and field data (Pilkington, 2009)
have shown that a more focused solution is produced
from sparse inversion compared with a standard
model — space, least-squares inversion. Our modeling
results depicted in Figures 7 and 8 were realized from
the modeling data of Figure 5. Figure 7 shows unit
features embedded in the region. Various subsurface
intrusions could be observed which contrasted with
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Table 6- Interpreted model parameters from ELW and PSO modeling for profiles taken from the study region.

Amplitude Location (km) Depth (km) Structural Index
Profile AA’
ELW - 13.22 1.77 0.3
PSO 355 12.5 1.8 0.8
Profile BB’
ELW - 8.11 0.12 -0.35
PSO 420 9 0.2 0.8
Profile CC’ (S1)
ELW - 5.28 0.38 0.85
PSO 590 6 0.4 0.9
Profile CC’ (S2)
ELW - 15.34 0.27 1.02
PSO 1120 16.1 0.29 0.88

Figure 14- Magnetic anomaly (MA) over a source in profile AA" across the Enyigba mine site.
AS, amplitude of 2D analytic signal from measured anomaly, AS-PSO, amplitude of
analytic signal calculated by utilizing interpreted model parameters from PSO. The “+’
sign indicate the horizontal position of the source.

Figure 15- Magnetic anomaly (MA) over a source in profile BB" at Mkpuma-Ekwaokuko mine site.
AS, amplitude of 2D analytic signal from measured anomaly, AS-PSO, amplitude of
analytic signal calculated by utilizing interpreted model parameters from PSO. The “+’
sign indicate the horizontal position of the source.
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Figure 16- Magnetic anomaly (MA) over sources in profile CC'. AS, amplitude of 2D analytic signal

from measured anomaly, AS-PSO, amplitude of analytic signal calculated by utilizing
interpreted model parameters from PSO. The ‘4’ sign indicates the horizontal position

of the sources.

the background susceptibilities. We pegged the model
susceptibility at 0.0005 Sl due to the predominant
background geology of the region (shale and
sandstone with susceptibilities of 0.00065 and 0.0004
SI) (Dobrin and Savit, 1988; NGA, 2004) (Figure 7).
We then clipped susceptibilities less than 0.00113 SI

to bring out the contrasting bodies in the model.

Figure 8 displays various subsurface geologic
features domiciled in the region. We interpret these
features as geological units controlling mineralization
in the region. To enable comparison and confirmation
using the various locations of active mining activities
in the region, we took a plan views of the modeled
result (Figures 9 and 10). The model results capture
most of the active mining locations in the region. The
Enyigba mines location (Figure 9) indicates units
with magnetic susceptibilities >0,00188 SI Some
of the lower magnetic anomalies locates over high
susceptibility units (as indicated within the drawn
circles). The geometry of the resolved units (Figures
9) implies the union of magnetic anomaly with a
metamorphic rock enveloped by the predominant shale
formation in the region. The mining of rocks with lead-
zinc (Pb-Zn) mineralization at Enyigba, ilmenite, and
pyroclastic rocks at Abakaliki confirms this deduction.
We also spotted an intrusion around Abba Omega that
we identified as representing units bearing copper (Cu)
or barite minerals (GSNA, 2004). Intrusions observed

at Obubra are directly associated with traced volcanic
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rocks mapped as basalts, trachytes, and rhyolites
(Figure 2) and that of the surrounding areas of Obubra
(Eja and Ogurude localities) has an imposing record
of lead (Pb) ore deposits. The inversion result at Ngbo
— Ekerigwe area shows a significant magnetic body
connected with intense remnant magnetization. The
dimensions of the magnetic mass are almost 3.5 km
in-depth extension and 18 km stretch in the northern
E — W direction (Ngbo — Ekerigwe). This magnetic
body has great prospectivity importance because of
its structural and positional emplacement and could
contribute to the metallogenic as well as structural
comprehension of mineralization in the Asu River
formation. Further integration with other geophysical
data from the area could provide more information
regarding the association of these magnetic bodies
and yet to be discovered minerals in the region.
Our modeling study has shown even more possible
geological units hosting economically viable mineral
resources yet recorded within the study region,
showing subsurface extensions and their possible
boundaries.

The Euler deconvolution map (Figure 10) shows
derived source positions represented as circles and
depth information proportional to their respective
colour representations. We achieved good clustering
of the solutions and they show definite magnetic trends
aligning in the E-W, NW-SE, and NE-SW directions
within the study region. The dominant linear features
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trending NE — SW (FUNAI, Enyigba, Ishieke and
Apiapum regions) and E — W (Abakaliki and Osebi
regions) directions show many clustering and could
be interpreted as faults within the study region. The
NE — SW trend corresponds to the orientation of the
trend produced by the Santonian deformation which
affected the Lower Benue Trough (Ezema et al.,
2014). Epigenetic fractures striking E-W, NW-SE, and
N-S generally host mineralization (lead-zinc-baryte)
in an area (Ford, 1981; Omada and Ike, 1996; Oha
and Onuoha, 2013). We observed similar trends of
anomalies over Abakaliki—Ugep regions as Anyanwu
and Mamah outo2013) from their analysis of Landsat
Thematic Mapper and airborne magnetic data.
Magnetic edges — notable faults have been marked
with good precision using a series of depth-labeled
Euler trends (Pallero et al., 2015). The alignment of
clusters from the 3D Euler solutions along the edges
of contrasting magnetic intensities is also noted
(Figure 10), with the structural contacts from Euler
deconvolution aligning around the major solutions of
the 3D model at the north-central region of the study
area.

The analytic signal was evaluated to assess how
well our modeling study matches the geological units
in the region. We note that the model result agrees to
some degree with obvious features realized from the
analytic signal results (Figure 11). The AS assesses the
amplitude of the gradient of magnetization; the closer
we are to the magnetic sources, the higher the amplitude
of that gradient. We observed that while the analytic
signal computation was able to resolve the location
of the present mines, the sparseness model could not
resolve most of these anomalies. Nevertheless, the 3D
model performed excellently in identifying deeper
bodies (depths > 5000 m) with significant susceptibility
contrast. Isolated and secluded maxima of the analytic
signal results visible at the N-W, N-E and S-W regions
of the study area were interpreted as stemming from
subsurface intrusions at the respective locations. We
observed matches of prominent anomaly features on
the analytic signal map and the model solutions mainly
with features located around the Ngbo, Ekerigwe,
Mfuma, Obubra, and Onyen localities. The spread-out
maximas notable at the S-E region could be due partly
to some subsurface intrusions at the region, and also

to the shallow crustal deposition of gravels, basalt and
trachytes within the Eze Aku Shale formation of that
region (Ovat, 2015). Obande et al. (2014) adopted a
similar interpretation approach in their study area
with similar magnetization properties. We recall that
Figure 2 showed the basaltic and rhyolitic intrusions
at Obubra which may also influence the magnetic
anomaly record for the region.

Analysis of the AS by PSO technique (Tables
3, 4 and 5) indicates that the structural index of the
anomaly source identified from processing Profile
AA’ data (Figures 11 and 14) suggests the presence
of an intruded dyke structure within the region. The
index value from ELW computation (0.3) may also
hint on a closed interaction of contact sources with
the dyke structure at this location. This contact source
interaction is clearly seen on the overlain magnetic
anomaly data with the Euler and 3D model solutions
(Figure 10). NE — SW trending geologic contact
sources are mapped around the Enyigba — FUNAI
region, sandwiching the Enyigba mine fields and
also following the mapped out isolated region by
the analytic signal results as seen in Figure 10. The
present Pb-Zn mineral mining operations in the area
is noted to extend vertically downwards in the open
cast mining pits at this location and may confirm our
dyke structure interpretation of the anomaly from this
location. The extension of these anomalies within
and around the Enyigba mine field (Figure 10) may
also suggest capturing the edges of a sill structure
around the region. Profile BB’ was considered given
the presence of the Mkpuma-Ekwaokuko mine field
(ME) (Figures 5 and 11) and a notable maximum
from the analytic signal at that location. This site is
currently being exploited for Pb-Zn minerals by the
locals. Examinations of the magnetic anomalies
indicate similar magnetic features with the Enyigba
mine field location. However, the limited data at the
time of this study restricted the extent of our profile,
therefore we located our profile from the center of
the examined anomaly outwards (Figure 11). Table 4
shows model search space and computed parameters
from PSO for profile BB'. A r.m.s. error of 0.0682 was
also achieved from the computations. PSO computed
a depth of 0.2 km at horizontal distance of 9.0 km for
the location. Figure 15 shows a plot of the magnetic
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anomaly over the source in profile BB'. Computations
using the ELW technique presented a depth of 0.12
km at a horizontal distance of 8.11 km. The structural
indices from the ELW and PSO techniques (Table
6) reveals an interaction of contact sources with the
dyke structure within the subsurface at that location.
The AS computed from Profile CC’ data exhibits two
peaks of significantly different amplitudes (Figures
11 and 16). In the absence of drill hole information
at this location, the AS computation has clearly
revealed the presence of the two distinct sources along
this profile. Our inversion of the AS involved fitting
two bells corresponding to the two peaks observed.
Table 5 presents the model parameter search spaces
and the realized computed parameters from PSO
for both bells (Profile CC’). The r.m.s. error is also
shown. The peaks analyzed in these results may
indicate causative sources located at S1 and S2 to be
vertical dyke structures separated by approximately
3 km. The structural indices from the ELW and PSO
computations (Table 6) confirm that the causative
sources are vertical dyke structures intruded at the
location.

5. Conclusion

We have performed a 3D magnetic inversion
modeling of geologic units representing mineralization
structures in Abakaliki and environs. The 3D inversion
results aligned with the analytic signal solution
calculated from the same anomaly data. This region
in the southeastern zone of Nigeria is known to host
vast mineral deposits of economic significance. Good
clustering of the Euler deconvolution solutions were
obtained for the region and revealed definite magnetic
trends aligning in the E-W, NW-SE, and NE-SW
directions. The dominant linear features trending
NE — SW around the Enyigba mine fields have been
noted to play an active role in the mineralization of
the region. The contact sources interact with the dyke
structure identified in the region using analytic signal
technique and a global optimization technique (PSO).
In general, PSO results are comparable to those
achieved by the ELW technique and indicate stability
of solutions and reliability of results. Several other
subsurface geologic units which possibly represent
mineralization structures in the region have been
recognized. Inversion of both magnetic anomaly
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and analytical signal has enabled derivation of the
actual subsurface structures in the region with most
of the structures appearing as dykes with depths
ranging from 0.2 — 1.8 km at most of the mining
sites in the region. Structural indices computed for
the region have also indicated interaction of contact
sources (faults and fractures) with identified dyke
structures. This study has confirmed most of the
sites currently being excavated for these minerals
and also show potential sites whose locations were
hitherto unknown which could also be considered for
further exploration. Results have contributed to the
knowledge base of geologic units representative of
the mineralization structures in southeastern Nigeria.
Quantitative analysis provided by this study would
enable informed geotechnical engineering decisions
especially at potential mining sites.

Acknowledgments

We are grateful to the anonymous reviewers,
including the editor, whose comments contributed
to improve this manuscript. We also acknowledge
Dr. Ben Earl Barrowes of Engineer Research and
Development Center — U.S. Army for his advice on
the programs. Dr. Harish Garg of Thapar Institute
of Engineering and Technology, Patiala, School of
Mathematics, is also recognized for his advice on
the PSO program. This research did not receive any
specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.We would like
to declare that total compliance with ethical standards
was observed in the preparation of this manuscript and
the submitted manuscript posses no conflict of interest
between the authors and any other party.

References

Abdelrahman, E. M., El-Araby, H. M., El-Araby, T. M.,
Essa, K. S. 2003. A least-squares minimization
approach to depth determination from magnetic
data: Pure and Applied Geophysics 160, 1259—
1271.

Aboud, E., Wameyo, P., Alqahtani, F., Moufti, M. R.
2018. Imaging subsurface northern Rahat
Volcanic Field, Madinah city, Saudi Arabia,
using Magnetotelluric study. Journal of Applied
Geophysics 159, 564 — 572.

Abraham, E. M., Alile, O. M. 2019. Modelling Subsurface
Geologic Structures at Ikogosi Geothermal Field,



Bull. Min. Res. Exp. (2024) 173: 85-105

Southwestern Nigeria, using Gravity, Magnetics,
and Seismic Interferometry Techniques. Journal
of Geophysics and Engineering 16, 729— 741.

Abraham, E. M., Itumoh, O., Chukwu, C., Rock, O.
2018. Geothermal Energy Reconnaissance
of Southeastern Nigeria from Analysis of
Aeromagnetic and Gravity-Data. Pure and
Applied Geophysics, 176, 22 — 36.

Agarwal, B. N. P, Srivastava, S. 2008. FORTRAN codes
to implement enhanced-local-wave-number
technique to determine location, depth and shape
of the causative source using magnetic anomaly.
Computer Geosciences 34, 1843—1849.

Agha, S. O., Arua, A. I. 2014. Integrated-geophysical
investigation of sequence of deposition of
sedimentary strata in Abakaliki, Nigeria.
European Journal of Physical and Agricultural
Sciences 2(1) 1-5.

Anyanwu, G., Mamah, L. 2013. Structural Interpretation
of Abakaliki-Ugep using Airborne magnetic and
Landsat Thematic Mapper (TM) data. Journal of
Natural Science Research 3(13) 20-31

Benkhelil, J. 1988. Structure Et Evolution Geodynamique
De basis Intercontinental De Ca Benoue (Nigeria).
Bulletin des Centres de Researches Exploration —
Production ELF Aquaintaine 1207, 29.

Biiyiiksarag, A., Reiprich, S., Ates, A. 1998. Three-
dimensional magnetic model of amphibolite
complex in Taskesti area, Mudurnu valley, North-
West Turkey. Journal Of The Balkan Geophysical
Society 1 (3) 44-52.

Biiyiiksarag, A., Jordanova, D., Ates, A., Karloukovski, V.
2005. Interpretation of the Gravity and Magnetic
Anomalies of the Cappadocia Region, Central
Turkey. Pure Applied Geophysics 162, 2197-
2213.

Clerc, M. 1999. The swarm and the queen: towards a
deterministic and adaptive, particle swarm
optimization. The Proceedings of International
Conference on  Evolutionary = Computing,
Washington 1951-1957.

Couto, M. A., Aisengart, T., Barbosa, D., Ferreira, R. C.
R., Baltazar, O. F., Marinho, M., Cavalcanti, A.
D., Araujo, J. C. S. 2017. Magnetization-Vector
Inversion, Application in quadrilatero Ferrifero
region, MG, Brazil. 15" International Congress
of the Brazil Geophysical Society, Rio de Janeiro,
Brazil.

Dobrin, M. B., Savit, C. H. 1988. Introduction to geophysical
prospecting. McGraw-Hill Book Co. 867.

Eshaghzadeh, A., Seyedi Sahebari, S., Dehghanpour, A.
2020. 3D inverse modeling of the gravity field
due to a chromite deposit using the Marquardt’s

algorithm and forced neural network. Bulletin of
the Mineral Research and Exploration 161, 33-47.

Essa, K. S., Munschy, M. 2019. Gravity data interpretation
using the particle swarm optimization method
with application to mineral exploration. Journal
of Earth System Science 128, 123.

Essa, K. S., Elhussein, M. 2020. Interpretation of magnetic
data through particle swarm optimization: Mineral
exploration cases studies. Natural Resources
Research 29, 521-537.

Essa, K. S., Abo-Ezz, E. R. 2021. Potential field data
interpretation to detect the parameters of buried
geometries by applying a nonlinear least-squares
approach. Acta Geodaetica et Geophysica 56, 387
—406.

Essa, K. S., Nady, A. G., Mostafa, M. S., Elhussein, M. 2018.
Implementation of potential field data to depict
the structural lineaments of the Sinai Peninsula,
Egypt. Journal of African Earth Sciences 147,
43-53.

Essa, K. S., Mehanee, S., Elhussein, M. 2021. Magnetic
Data Profiles Interpretation for Mineralized
Buried Structures Identification Applying the
Variance Analysis Method. Pure and Applied
Geophysics 178, 973-993.

Eze, L. C., Mamabh, L. I. 1985. Electromagnetic, and Ground
Magnetic survey, over zones of Lead-Zinc
Mineralization in Wanakom (Cross River State).
Journal of Earth sciences 7, 749.

Ezema, P. O., Doris, E. L., Ugwu, G. Z., Abdullahi, U. A.
2014. Hydrocarbon and mineral exploration in
Abakaliki, southeastern-Nigeria. The International
Journal of Engineering and Science 3(1), 24-30.

Ford, S. O. 1981. The Economic Mineral Resources of the
Benue-Trough. Earth Evolution Sciences 2, 154-
163.

Ganguli, S. S., Singh, S., Das, N., Maurya, D., Pal, S. K.,
Rama Rao, J. V. 2019. Gravity and magnetic
survey in south western part of Cuddapah Basin,
India and its implication for shallow crustal
architecture and mineralization. Journal of
Geological Society of India 93(4) 419-430.

Ganguli, S. S., Pal, S. K., Kumar, S. K. P. 2021. Insights
into the crustal architecture from the analysis of
gravity and magnetic data across Salem-Attur
Shear Zone (SASZ), Southern Granulite Terrane
(SGT), India: an evidence of accretional tectonics.
Episodes 44(4) 419 — 422.

GSNA, 2004. Mineral resources map of Nigeria. Geological-
Survey of Nigeria Agency(GSNA).

Huang, L., Guan, Z. 1998. Discussion on Magnetic-
interpretation using the 3-D analytic signal,

103



Bull. Min. Res. Exp. (2024) 173: 85-105

by Walter R. Roest, Jacob Verhoef, and Mark
Pilkington¢ Geophysics 63, 667-670.

Jain, S. 1988. Total magnetic field reduction—The Pole
or Equator? A model study. Canadian Journal of
Exploration Geophysics 24 (2) 185-192

Kennedy, J., Eberhart, R. 1995. Particle-swarm optimization.
The Proceedings of IEEE Conference on Neural
Networks, Piscataway, NJ 1942—1948.

Kowalczyk, P., Oldenburg, D., Phillips, N., Nguyen, T. H.,
Thomson, V. 2010. Acquisition and analysis of
the 2007-2009 geosciences BC-airborne data.
The Australian, SEG-PESA Airborne, Gravity
‘Workshop.

Kumar, S., Pal, S. K., Guha, A., Sahoo, S. D., Mukherjee, A.
2020. New insights on Kimberlite emplacement
around the Bundelkhand Craton using integrated
satellite-based remote sensing, gravity, and
magnetic data. Geocarto International 37 (4) 999
—1021.

Ledo-Santos, M., Li, Y., Moraes, R. 2015. Application of
3D-magnetic amplitude inversion, to iron oxide-
copper-gold deposits, at low magnetic latitudes: A
case-study from Carajas Mineral Province, Brazil.
Geophysics 80(2) B13 — B22.

Lelievre, P. G. 2003. Forward modeling and inversion of
geophysical magnetic data. A master’s thesis
submitted to The University of British Columbia.

Leu, L. K. 1981. Use of reduction-to-the-equator process for
magnetic data interpretation. Geophysics 47, 445.

Li, X. 2003. On the use of different methods for estimating
magnetic depth. Leading Edge 22, 1090-1099.

Li, Y., Sun, J. 2016. Geology-differentiation with uncertainty
estimation using inverted-magnetization
directions. SEG International Exposition and 86th
Annual Meeting 2159

MacLeod, I. N., Ellis, R. G. 2013. Magnetic vector inversion
a simple approach to the challenge of varying
direction of rock magnetization. ASEG-PESA
2013. 23rd International Geophysical Conference
and Exhibition, 11-14 August 2013-Melbourne,
Australia.

Mahmoodi, O., Smith, R. S., Spicer, B. 2016. Using
constrained, inversion of gravity and magnetic-
field to produce a 3D litho-prediction model. SEG
Inter. Exposition and 86th Annual Meeting 2170
—-2174.

Mehanee, S., Essa, K. S., Diab, Z. E. 2021. Magnetic data
interpretation using a new R-parameter imaging
method with application to mineral exploration:
Natural Resources Research 30, 77-95.

Melo, A. T., Sun, J., Li, Y. 2015. Geophysical-inversions
applied to geological differentiation, and deposit

104

characterization: A case study at an [OCG deposit
in Carajas-Mineral-Province, Brazil. 85th Annual
International Meeting, SEG, Expanded Abstracts
2012-2016.

Nabighian, M. N. 1972. The analytic signal of two-
dimensional magnetic bodies with polygonal
cross-section: its properties and use for automated
anomaly interpretation. Geophysics 37, 507-517

NGA, 2004. GM-SYS Gravity/Magnetic Modeling
Software. Northwest Geophysical Associates,
Inc., USA.

Nwachukwu, S. O. 1972. The Tectonic Evolution of the
Southern Portion of the Benue Trough, Nigeria.
Geological Magazine 109, 411-419.

Obande, G. E., Lawal, K. M., Ahmed, L. A. 2014. Spectral
analysis of aeromagnetic data for geothermal
investigation of Wikki Warm Spring, north-east
Nigeria. Geothermics 50, 85-90.

Obarezi, J. E., Nwosu, J. I. 2013. Structural Controls, of Pb-
Zn Mineralization, of Enyigba District, Abakaliki,
Southeastern Nigeria. Journal of Geology and
Mining Research 5 (11) 250-261.

Ofoegbu, C. O. 1985. A review of the Geology of the Benue
Trough. Nigeria, Journal of African Earth Science
3, 283.

Oha, 1. A., Onuoha, K. M. 2013. Contrasting Styles of Pb-
Zn-Ba Mineralization in the Lower Benue Trough,
Southern Nigeria. A paper presented at the 49th
Annual International Conference and Exhibitions
of the Nigerian Mining and Geosciences Society
(NMGS), Ibadan, March 2013.

Olade, M. A. 1975. Evolution of Nigeria’s Benue-Trough
(Aulacogen): A tectonic model. Geological
Magazine 112, 575-581.

Omada, J. L., Ike, E. C. 1996. On the Economic Appraisal
and Genesis of the Barite Mineralization and
Saline Springs in the Middle-Benue-Trough.
Nigeria. Journal of Mineralogy, Petrology and
Economic Geology 91,109-115

Ovat, O. O. 2015. Obubra yesterday, today, and tomorrow:
An assessment of the economic development of
a local government area in Cross River State.
Nigeria. Journal of Economic and Sustainable
Developments 6 (20) 78 — 86.

Pallero, J. L. G., Fernandez-Martinez, J. L., Bonvalot,
S., Fudym, O. 2015. Gravity inversion and
uncertainty assessment of basement relief via
Particle Swarm Optimization. Journal of Applied
Geophysics 116,180-191.

Pilkington, M. 2009. 3D magnetic data-space inversion
with sparseness constraints. Geophysics 74 (1)
P.L7-L15.



Bull. Min. Res. Exp. (2024) 173: 85-105

Pilkington, M., Bardossy, Z. 2015. DSIM3D: software to
perform unconstrained-3D-inversion of magnetic
data. Geological Survey of Canada.

Press, W. H., Teukolsky, S. A., Vetterling, W. T., Flannery,
B. P. 1994. Numerical Recipes in FORTRAN.
Cambridge University Press, New Delhi.

Reid, A. B., Thurston, J. B. 2014. The structural index in
gravity and magnetic interpretation: Errors, uses,
and abuses. Geophysics 79, J61-J66.

Reid, A. B., Allsop, J. M., Grauser, H., Millet, A. J.,
Somerton, I. N. 1990. Magnetic interpretation in
3D using Euler-Deconvolution. Geophysics 55,
80-91

Riedel, S. 2008. Airborne-Based geophysical investigation
in Dronning Maud land Antarctica. Dissertation,
Christian Albrechts Universitat Zu Kiel, Kiel.

Roest, W. R., Verhoef, J., Pilkington, M. 1992. Magnetic
interpretation using the 3D analytic signal.
Geophysics 57 (1) 116-125.

Sacchi, M. D., Ulrych, T. J. 1995. High-resolution
velocity gathers and offset space reconstruction:
Geophysics 60, 1169-1177.

Salem, A., Ravat, D., Smith, R. S., Ushijima, K. 2005.
Interpretation of magnetic data using an enhanced
local wave number (ELW) method. Geophysics
70, L7-L12.

Srivardhan, V., Pal, S. K., Vaish, J., Kumar, S., Bharti, A.
K., Priyam, P. 2016. Particle swarm optimization
inversion of self -potential data for depth
estimation of coal jres over East Basuria colliery,
Jharia coal field, India. Environmental Earth
Sciences 75(8) 1-12.

Srivastava, S., Agarwal, B. N. P. 2010. Inversion of the
amplitude of the two-dimensional analytic signal
of the magnetic anomaly by the particle swarm
optimization technique. Geophysical Journal
International 182, 652-662.

Srivastava, S., Pal, S. K., Rajwardhan, K. 2020. A time-
lapse study using Self-Potential and Electrical
Resistivity Tomography methods for mapping of
old mine working across railway-tracks in a part
of Raniganj Coalfield, India. Environmental Earth
Sciences 79, 332.

Stocco, S., Godio, A., Sambuelli, L. 2009. Modelling and
compact inversion of magnetic data: A Matlab
code. Computers and Geosciences 35, 2111-2118

Thompson, D. T. 1982. Euldph: A new technique, for
making computer-assisted, depth- estimates, from
magnetic data, Geophysics 47, 31-37

Thurston, J. B., Smith, R. S. 1997. Automatic conversion
of magnetic data to depth, dip, and susceptibility
contrast using the SPITM method. Geophysics
62, 807-813.

Ugwu, G. Z., Alasi, T. K. 2016. Aeromagnetic Survey
for Determining Depth, to Magnetic Source of
Abakaliki and Ugep Areas, of the Lower Benue
Trough, Nigeria. Engineering and Technology
Journal 1(1) 18 —31.

Whitehead, N., Musselman, C. 2005. Montaj Gravity/
Magnetic interpretation: Processing, analysis,
and visualization system, for 3-D inversion of
potential field data, for Oasis montaj v6.1. Geosoft
Inc. ON, Canada.

Yao, C. 2007. Iterative 3-D gravity and magnetic inversion
for physical properties. SEG/San Antonio 2007
Annual meeting 805 — 810.

105






Bull. Min. Res. Exp. (2024) 173: 107-151

Bulletin of the Mineral
Research and Exploration

http://bulletin.mta.gov.tr

Paleocene-Eocene foraminifera from the Tuz Golu Basin (Salt Lake Basin, Central
Turkiye) and their paleoenvironmental interpretations

Muhittin GORMUS*

, Mustafa YILDIZ*®, Alper BOZKURT*® and Aynur HAKYEMEZ¢

* Ankara University, Engineering Faculty, Geological Engineering Department, Ankara, Tiirkiye

® Aksaray University, Engineering Faculty, Geological Engineering Department, Aksaray, Tiirkiye

¢ General Directorate of Mineral Research and Exploration (MTA), Department of Geological Research, Ankara, Tiirkiye

Research Article

Keywords:
Paleocene, Eocene,
Foraminifera, Central
Tirkiye.

Received Date: 06.09.2022
Accepted Date: 30.03.2023

ABSTRACT

Paleocene-Eocene aged sediments from the east of Tuz Golii Basin (Central Tirkiye) provide
significant data for foraminifera contents and their paleoenvironmental clues. They are important
in revealing the stratigraphy of the region and the Paleocene-Eocene geological history of Tiirkiye.
The sediments, composed mainly of carbonates, are known as Karapinaryaylas: Formation. In this
formation, benthic foraminifera representing SBZ2 to SBZ12 biozones corresponding to the Selandian-
Late Cuisian time interval were identified in ten measured stratigraphical sections. The zonal interval
from the E7 Zone (late Ypresian) to the E10 Zone (Lutetian) is characterized by the marker species
of planktonic foraminifera defined in the clayey limestones from the uppermost part. The studied
formation is divided into four main facies and eleven sub-microfacies types. The clayey limestone
levels of the Karapinaryaylasi Formation, which generally starts with a transgressive sequence, contain
abundant planktonic foraminifers, while the lithologies of grainstone, packstone and wackestone are
rich in benthic foraminifers. Benthic foraminifer assemblages indicate different paleoenvironments
from lagoon to back-bank, bank and fore-bank. The obtained foraminiferal data show the Selandian-
Lutetian age range and various paleoenvironments from the lagoon to the open sea.

1. Introduction

Kirsehir Block is located to the east of the graben

about 12 square kilometres around Musular Hill, 16
kilometres far from the Aksaray city to the southeast
(Figures 2-3).

basin known as the Tuz Go6lii Graben (the Salt Lake) in
the Central Anatolia Region and bounded by the Tuz
Goli Fault in the east of Tuz Goli (Kogyigit, 2000)
(Figure 1). Two different study areas are near to the
Tuzgo6lu Fault Zone in the southwest of the Kirgehir
Block. The first area is approximately 20 square
kilometres, including Elmakayas1 and Delikonii Hill,
approximately 9 kilometres west of Aksaray, to the

east of Tuz G6li in the Kirgehir Block. The second is

Paleogene sediments in the area contain abundant
amounts of different larger and smaller foraminifera.
As it is known, Paleocene (66-56 Ma) and Eocene
(56-33.9 Ma) Periods are the periods that play an
important role in the explanation of the Cenozoic
geological history with their benthic foraminifera
contents. The Paleocene and Eocene Periods comprise
benthic foraminiferal biozones and contents (i.e. Serra-
Kiel et. al., 1998; Consorti and Schlagintweit, 2022).
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Although some studies particularly for the tectonics,
sedimentology and hydrogeology of the Kirsehir
Block and the Tuz Gélii Basin were presented in the
symposiums held on (e.g. Derman and Tekin, 2000),
detailed age data and paleoenvironments of Paleocene
and Eocene sediments based on foraminiferal content
are not well documented.

Only one research around Asmayaylasi was
carried out on the findings of planktonic foraminifera
and particularly nannofossils from the Asmabogazi
and Karapinaryaylas1 formations by Yildiz (2000).
She recorded the ages of the formations based on the
following microorganisms: Chiasmolithus danicus,
Elpsolithus macellus, Fasciculithus tympaniformis,
Heliolithus kleinpellii-nannofossils and Morozovella
uncinata, M. angulata, Planorotalites pusilla pusilla—

foraminifera in the Asmabogazi Formation, Danian
to Selandian in age; Fasciculithus tympaniformis—
nannofosil, Morozovella trinidadensis, Planorotalites
compressa, Globigerina sp., Kathina selveri, Smoutina
crysi, Miscellenea sp., Textularia sp., Miliolidae and
other microfossils in the Karapinaryaylas1 Formation,
Selandian-Thanetian in age.

This study provides new detailed important data for
the Karapiaryaylas1 Formation on both benthic and
planktonic foraminifera, the Paleogene stratigraphy
and geological history of the studied region. For
this reason, biostratigraphic and environmental
interpretations and approaches to geological history
based on both larger and smaller benthic and
planktonic foraminifera contents in the investigated
areas were aimed in this study.

Figure 1- Location of the study area (red star) within the Kirsehir Block
(re-drawn from Kogyigit, 2000), A P. Anatolian Plate, ABL. Arabian
Plate, AFL. African Plate, AVL: Eurasia Plate, C. Cihanbeyli, S.

Sivrihisar.
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Figure 2- Geological map of the Musular Hill and its surrounding area, and measured section locations, CRET. Cretaceous, M.PAL. Middle
Paleocene, M.Eoc. Middle Eocene, MID. Middle, QUA . Quaternary, Fm. Formation.

Figure 3- Geological map of the Elmakayas1 and Delikonii Hills and their surrounding area, and measured section locations. H. Hill, CRET.
Cretaceous, M.PAL. Middle Paleocene, M.EOC. Middle Eocene, MIOC. Miocene, PLIO. Pliocene, Fm. Formation, Blue shows the

water column of the Mamasin Dam.

2. Material and Method

Palacocene-Eocene deposits were investigated by
field studies carried out in the study areas. A total of
ten stratigraphical sections were measured, five in the
vicinity of Musular Hill and five in the Elmakayasi-

Delikonii area. Measured section thicknesses are
between 20 and 55 meters (m). Laboratory studies were
carried out at the Ankara University and MTA General
Directory. Petrographic thin sections were taken from
the collected hard rock samples. These samples were
examined under the research microscope, and their
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foraminifera contents were determined. Planktonic
foraminifera were defined from thin sections because
the washing processes carried out on hard limestones
did not yield any better results. Postuma (1971) and
Premoli Silva et al. (2003) are mainly followed for
taxonomic analyses of planktonic foraminifera.

3. Stratigraphy

The geological maps and stratigraphical sequences
in the studied areas are shown in Figures 2-3. The
stratigraphical sequence can be summarised from
bottom to top as follows: The Akmezar Ophiolite
appears as basement rocks (Yildiz and Kalkan,
2018). These basement rocks are cut by the
Giiclinkaya Granitoid (Giilli and Yildiz, 2012). The
Karapinaryaylasi Formation overlies unconformably
the basement rocks. It is composed of siliciclastic and
carbonate sedimentary rocks, the Paleocene-Eocene in
age. The relationship between the Paleogene deposits
and its overlying middle-upper Miocene units namely
as Gostik Tuffites, the Cemilkdy Ignimbrite and
Karakaya Formation is unconformable. The Pliocene-
aged Kizilkaya Ignimbrite and Recent sediments
observed towards the top are the youngest geological
units (Figures 2 and 3). The subject of this study is
only Paleocene-Eocene Karapinaryaylasi Formation
deposits. For this reason, the stratigraphic sequence
has been considered as basement rocks, Paleocene-
Eocene sediments and cover rocks.

3.1. Basement Units

Ophiolites known as the Akmezar ophiolite (Yildiz
and Kalkan, 2018) are located in the basement and
crop out between Elmakayasi and Delikonil hills. The
Giiclinkaya Granotoid outcrops in the northwest of
Kale Tepe, west of Mamasin Dam. In the literature,
the ages of these units are given as Late Cretaceous
(Dirik and Erol, 2000; Giillii and Y1ldiz, 2012). Upper
Cretaceous Asmabogazi Formation has been aged as
Paleocene by Yildiz (2000). Although this unit is not
seen in the studied areas, it is known as the unit under
the Paleocene-Eocene sediments (Y1ldiz, 2000).

3.2. Paleocene-Eocene Sediments

Karapinaryaylast Formation was named for
the first time by Dellaloglu and Aksu (1984) from
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Karapinaryaylas: Village. The same name was also
used by Oktay and Dellaloglu (1987), Dellaloglu
(1991) and Yildiz (2000). The formation was
reported with different age ranges and different
names in different parts of the Central Anatolia
Region. For example, Paleocene-aged sections are
called Kirkkavak formation in the Haymana-Polath
basin, and Eocene sediments are named Eskipolatli
formation (Goriir and Derman, 1978; Derman, 1980).
The unit crops out in a limited area in the northwest of
Musular Hill in the Musular area and in the northern
part of the Mamasin Dam in the Elmakayasi-Delikonii
area (Figures 2 and 3). The sequence starts with
coarse to medium-grained siliciclastic sediments at
the bottom. The thickness of the clastic layers at the
base varies between 10-25 m. Medium, thick-bedded,
red-coloured coarse and medium-grained clastics also
contain mudstone intercalations. Towards the upper
part of the formation, limestones are observed on the
conglomerates and sandstones. The thickness of the
limestones seen at the top of the Karapinaryaylasi
Formation is between 20 and 55 m. The upper
limestones present lateral transitions or facies changes
with red clayey limestones. Sandy and silty limestones
are also observed at intermediate levels. It is stated
that the Karapinaryaylasi Formation overlies the
Asmabogazi Formation in the north of Aksaray (Y1ldiz,
2000). However, different rock unconformities are
seen in the investigation areas. The unit’s initiation
with red-coloured clastics and the fact that the clastics
contain pebbles of the underlying units indicates
the presence of a distinct unconformity or with a
differentiated rock as a nonconformity. Miocene-aged
volcanoclastic units overlie the unit unconformably.
Angular differences and age differences are clear.
The formation has been aged as Selandian around
Asmayaylasi by Yildiz (2000).

In this study, the following benthic and planktonic
foraminifera were identified, benthic foraminifera:
Alveolina (Alveolina) cf. acari Bozkurt and Gormiis,
A. (A.) aff. avsari Sirel and Acar, 4. (4.) barattoloi
Sirel and Acar, 4. (A.) corbarica Hottinger, 4. (4.)
cf. dolioliformis Schwager, A. (A.) cf. erki Acar, A.
(4.) cf. laxa Hottinger, A. (A.) levantina Hottinger,
A. (A.) violae Checchia-Rispoli, Ankaraella minima
Sirel, Asterigerina rotula (Kaufmann), Gypsina
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marianensis Hanzawa, Haymanella cf. elongata Sirel,
H. cf. paleocenica Sirel, Idalina sinjarica Grimsdale,
Lcf. causae Sirel, I cf. grelaudae Gallardo-Garcia and
Serra-Kiel, /. cf. pignatti Gallardo-Garcia and Serra-
Kiel, Kayseriella decastroi Sirel, Lockhartia cf. conditi
(Nuttall), L. haimei Davies, Missisippina binkhorsti
Reuss, Orbitotolites  cf.
Parahaymanella bozkurti Acar, Rotalia trochidiformis
(Lamarck), (Reuss),
Triloculina tricarinata (d’Orbigny), T angulata Karrer,

complanatus Lamarck,

Sphaerogypsina  globula
Alveolina (Alveolina) sp., Amphistegina sp., Assilina
sp., Asterigerina sp., Cribrobulimina sp., Discocyclina
sp., Elazigina sp., Gyroidinella sp., Haymanella? sp.,
Heterostegina? sp., Lockhartia sp., Nummulites sp.,
Orbitolites sp., Opertorbitolites sp., Parahaymanella
sp., Peneroplis sp., Quinqueloculina sp., Rotalia
sp., Soriella? sp., Spiriloculina sp., Thalmannita
sp. According to the identified benthic foraminifer
fossil findings, the age is Selandian-late Cuisian.
Planktonic foraminifera contents are as follows:
Acarinina bullbrooki (Bolli), A. boudreauxi Fleisher,
A. praetopilensis (Blow) and A. pseudosubsphaerica
Pearson and Berggren; Guembelitrioides nuttalli
(Hamilton), Globigerinatheka kugleri (Bolli, Loeblich
and Tappan), G. index (Finlay) and G. mexicana
(Cushman), towards to upper part Guembelitrioides
(Hamilton),

(Fleisher), Pearsonites broedermanni (Cushman and

nuttalli Morozovelloides  bandyi
Bermudez), Acarinina boudreauxi Fleisher, Acarinina
pseudosubsphaerica Pearson and Berggren and
Turborotalia pomeroli (Toumarkine and Bolli) were
found. Based on the planktonic foraminiferal data,
the age of the upper part of the formation is from
Cuisian to Lutetian. Evaluation of all foraminiferal
data shows that the age of the formation is from
Selandian to Lutetian. Levels with small miliolids
and alveolins indicate the back-reef paleoenvironment
while rich nummulits show near the nummulit bank
or fore bank deposits. Clayey carbonate deposits with
rich planktonic foraminifera are from an open marine
paleoenvironment.

3.3. Cover Rocks

Generally, horizontal volcanoclastic  rocks
are observed on the Paleocene-Eocene deposits.

From bottom to top, these are the Middle-Upper

Miocene Gostiikk Tuffites, the Cemilkdy Ignimbrite,
the Karakaya Formation, the Pliocene Kizilkaya
Ignimbrite and the Recent deposits (Figures 2-4).

4. Foraminiferal Contents and Biostratigraphy

Musular Hill and Elmakayas: Hill and their
surroundings are remarkable with their rich
foraminifera contents (Figure 4). The figures 5-16 show
foraminiferal distributions of ten measured sections
and their correlations. The figures 17-18 indicate range
distribution of some important benthic foraminifera
and the zonal markers of the shallow benthic zones.
Plate I to IX illustrates the foraminiferal content. The
list of foraminiferal contents of the Karapinaryaylasi
Formation was presented above within the stratigraphy
section. Considering the stratigraphical distributions
of foraminifera, SBZ2 to SBZ12 biozones defined by
Serra-Kiel et. al. (1998, 2020) were determined. In
addition, planktonic foraminifers representing the E7-
E10 planktonic biozones were also defined from thin
sections. The biozone explanations are summarized as
follows:

4.1. SBZ 2 (Selandian)

SBZ 2 was identified in K6 measured section
(Figure 11). This biozone is characterized by the
assemblage consisting of Ankaraella minima,
Kayseriella decastroi and Parahaymanella bozkurti in
the study area (Plate III, Figures 5-8, 17, 21). Although
Sirel (1998) first reported Kayseriella decastroi from
Danian, this species has been reported in Dainan
to Selandian beds by some later researchers (e.g.,
Ogorelec et al., 2001; Sirel, 2018). Finally, Serra-Kiel
et al. (2020) defined this species as an index form of
SBZ2 biozone. In addition, Acar (2019) indicated that
the species Ankaraella minima and Parahaymanella
bozkurti known from the Selandian are also significant
species of SBZ2 biozone. Other associated miliolid
fauna such as Idalina causae, I. sinjarica ranges to
Thanetian and Ypresian (Serra-Kiel et. al., 1998;
Ozgen-Erdem, 2008; Ozgen-Erdem et. al., 2016;

Sirel, 2018; Bozkurt and Gormiis, 2021).

4.2. SBZ 3-4 (Thanetian)

These biozones were identified in K6 measured
section (Figure 11). Idalina causae, I. sinjarica were
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Figure 4- Field views of the Karapinaryaylas1 Formation, a) Nummulitid forms, b) Alveolinid forms, c¢) Delikonii Hill, K6 measured section
(Pgk. Karapmaryaylas: Fm., plik. Kizilkaya ignimbirite), d) Alveolinid forms, Elmakayasi, K9 measured section, e) Carbonates
(Musular, K5 measured section ), f) Alveolinid forms (K5 measured section).

seen in this zone of sediments (Plate 1I, Figures 22-
23). Associated fauna is mainly smaller miliolids
in wackestone lithology. The first appearances of
Lockhartia conditi and L. haimei are reported as SBZ
3 and SBZ 4 by Serra-Kiel et al. (1998) and Hottinger
(2014). However, these forms in our study were
observed in the younger levels at the measured section
1 (Figure 5).

4.3. SBZ 5-8 (Early - Middle Ilerdian)

SBZ 5-8 interval were identified in the K1, K3,
K5 and K10 measured-sections (Figures 5, 7, 9, 15).
These biozones were generally determined by species
of the genus Alveolina. In the literature, it is known
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that A. (4.) acari, A. (A.) avsari, A. (A.) corbarica, A.
(4.) dolioliformis, A. (A.) erki, A. (4.) laxa range from
SBZ 5 to SBZ 9 biozones (Serra-Kiel et al., 1998; Sirel
and Acar, 2008; Ozgen—Erdem, 2008; Bozkurt and
Gormiis, 2021). Determination of the SBZ 5-7 in the
K1 section (Figure 5) mainly relies on the occurrences
of the species of Lockhartia (Figure 5; Plate VII,
Figures 10-11). The time interval that Lockhartia
conditi and L. haimei are found together corresponds
to SBZs 4-7 (Figure 17). Other accompanying
taxa in this section limit the age to be younger than
SBZ 4 (Figure 5). In the K3 section (Figure 7), the
Alveolina species, which were identified as Alveolina
sp., resemble the Ilerdian forms. No species of the
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Figure 5- Measured Section 1 (K1) around the Musular Hill. 1. Granitoid, 2. Limestone, 3. Conglomerates252 sandstones,
4. Sandstones, 5. Limestone, dolomitic limestone, 6. Volcanoclastics, 7. Unconformity, 8. Textulariids, 9.
Miliolids, 10. Alveolina sp., 11. Orbitolites sp.-Operorbitolites sp. 12. Missisipinids, 13. Nodosariids, 14.
Sphaerogypsina sp., 15. ?Gyroidinella sp. 16. Rotaliids, 17. Rotalia sp., 18. Lockhartia sp., 19. Miscellenid-

rotaliids, 20. Nummulites sp., 21. Assilina sp., 22. Discocyclina sp., 23. Planktonic foraminifera, 24. Microfacies
type.
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Figure 6- Measured Section 2 (K2) around the Musular Hill, see Figure 5 for legend.

subgenus Alveolina (Alveolina) is known from SBZ
3. Other larger benthic foraminifera determined in
this section (e.g. I. sinjarica) offer that the age of this
section should be older than late Ilerdian. In the K4
section (Figure 8), Alveolina species such as A. (4.)
cf. acari (Plate IV, Figure 9) and 4. (4.) cf. laxa (Plate
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V, Figure 4) mark the SBZ 7 in the upper levels of
the section. 4. (4.) corbarica (Plate 1V, Figures 3-4)
and A. (A.) cf. dolioliformis (Plate 1V, Figure 1) are
the markers determining SBZ 7-8 biozones in K5 and
K10 sections (Figures 9 and 15). Particular levels of

some other sections examined in this study (such as
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Figure 7- Measured Section 3 (K3) around the Musular Hill, see Figure 5 for legend.

upper parts of K6 and lower parts of K7 sections)
indicate Ilerdian age with their benthic foraminiferal
assemblages, yet not provide biozones (Figures 11 and
12).

4.4. SBZ 10-12 (Cuisian)

SBZ 10-11 interval was mainly determined based
on the occurrences of Alveolina (Alveolina) barattoloi
(Figure 12; Plate IV, Figure 8). Sirel and Acar (2008)
described 4. (4.) barattoloi from SBZ 10 and the lower
part of SBZ 11. In the K7 section of the study area,
this species is also associated by A. (4.) aff. avsari
(Figure 12; Plate V, Figure 11). In the K2 section
(Figure 6), A. (A.) levantina (Plate IV, Figure 11) and
A. (A.) violae (Plate IV, Figure 13) were the index taxa
that define SBZ 12 (Figure 6). Serra-Kiel et al. (1998)
report the biostratigraphical range of 4. (4.) levantina
from the upper part of SBZ11 to the end of SBZ12.

Some researchers also suggest a wide range for this

species extending from SBZ11 to the lower part of
SBZ 15 (Hottinger 1974; Drobne 1977; Serra-Kiel et
al., 2016). In addition, Serra-Kiel et al. (1998) give
the species 4. (4.) violae as an index form of SBZ12.

4.5. Zones E7-E10 (late Ypresian-Lutetian)

The lower part of the K8 section between
samples K75-K78 contains rare and less diverse
planktonic foraminifera (Figure 13). Acarinina
bullbrooki, A. boudreauxi, A. praetopilensis and A.
pseudosubsphaerica in the assemblage (Plate IX,
Figures 14-15, 19-21, 25-27, 31, 39-41, 42-43, 45-46)
are the marker species of the E7 Zone (Berggren et.
al., 2006). The presence of Guembelitrioides nuttalli
in K79 and Globigerinatheka kugleri, G. index, G.
mexicana in K81 (Plate IX, Figures 6, 10) indicates
the E8 and E9 zones, respectively (Berggren and
Pearson, 2005; Premoli Silva et al., 2006; Wade et
al., 2011). Samples K81-K83 in the upper part of the
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Figure 8- Measured Section 4 (K4) around the Musular Hill, see Figure 5 for legend.
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Figure 9- Measured Section 5(K5) around the Musular Hill, see Figure 5 for legend.
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Figure 10- Correlation of measured sections around the Musular Hill, see Figure 5 for legend.
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Figure 11- Measured Section 6 (K6) around Elmakayasi, see Figure 5 for legend.

section are represented by more abundant and diverse
planktonic foraminiferal assemblages, including
Guembelitrioides nuttalli, Morozovelloides bandyi,
Pearsonites broedermanni, Acarinina boudreauxi,
Acarinina pseudosubsphaerica and Turborotalia
pomeroli (Plate IX, Figures 7-8, 17, 34-36, 39, 41-42,
45-46, 48) and can be correlated with E9-E10 zones
(Pearson et. al., 2006).

Benthic foraminiferal assemblage obtained in
the section 9 cannot provide biozonation (Figure 14).
However, the assemblage containing species such as
Idalina cf. grelaudae (Plate I, Figure 5) and Rotalia
trochidiformis suggests an interval of Ypresian-
Lutetian.
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Figure 12- Measured Section 7 (K7) around Elmakayasi, see Figure
5 for legend.

5. Microfacies and Paleoenvironmental
Interpretations

The studied succession, which starts with
siliciclastic rocks over the Giiclinkaya Granitoid in the
measured sections K1, K4 and K5, continues upwards
with carbonate rocks in the Musular area (Figure
10). In sections K2 and K3, only carbonate rocks
were measured. In the measured sections around the
Elmakayasi, the Giiclinkaya Granitoid are only seen at
the base of the K9 section (Figure 16). In the measured
sections of K6, K9 and K10, the Karapinaryaylasi
Formation begins with siliciclastic rocks and continues
with carbonates. In the measured sections of K9 and
K10, Kizilkaya Ignimbrites unconformably cover the
Karapinaryaylasi Formation. The microfacies that
can be identified in the Karapimaryaylasi Formation
deposits have lateral and vertical relationships with
each other in both studied areas. The carbonate
succession of the formation is divided into 4 main
microfacies according to the dominant fossil contents
and lithological features. These are miliolid-dominated
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wackestone-packstone-grainstone (MMF1), miliolid-
rotaliid-dominated wackestone-packstone (MMF2),
and rotaliid-dominated wackestone-packstone
(MMF3) and planktonic foraminifera dominated
wackestone facies (MMF4) (Figure 19).

It is observed that these differentiated microfacies
begin with lagoonal facies on the clastic deposits
around Musular Tepe and pass upwards to shallow
carbonate platform deposits dominated by rotaliid
forms. In the vicinity of Elmakayasi, it is observed that
lagoonal and shallow facies have lateral and vertical
facies that change each other. In this second area,
the facies accompanied by planktic foraminiferous
predominance indicate open marine paleoenvironment.
The facies thicknesses are variable, and it has been
revealed that facies containing miliolids and facies
containing rotaliids are the most observed facies. In
facies definitions, Dunham’s (1962) nomenclature
was used together with the dominant or important
fossil groups and the lithological features. The general
features and interpretations of identified main facies
and subfacies can be summarized as follows:

5.1. Microfacies 1: Miliolid-dominated wackestone-
packstone-grainstone facies (MMF1)

In these determined lithofacies, miliolids are the
predominant fossil group within the various carbonate
matrix. This facies is divided into five sub-facies
within itself, and the explanations about the sub-facies
are as follows:

5.1.1. Smaller
grainstone sub-facies (MF'1)

miliolid-dominated ~ packstone-

Benthic foraminifers with a porcellaneous test,
usually smaller than 2 mm, are common in a sparitic
cement (Plate X, Figure 1-2, 13-14). It is usually
grain-supported.

Interpretation: Miliolid dominance indicates the
presence of a lagoonal environment (Hallock and
Glenn, 1986; Armstrong and Brasier, 2005).

5.1.2. Milliolid-textulariid dominated packstone sub-
facies (MF2)

These facies, in which usually textulariid and small
miliolid forms are observed together, are not very
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Figure 13- Measured Section 8 (K8) around Elmakayasi,see Figure 5 for legend.

common (Plate X, fig. 3). The observed textulariid
forms are Haymanella cf. elongata, Parahaymanella
sp., Haymanella cf. paleocenica, Cribrobulimina sp.
Valvulina sp. Textularia sp. Bigenerina sp.

Interpretation: Co-observation of miliolid forms
and agglutinant walled foraminifera indicates a
shallow marine lagoon environment within the
platform (Fligel, 2010).

5.1.3. Alveolinid and other smaller miliolid-dominated
packstone sub-facies (MF3)

Smaller miliolid forms are observed together with
alveolinids. Unlike MF1, alveolinids accompany other
smaller and medium-sized miliolids (Plate X, Figure

4). Micritic cement is also observed.

Interpretation: The carbonate deposits of these
facies also belong to a lagoon environment. It is
known that benthic forms with porcellaneous tests

indicate the lagoon environment (Armstrong and
Brasier, 2005).

5.1.4. Alveolinid-dominated  packstone
(MF4)

sub-facies

Alveolinids are seen as predominant forms in
these sub-facies (Plate X, Figure 5). In addition to
alveolinids larger than 2 mm, other small miliolid
forms are also observed in small proportions. The
observed alveolinids with a size of a few cm are
Alveolina (Alveolina) cf. acari Bozkurt and Gormiis,
A. (A.) aff. avsari Sirel and Acar, A. (4.) barattoloi
Sirel and Acar, 4. (4.) cf. corbarica Hottinger, A. (A.)
cf. dolioliformis Schwager, A. (A.) cf. erki Acar, A.
(A.) cf. laxa Hottinger, A. (4.) levantina Hottinger, A.
(A.) violae Checchia-Rispoli.

Interpretation: Alveolina dominance indicates
lagoon shallow water environments (Armstrong and
Brasier, 2005).
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Figure 14- Measured Section 9 (K9) around Elmakayasi, see Figure 5 for

legend.
5.1.5. Wackestone-packstone sub-facies containing Interpretation: Agglutinant-walled foraminifers
less textulariid sub-facies (MF5) refer to environments ranging from shallow to

offshore environments (Armstrong and Brasier, 2005).

Facies which are not much common, are observed These facies deposits have lateral relations with other

at mud-containing levels (Plate X, Figure 6). A small miliolid-bearing facies. For this reason, it is thought

percentage of textulariid forms are seen between

5.5, that it was deposited in a shallow marine environment.
- 0.
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Figure 15- Measured Section 10 (K10) around Elmakayasi, see Figure 5 for

legend.

5.2. Microfacies 2: Miliolid-rotaliid, dominated
wackestone-packstone facies (MMF2)

In these determined lithofacies, miliolid and
rotaliid forms are almost equal proportions. This
facies only includes one sub-facies identified as MF6.

5.2.1. Alveolinid and
wackestone-packstone sub-facies (MF6)

nummulitid-dominated

In these determined lithofacies, miliolid and
rotaliids are almost equal proportions (Plate X, Figure
7). Alveolinid and nummulitid forms are observed

together. Forms up to a few cm in size are in micritic
cement.

Interpretation: The co-occurrence of nummulitids
and alveolinids was interpreted as open-shelf lagoons
(Amirshahkarami and Zebarjadi, 2018). Geel (2000)
emphasized that this fossil association can be seen at
depths of 50-80 m. It is seen that these facies, in which
alveolinid and nummulitids are observed together, are
close to the nummulite sets.
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Figure 16- Correlation of measured sections around the Elmakayasi, see Figure 5 for legend.

5.3. Microfacies 3: Rotaliid-dominated wackestone-
packstone facies (MMEF3)

Small and large benthic rotaliids are dominant in
these lithofacies. This facies is divided into three sub-
facies within itself, and the explanations about the
sub-facies are as follows.
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5.3.1. Less rotaliid bearing silty mudstone sub-facies
(MF7)

In these facies deposits, silt fragments are observed
in the mudstones. Rotoliids, which are difficult to
identify, are seen at a small rate1-2%. Limestones
were recrystallized (Plate X, Figure 8).

Interpretation: They show a shallow marine
environment.
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Figure 17- Range distribution of some important benthic foraminiferal species used in this study (Numbers located under the black lines
indicate related literature in the box at the left, in which that age was assigned).

Figure 18- A table illustrating both the zonal markers of some shallow benthic zones (SBZs) and the taxa used in this study to define biozones.
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Figure 19- A schematic block diagram of the facies identified from the Karapinaryaylasi Formation, MMF1. Miliolid-dominated

wackestone-packstone-grainstone facies, MMF2. Miliolid-rotaliid, dominated wackestone-packstone facies, MMF3. Rotaliid-
dominated wackestone-packstone facies, MMF4. Planktonic foraminifera-dominated wackestone, MF1. Smaller miliolid-
dominated packstone-grainstone sub-facies,sample no 1; MF2. Milliolid-textulariid dominated packstone sub-facies,sample no
93; MF3. Alveolinid and other smaller miliolid-dominated packstone sub-facies, sample no 117; MF4. Alveolinid dominated
packstone sub-facies, sample no 47; MF5. Wackestone-packstone sub-facies containing less textulariid, sample no 44; MF6.

Alveolinid and nummulitid-dominated wackestone-packstone sub-facies, sample no 50; ME7. Less rotaliid bearing silty

mudstone sub-facies, sample no 6; MF8. Rotaliid dominated wackestone-packstone sub-facies, sample no 11; MF9. Packstone
containing Nummulites, Assilina and Discocyclina, sample no 73; MF10. Less planktonic foraminiferous mudstone sub-facies,
sample no 56; MF11. Wackestone sub-facies with rich planktonic foraminifera, sample no 81, depth is unscaled, scale shows
200 p. textulariids, smaller miliolids, alveolinids, rotaliids, nummulitids, planktonic foraminifera.

5.3.2. Rotaliid-dominated wackestone-packstone sub-
facies (MF8)

Wackestones and packstones are dominated by
rotaliid forms, and a few mm-sized rotaliids are
dominant (Plate X, Figure 9).

Interpretation: ~Medium-sized rotaliids are
common, and are thought to be near the nummulit
bank, fore-bank or back-bank. Hallock and Glenn
(1986) also mention the presence of medium-sized

rotaliids shows open platform deposits.
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5.3.3. Packstone containing Nummulites, Assilina and
Discocyclina sub-facies (MF9)

The main microfauna of these facies are
Nummulites, Assilina and Discocyclina. Nummulites
and Assilina are more common (Plate X, Figure 10).

Interpretation: These levels, which include larger-
sized Nummulites, Assilina, and Discocylina, are
associated with “nummulit sets”.
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5.4. Microfacies 4: Planktonic foraminifera-dominated
wackestone (MMF4)

Planktic
lithofacies. This facies is divided into two sub-facies

foraminifers are common in the

within itself.

5.4.1. Less planktonic foraminiferous mudstone sub-
facies (MF10)

Planktonic foraminifers are observed in the
mudstones at a rate of 1-5% (Plate X, Figure 11).

Interpretation: Micritic carbonates are thought to
be offshore sediments.

5.4.2. Wackestone sub-facies with rich planktonic
foraminifera (MF11)

In these biomicrite facies, in which globigerinid
forms are rich (Plate X, Figure 12).

Interpretation: The dominance of planktonic
foraminifera indicates an open marine environment
(Armstrong and Brasier, 2005).

6. Conclusions

Paleocene-Eocene aged sediments in the east
of Tuz Goli Basin (Salt Lake, Central Anatolia)
are known as the Karapinaryaylasi Formation. The
formation rests on the basement rocks unconformably.
The formation represented by limestones and clayey
limestones is rich in both benthic and planktonic
foraminifera. In benthic foraminiferal biozonation,
which is generally based on Alveolina species, it
has been determined that the assemblages represent
biozones between SBZ 2-12. In addition, it was
determined that some levels in pelagic facies that
do not contain benthic foraminifera correspond
to E8-E10 biozones according to their planktonic
foraminifer contents. For this reason, the age range of
the formation is Selandian-Lutetian according to the
determined species. Four main microfacies and eleven
sub-microfacies have been identified. These are small
miliolid dominated packstone-grainstone (MF1),
miliolid-textulariid dominated packstone (MF2),
alveolinid and small milliolid dominated packstone
(MF3), alveolinid dominated packstone (MF4), less
textulariid-containing wackestone-packstone (MF5),

alveolinid and nummulitid dominated wackestone-
packstone (MF6), silty mudstone with less rotaliid
(MF7), rotaliid dominated wackestone-packstone
(MF8), Nummulites, Assilina, Discocyclina packstone
(MF9), mudstone with less planktonic foraminifera
(MF10),
foraminifera

and mudstone with
(MF11). Benthic
foraminifera descriptions and data obtained from

rich planktonic
and planktonic

microfacies studies indicate the Selandian-Lutetian
age range and environments that developed from the
lagoon to the open sea.
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Plate I

1-3, 7: Miliolid forms, longitudinal sections; 1.Sample no.13, K2 Section, SBZ12; 2-3.Sample no 59, K6 Section,
SBZ3-4.

4: Haymanella cf. elongata, longitudinal section, Sample no. 117, K10 Section, SBZ7-8.
5-6: Textulariids?, Sample no 93, K9 Section, SBZ?

7: Parahaymanella sp., Sample no 59, K6 Section, SBZ3-4.

8: Haymanella cf. paleocenica, longitudinal section, Sample no. 117, K10 Section, SBZ7-8

9-15: Cribrobulimina sp; 9, 11, 13 Sample no. 117, K10 Section, SBZ7-8; 10.Sample no 44, K5 Section, SBZ?;
12.Sample no 114, K10 Section, SBZ7-8; 13.Sample no. 54, K6 Section, SBZ3-4; 15.Sample no 28, K3 Section,
SBZ5-8.

16-21: Planspiral coiled textulariids, 16-17.Sample no 93, K9 Section, SBZ?; 18.Sample no 95, K9 Section,SBZ?;
19.Sample no 59, K6 Section, SBZ3-4; 20.Sample no 44, K5 Section, SBZ?; 21.Sample no 56, K6 Section, SBZ3-
4,

22-24: Biserial coiled textulariids, 22.Sample no 59, K6 Section, SBZ3-4; 23.Sample no 116, K10 Section, SBZ?;
24.Sample no 54, K6 Section, SBZ3-4.

25-26: Vulvulina sp. 25.Sample no 47, K5 Section, SBZ?; 26.Sample no 23, K3 Section, SBZ5-8.
27: Textularia sp. Sample no 107, K9 Section, SBZ?.

28-30: Unidentified textulariids, 28.Sample no 117, K10 Section, SBZ7-8, 29.Sample no 105, K9 Section, SBZ?;
30.Sample no 15, K2 Section, SBZ12.

31-32: Unidentified textulariids, 31. Sample no 47, K5 Section, SBZ?; 32. Sample no 114, K10 Section, SBZ7- 8.

33-34: Uniserial coiled textulariids, 33. Sample no 56, K6 Section, SBZ3-4; 34. Sample no 117, K10 Section,
SBZ7-8.

35-40: Bigenerina sp. 35. Sample no 114, K10 Section, SBZ7-8; 36-37.Sample no 93, K9 Section, SBZ?; 38.
Sample no 47, K5 Section, SBZ?; 39.Sample no 99, K9 Section, SBZ?; 40.Sample no 100, K9 Section, SBZ?

41: Unidentified textulariids, Sample no 114, K10 Section, SBZ7-8
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Plate 11

1-2: Peneroplis sp., equatorial sections, 1.Sample no 107, K9 Section, SBZ?; 2.Sample no 1, K1 Section,
SBZ5-7.

3-4: Unidentified miliolid, centered section perpendicular to the coiling axis, 3.Sample no 15, K2 Section,
SBZ12; 4. Sample no 23, K3 Section, SBZ5-8.

5: Idalina cf. grelaudae, centered section perpendicular to the coiling axis, Sample no 95, K9 Section, SBZ?

6-10: Unidentified miliolids, centered section perpendicular to the coiling axis, 6.Sample no 35, K4 Section,
?7SBZ5-8; 7.Sample no 94, K9 Section, SBZ?; 8.Sample no 64, K6 Section, SBZ3-4.; 9. Sample no 35; K4
Section, SBZ?; 10. Sample no 93, K9 Section, ?SBZ10-11.

11-14: Idalina cf. gralaudae, centered section perpendicular to the coiling axis, 11-12, 14. Sample no 117, K10,
Section, SBZ7-8; 13.Sample no 116, K10 Section, SBZ7-8

15: Unidentified miliolid, centered section perpendicular to the coiling axis, Sample no 1, K1 Section, SBZ5-7.
16: Triloculina tricarinata, Sample no 4, K1 Section, SBZ5-7.

17-18: Triloculina angulata, 17.Sample no 15, K2 Section, SBZ12; 18.Sample no 27, K3 Section, SBZ5-8 657
19: Idalina cf. pignattii?, Sample no 117, K10 Section, SBZ7-8.

20-21: Unidentified miliolids, centered section perpendicular to the coiling axis, 20-21. Sample no 93, K9
Section, SBZ9.

22: Idalina sinjarica, Sample no 56, K6 Section, SBZ3-4.
23: Idalina cf. causae, Sample no 56, K6 Section, SBZ3-4. 662

24-29: Unidentified miliolids, 24.longitudinal section, Sample no 4, K1 Section, SBZ5-7; 25. uncentered section
perpendicular to the coiling axis, Sample no 117, K10 Section, SBZ7-8; 26.Unidentified miliolid, centered
section perpendicular to the coiling axis, Sample no 35, K4 Section, SBZ?; 27.Sample no 24, K3 Section, SBZ5-
8; 28.Sample no 2, K1 Section, SBZ5-7; 29.Sample no 105, K9 Section, SBZ?. 666

30: Idalina sinjarica?, longitudinal section, Sample no 23, K3 Section, SBZ5-8. 667

31-33: Unidentified miliolids, 31. Sample no 26, K3 Section, SBZ5-8; 32.longitudinal section, Sample no 54,
668 K6 Section, SBZ3-4; 33.Sample no: 54, K6 Section, SBZ3-4. 669

34: Parahaymanella sp., oblique equatorial section, Sample no 54, K6 Section, SBZ3-4. 670

35-40: Unidentified miliolids, 35.Sample no 54, K6 Section, SBZ3-4; 36.Sample no 66, K6 Section, SBZ3-4;
671 37-38. Sample no 55, K6 Section, SBZ3-4; 39-40. Sample no 93, K9 Section, SBZ?
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Plate 111
1-4: Unidentified miliolids, 1-2.Sample no 93, K9 Section, SBZ?; 3-4.Sample no 95, K9 Section, SBZ?
5-6: Ankaraella minima, subvertical section, Sample no 55, K6 Section, SBZ3-4.
7-8: Kayseriella decastroi,subvertical section, Sample no 55, K6 Section, SBZ3-4.
9: Spiroloculina sp., subvertical section, Sample no 94, K9 Section, SBZ?
10: Unidentified miliolid, Sample no 2, K1 Section, SBZ5-7

11-13: Spiroloculina sp., subvertical section, 11.Sample no 2, K1 Section, SBZ5-7; 12.Sample no 116, K10
Section, SBZ7-8; 13.Sample no 117, K10 Section, SBZ7-8.

14-15: Unidentified miliolids, 14.Sample no 101, K9 Section, SBZ?; 15.Sample no 116, K10 Section, SBZ7-8.
16: Parahaymanella sp., subequatorial section, Sample no 59, K6 Section, SBZ3-4.

17: Parahaymanella bozkurti, subequatorial section, Sample no 55, K6 Section, SBZ3-4.

18: Unidentified miliolid, Sample no 105, K9 Section, SBZ?.

19-20: Parahaymanella? sp., subequatorial section (?), 19-20. Sample no 55, K6 Section, SBZ3-4.

21: Parahaymanella bozkurti, subequatorial section, Sample no 55, K6 Section, SBZ3-4.

22: Parahaymanella sp., subequatorial section, Sample no 55, K6 Section, SBZ3-4.

23-26: Unidentified miliolids (?), 23. Sample no 102; 24-25.Sample no 56, K6 Section, SBZ3-4; 26. Sample no
47, K5 Section, SBZ?.

27:Parahaymanella sp., subequatorial section, Sample no 55, K6 Section, SBZ3-4.
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Plate 1V
1: Alveolina cf. dolioliformis, axial section, Sample no 51, K5 Section, SBZ7-8.
2: Alveolina cf. corbarica, uncentered axial section, Sample no 49, K5 Section, SBZ7-8.

3-4: Alveolina corbarica, axial sections, 3.Sample no 52, K5 Section, SBZ7-8; 4. Sample no 116, K10 Section,
SBZ7-8

5: Alveolina cf. levantina, oblique axial section, Sample no 13, K2 Section, SBZ12.

6-7: Alveolina sp., 6. oblique axial section, Sample no 51, K5 Section, SBZ7-8; 7.tangential section, Sample no
116, K10 Section, SBZ7-8.

8: Alveolina barattoloi, slightly oblique axial section, Sample no 72, K7 Section, SBZ10-11.
9: Alveolina cf. acari, Sample no 37, K4 Section, SBZ7

10: Alveolina sp., tangential section, Sample no 52, K5 Section, SBZ7-8.

11: Alveolina levantina, axial section, Sample no 13, K12 Section, SBZ12.

12: Alveolina erki, axial section, Sample no 52, K5 Section, SBZ7-8.

13: Alveolina violae, Sample no 19, K2 Section, SBZ12.
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Plate V
1-2: Alveolina sp., oblique axial sections,Sample no 13, K2 Section, SBZ12.
3: Alveolina sp., oblique equatorial section; Sample no 56, K6 Section, SBZ3-4.
4: Alveolina cf. laxa, axial section with a broken juvenile stage, Sample no 37, K4 Section, SBZ7.

5-10: Alveolina sp., 5, 7. oblique equatorial sections, Sample no 117, K10 Section, SBZ7-8; 6.subequatorial
section, Sample no 49, K5 Section, SBZ7-8; 8. subequatorial section, Sample no 117, K10 Section, SBZ7-8;

9. oblique axial section, Sample no 56, K6 Section, SBZ3-4; 10.subaxialsection, Sample no 64, K6 Section,
SBZ3-4.

11: Alveolina aff. avsari, slightly oblique axial section, Sample no 72, K7 Section, SBZ10-11.

12-17: Alveolina sp. 12. oblique equatorial section, Sample no 105, K9 Section, SBZ?; 13. nearly equatorial
section, Sample no 35, K4 Section, SBZ?; 14-15. axial sections, Sample no 98, K9 Section, SBZ?, 16. equatorial
section,Sample no 100, K9 Section, SBZ?, 17. oblique section, Sample no 104, K9 Section, SBZ?.

18-20: Alveoliniids?, 18.Sample no 98, K9 Section, SBZ?; 19.Sample no 100, K9 Section, SBZ?; 20. Sample no
102, K9 Section, SBZ?
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Plate VI

1-5. Valvulineria orali, equatorial sections or nearly equatorial sections, 1.Sample no 3, K1 Section, SBZ5-7; 2.
Sample no 7, K1 Section, SBZ5-7; 3.Sample no 12, K1 Section, SBZ5-7; 4.Sample no 105, K9 Section, SBZ?;
5.Sample no 109, K9 Section, SBZ?

6: Gyroidinella sp.Sample no 28, K3 Section, SBZ5-8

7-10, 12-16: ?Valvulineria sp. axial or oblique sections, 7.Sample no 7, K1 Section, SBZ5-7; 8-9.Sample no
11, K1 Section, SBZ5-7; 10.Sample no 10, K1 Section, SBZ5-7; 12, 14, 15.Sample no 109; K9 Section, SBZ?,
13.Sample no 50, K2 Section, SBZ12; 16.Sample no 3, K1 Section, SBZ5-7.

11: Rotaliid form, Sample no. 10, K1 Section, SBZ5-7.

17-22: Unidentified mississippinids, subaxial sections, 17.Sample no 3, K1 Section, SBZ5-7; 18, 21. Sample
no 109, K9 Section, SBZ?; 19.Sample no 107, K9 Section, SBZ?, 20.Sample no 48, K5 Section, SBZ7-8, 22.
Sample no 109, K9 section.

23: Orbitolites sp.subaxial section,Sample no 13, K2 Section, SBZ12.
24-25: Opertorbitolites sp., oblique axial section of a broken specimen, 24.Sample no 100, K9 Section, SBZ?;
25.Sample no 117, K10 Section, SBZ7-8.

26-28: Orbitolites sp., subaxial section, 26-27.Sample no 13, K2 Section, SBZ12; 28.Sample no. 101, K9
Section, SBZ?
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Plate VII
1: Rotaliid, subaxial section, Sample no 3, K1 Section, SBZ5-7.

2-3: Pseudokathina selveri, axial sections, 2.Sample no 10,K1 Section, SBZ5-7; 3.Sample no 107; K10 Section,
SBZ7-8

4: Rotaliid, Sample no 64, K6 Section, SBZ3-4.

5: Nummulites sp., axial section, Sample no 16, K2 Section, SBZ12

6, 8: Rotalia trochidiformis, subvertical sections, 6, 8.Sample no 10, K1 Section, SBZ5-7.
7: Rotalia sp., subvertical section, Sample no 8, K1 Section, SBZ5-7.

9: Thalmannita? sp., axial section, Sample no 10, K1 Section, SBZ5-7.

10: Lockhartia haimei, vertical section Sample no 8, K1 Section, SBZ5-7.

11: Lockhartia cf. conditi, subvertical section, Sample no 11, K1 Section, SBZ5-7.

12: Lockhartia sp., subvertical section, Sample no 98, K9 Section, SBZ?

13-17: Unidentified rotaliids, subvertical sections, 13. Sample no 73,K8 Section, E7-E10; 14. Sample no 12, K1
Section, SBZ5-7; 15. Sample no 104, K9 Section, SBZ?; 16. Sample no 4, K1 Section, SBZ5-7; 17. Sample no
8, K1 Section, SBZ5-7.

18: Unidentified miscellanid, oblique section, Sample no 1, K1 Section, SBZ5-7
19: Unidentified rotaliid, Sample no 11, K1 Section, SBZ5-7.

20: Soriella? sp., vertical section, Sample no 5,K1 Section, SBZ5-7

21: Elazigina? sp., Sample no 23, K3 Section, SBZ5-8

22-25: Unidentified rotaliids, vertical section, 22. Sample no 3,K1 Section, SBZ5-7; 23. Sample no 7, K1
Section, SBZ5-7; 24. Sample no 6, K1 Section, SBZ5-7; 25. Sample no 10, K1 Section, SBZ5-7.

26: Gyroidinella sp., equatorial section, Sample no 72, K7 Section, SBZ10-11.

27-29: ?Unidentified rotaliids, 27. Sample no 48, K5 Section, SBZ7-8; 28. Sample no 10, K1 Section, SBZ5-7;
29. Sample no 12, K1 Section, SBZ5-7.

30-31: Nodosariids, vertical sections, 30-31.Sample no 8, K1 Section, SBZ5-7.
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Plate V111

1-6: Discocyclina sp., axial or subaxial sections, 1, 3. Sample no 74, K8 Section, SBZ?; 2, 4, 6. Sample no 73,
K8 Section, SBZ?; 5.Sample no 11, K1 Section, SBZ5-7.

7-9: Nummulites sp., axial sections, 7. Sample no 52, K5 Section, SBZ7-8; 8. Sample no 4, K1 Section, SBZ5-7;
9. Sample no 64, K6 Section, SBZ3-4.
10: Asterigerina ? sp., equatorialsection, Sample no 52, K5 Section, SBZ7-8.

11-13, 15: Nummulites sp., axial sections, 11-12. Sample no 13, K2 Section, SBZ12; 13. Sample no 15, K2
Section, SBZ12; 15. Sample no 74, K8 Section, SBZ?

14: Heterostegina ?, subaxial section, Sample no 74, K8 Section, SBZ?
16: Nummulitidae gen. indet., Sample no 73, K8 Section, SBZ?

17: Ranikothalia sp., subaxial sections, Sample no 73, K8 Section, SBZ?
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Plate I1X

1, 3, 5: Globigerinatheka sp., 1. Sample no K83; K8 Section, E7-E10; 3, 5. Sample no K81, K8 Section, E7-E10.
2, 10: Globigerinatheka index, 2. Sample no K82, K8 Section, E7-E10; 10. Sample no K81, K8 Section, E7-E10.

4, 6: Globigerinatheka mexicana, 4. Sample no K83, K8 Section, E7-E10; 6. Sample no K81, K8 Section,
E7-E10.

7, 8: Guembelitrioides nuttalli, Sample no K81, K8 Section, E7-E10.

9: Globigerinatheka kugleri, Sample no K83, K8 Section, E7-E10.

11: Subbotina crociapertura, Sample no K82, K8 Section, E7-E10.

12, 13: Pseudohastigerina micra, Sample no K81, K8 Section, E7-E10.

14-15: Acarinina bullbrooki, 14. Sample no K83, K8 Section, E7-E10; 15. Sample no K82, K8 Section, E7-E10.
16: Globigerinatheka subconglobata, K82, K8 Section, E7-E10.

17: Turborotalia pomeroli, K82, K8 Section, E7-E10.

18: Subbotina eocaena, Sample no K82, K8 Section, E7-E10.

19-21: Acarinina bullbrooki, 19. Sample no K75, K8 Section, E7-E10; 20. Sample no K83, K8 Section, E7-E10;
21. Sample no K80, K8 Section, E7-E10.

22: Acarinina primitiva, Sample no K78, K8 Section, E7-E10.
23: Turborotalia frontosa, Sample no K82, K8 Section, E7-E10.
24: Turborotalia possagnoensis, Sample no K83, K8 Section, E7-E10.

25-27: Acarinina praetopilensis, 25.Sample no K81, K8 Section, E7-E10; 26.Sample no K77, K8 Section,
E7-E10; 27.Sample no K80, K8 Section, E7-E10.

28, 29: Globanomaina australiformis, Sample no K81, K8 Section, E7-E10.
30: Morozovelloides crassatatus, Sample no K83, K8 Section, E7-E10.

31: Acarinina praetopilensis, Sample no K79, K8 Section, E7-E10.

32-33: Acarinina puntocarinata, 32.Sample no K82; 33. Sample no K83;
34-36: Morozoveloides bandyi, Sample no K82, K8 Section, E7-E10.

37: Acarinina sp., Sample no K81, K8 Section, E7-E10.

38: Subbotina linaperta, Sample no K77, K8 Section, E7-E10.

39-41: Acarinina boudreauxi, 39. Sample no K81, K8 Section, E7-E10; 40. Sample no K76, K8 Section, E7-
E10; 41. Sample no K82, K8 Section, E7-E10.

42-43: Acarinina pseudosubsphaerica, 42. Sample no K81, K8 Section, E7-E10; 43. Sample no K80, K8
Section, E7-E10.

44: Parasubbotina sp., Sample no K81, K8 Section, E7-E10.

45-46: Acarinina pseudosubsphaerica, 45. Sample no K81, K8 Section, E7-E10; 46.Sample no K82, K8 Section,
E7-E10, K8 Section, E7-E10.

47-48: Pearsonites broedermanni, 47.Sample no K75, K8 Section, E7-E10; 48.Sample no K83, K8 Section,
E7-E10.

49-50: Planorotalites capdevilensis, Sample no K81, K8 Section, E7-E10.
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Plate X

Thin section views of described microfacies, mi. smaller miliolid, al. alveolinid, t. textulariid, n. nummulitids,
r. rotaliid, pl. planktonic foraminifera, s. sparite, m. micrite, i. intraclast, q. quartze.

1-2: MF1. Smaller miliolid-dominated packstone-grainstone sub-facies, sample no.1 and 54.
3: MF2. Miliolid-textulariid dominated packstone sub-facies, sample no. 114

4: MF3. Alveolinid and other smaller miliolid-dominated packstone sub-facies, sample no. 117
5: MF4. Alveolinid-dominated packstone sub-facies,sample no. 47

6: MF5. Wackestone-packstone sub-facies containing less textulariid, sample no. 44

7: MF6. Alveolinid and nummulitid-dominated wackestone-packstone sub-facies, sample no. 49
8: MF7. Less rotaliid bearing silty mudstone sub-facies,sample no. 6

9: MFS8. Rotaliid-dominated wackestone-packstone sub-facies, sample no.14

10: MF9. Packstone containing nummulitid form,sample no. 73

11: MF10. Less planktonic foraminiferous mudstone sub-facies,sample no. 56

12: MF11. Wackestone sub-facies with rich planktonic foraminifera,sample no. 81

13-14: MF1,sample no. 95

15: Grain supported sandstones, Sample no 110.

150



Bull. Min. Res. Exp. (2024) 173: 107-151

151







Bull. Min. Res. Exp. (2024) 173: 153-173

Bulletin of the Mineral
Research and Exploration

http://bulletin.mta.gov.tr

Active tectonics of western Kosovo: Insights from geomorphic and structural analyses

Alper GURBUZ®, Astrit SHALA>®, Shemsi MUSTAFA®® and Aytekin ERTEN?

& Nigde Omer Halisdemir University, Engineering Faculty, Department of Geological Engineering, 51240, Nigde, Tiirkiye

b University Isa Boletini Mitrovicé, Faculty of Geosciences, Department of Geology, Str.Ukshin Kovacica, 40000, Mitrovicé, Republic of

Kosovo

¢ Ministry of Economy, Seismological Network of Kosovo, Geological Survey of Kosovo, 10000, Prishtiné, Republic of Kosovo

d Nigde Omer Halisdemir University, Science Institude, Department of Geological Engineering, 51240, Nigde, Tiirkiye

Research Article

Keywords:

Neotectonics, Extensional
Tectonics, Shkodér-Pejé
Fault Zone, Balkans,
Southeast Europe.

Received Date: 28.09.2022
Accepted Date: 10.10.2022

ABSTRACT

Kosovo is located in a key position in the central-west part of the Balkans, providing an opportunity
to understand the far-field effects of distributed intracontinental deformation caused by the Aegean
extension in the south and Adriatic compression in the west. It is also situated along the NE-SW
trending Shkodér-Pejé transverse zone, where the Dinarides and Albanides-Hellenides orogenic
belts are juxtaposed. While the instrumental seismicity of Kosovo indicates the activity of this fault
zone and many others, the active faults in the country were not discussed in detail in the current
literature. In this study, we analyzed both the geomorphic and structural features of major mountain
front faults in western Kosovo (i.e., Pejé, Istog, Krojmir, and Prizren faults) to reveal the relative
assessment of their activities and kinematic characters. Geomorphic and morphometric analyses of
all four different mountain fronts studied indicated high activity and tectonic uplift rates of over 0.5
mm/a. On the other hand, according to the collected kinematic data from the observed fault planes,
the studied faults are mainly of normal character, representing a dominance of NW-SE-directed
extension in western Kosovo, which is most probably caused by the rollback of the subducting slab
in the Hellenic trench.

1. Introduction

Subduction of the African Plate beneath the

800 km long region between the Hellenic trench
and the central Balkan Peninsula represents one
of the largest intracontinental extensional domains

Anatolian Plate along the Hellenic trench causes a
widespread extension that is not limited to the Aegean
Sea and affects a large region reaching the central
Balkans in the north (Figure 1; e.g., Burchfiel et al.,
2006, 2008; Kotzev et al., 2006; Métois et al., 2015).
As clearly known, the southern Aegean Sea represents
the most rapidly extending region in the world with a
rate of 3.5 cm/a (e.g., Taymaz et al., 1990; Reilinger et
al., 1997, 2006; McClusky et al., 2000; Le Pichon and
Kreemer, 2010). On the other hand, the approximately

in the world (D’Agostino et al., 2020). In addition
to the major role of this extension, the western part
of the Balkan Peninsula is also under the effect of
compression, which is related to the slow collision
between the Adriatic and the Eurasian plates along
the Dinarides-Albanides-Hellenides (e.g., Baker et
al., 1997; Louvari et al., 2001; Faccenna et al., 2003;
Hollenstein et al., 2008; Jouanne et al., 2012; Métois
et al., 2015; D’Agostino et al., 2020, 2022). Kosovo
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is situated in a key position in the central-west part
of the Balkan Peninsula representing the northern part
under the influence of the Aegean extensional domain
(Figure 1), and provides an opportunity to understand
the far-field effects of distributed intracontinental
deformation.

The above-mentioned recent framework of the
Balkans is based mostly on the geodetic measurements
and seismicity recorded in the last decades. However,
the geological evolution of the region includes more
on geodynamic context effective on today’s activity.
Kosovo is located where the Dinarides and Albanides-
Hellenides orogenic belts are juxtaposed along the

NE-SW trending Shkodér-Pejé transverse zone (e.g.,
Aliaj, 1988; Papa et al., 1991; Mugo, 1998; Handy
et al., 2019). This structure is known since Aubouin
et al., 1970 (i.e., Tranversale de Scutari-Pec) as one
of the most important structural elements in the
Balkan Peninsula since the Mesozoic. Geological data
indicate a right-lateral offset of ophiolitic units along
the Shkodér-Pejé transverse zone (Handy et al., 2019).
In addition, palaeomagnetic studies demonstrate that
this zone represents a separation line in the clockwise
rotation of the Albanides-Hellenides at least since the
early Neogene with respect to the Dinarides (Figure 1;
e.g., Kissel and Laj, 1988; Kissel etal., 1995; Speranza
et al., 1995; van Hinsbergen et al., 2005; Bradley et

Figure 1- Location map of Kosovo within the active tectonic framework of the Balkan and the Aegean regions showing GPS
velocity field with respect to Eurasia (modified from D’ Agostino et al., 2020), and the palacomagnetic declinations for
different aged rocks around the Shkodér-Pejé fault zone (SPFZ) relative to African plate (compiled from Kissel et al.,
1995 and Speranza et al., 1995 after D’ Agostino et al., 2020). NAFZ — North Anatolian fault zone, KFZ - Kephalonia
fault zone. For elevation scale of Kosovo please see Figure 3a.
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al., 2013). Today, geomorphology, kinematic data,
and seismic activity in the region represent that this
structure is overprinted by a normal fault zone called
the Shkodér-Pejé fault zone (e.g., Mucgo, 1998; Handy
et al., 2015, 2019; Schmitz et al., 2020).

Kosovo includes the eastern part of the Shkodér-
Pejé fault zone in its western part (Figure 1). Although
the seismicity of the country in the instrumental period
indicates the activity of this fault zone and many others
(Figure 2a), the active faults in the region were not
discussed well in the current literature. In our study, we
analysed the geomorphic features of the western part
of Kosovo to reveal the relative assessment of major
mountain front faults, which are referred to according
to the important settlements along the mountain fronts
(i.e., Pejé, Istog, Krojmir, and Prizen faults). Because
of their bordering position on some major cities of the
country, such an approach is also very important in the
first step to understanding their seismic risk potential
for those cities (i.e., Prizren, Pejé).

2. Geographic and Geological Settings

Kosovo is situated on the central-west Balkan
Peninsula at an average altitude of 800 m (Figure 1).
Geographically, it is generally addressed within two

regions; the eastern part represents a plateau known
as the Kosovo Basin, and the western part includes
the lowest point (296 m asl), which is bordered by
higher mountains with the highest point of the country
(2647 m asl), known as Dukagjini Basin (Figure 3a).
Eastern Kosovo includes three major drainage basins
that flow towards different directions; the Ibér and
Morava rivers flow north- and north-eastward into
the Danube River towards the Black Sea, and the
Lepenci River flows into the Vardar River towards
the Aegean Sea in the south (Figure 3b). Almost all of
western Kosovo is drained by the Drini i Bardhé River
flowing into the Adriatic Sea to the west. While the
climate is predominantly continental with cold winters
and warm summers, the eastern and western regions
represent some differences because of topographic
characteristics. Eastern Kosovo represents a more
continental climate with a precipitation ratio of 600
mm/a, whereas western Kosovo is influenced by the
air masses crossing the Adriatic Sea resulting in higher
precipitation ratios (e.g., Elezaj and Kodra, 2007).

Geologically, Kosovo is positioned where the
Dinarides, Albanides-Hellenides, and Carpatho-
Balkan units juxtaposed (e.g., Elezaj, 2009) (Figure
1). Thus, there are various sedimentary, magmatic,

Figure 2- a) Seismicity of Kosovo between 1900-2020 from the USGS earthquake catalogue and b) GPS velocity field with respect to
Eurasia from D’Agostino et al. (2020). Darker colour shade is for Kosovo from the topography digitized from 1:25.000 scaled
maps in our study, and lighter shade is for the surrounding topography from SRTM.
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Figure 3- a) Physiographic image of Kosovo as digitized from 1:25.000 scaled topographic maps showing major ranges and basins,
b) slope map of Kosovo and major drainage systems with their flowing directions, c) geological age map of Kosovo and
the studied mountain front faults in our study (red lines; f — fault), d) lithology map of Kosovo. Both the age and lithology
maps (c and d) are derived from KPMM (2006) which is based on Osnovna Geolosko Karta SFRJ 1:100,000 — Geoloski

Institut, Beograd (1970-1984).

and metamorphic formations ranging from Pre-
Cambrian to Quaternary complicated with folded and
faulted architectures (Figures 3c and 3d). The oldest
geologic units are mostly exposed to the mountainous
regions surrounding the Kosovo and Dukagjini basins.
While the Pre-Cambrian metamorphic rocks outcrop
in the easternmost part of Kosovo, the Palaeozoic
metamorphic and magmatic rocks are distributed
whole of the country, but majorly exposed in the
south, at the Sharr Mountains. On the other hand,
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the Mesozoic units are represented by a variety of
lithology including ophiolitic melange, metamorphic,
magmatic, and sedimentary rocks (mostly carbonates),
and distributed widely in the country. The Neogene
units consist of sedimentary and volcanic rocks that are
particularly important in the geological evolution of
Kosovo, because of their spatial distributions covering
most of the Kosovo and Dukagjini basins, which are
majorly delimited by the neotectonic structures (e.g.,
Elezaj, 2009, 2012). The Quaternary units are also
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very important because of their positions controlled
by recent drainage patterns and mainly by mountain
front faults, which are the focus point of our study.

3. Methods

3.1. Geomorphic Analyses

In this study, we constructed a digital elevation
model (DEM) of Kosovo with 10 m resolution by
digitizing 1:25000 scale topographic maps. To quantify
the geomorphic responses to active tectonics we used
indices including mountain front sinuosity (Sm/), basin
shape ratio (B,), asymmetry factor (A), valley floor
width-to-height (Vf), hypsometric curve and integral
(H1I), and normalized steepness index (k). To select
the ideal mountain fronts and related uplifted areas for
analyses, we derived Red Relief Image Map of Kosovo
providing detailed terrain surface information from our
10 m resolution DEM. After selecting four mountain
fronts that correspond to neotectonic structures
referred to as Pejé, Istog, Krojmir, and Prizren faults,
we analysed 40 drainage basins on the mountains and
ridges related to the mentioned mountain fronts and
calculated the relative tectonic activity classes of each
mountain front fault geomorphometrically. Lastly, we
visited these locations to make field observations for
interpreting our morphometric results reliable.

3.1.1. Red Relief Image Map

Red relief image map (RRIM) build by the
derivation of negative openness, positive openness,
and slope images obtained from the DEM, and is very
useful in active tectonics (e.g., Yao et al., 2019). While
negative openness represents concavity of the terrain
surface by highlighting depressions, positive openness
represents convexity by highlighting ridges and crests
(e.g., Yokoyama et al., 2002; Ulusoy et al., 2020).
Chiba et al. (2008) suggested a parameter based on

1=(0,-0)I2 1)

where 0, is positive and O, is negative openness that
eliminates incident light direction dependency and
expresses both concavity and convexity. RRIM is
based on this parameter shown in a greyscale overlain
by a red colour-scale slope image (Chiba et al., 2008;
Figure 4).

3.1.2. Mountain Front Sinuosity

The mountain front sinuosity index (Smf), which
reflects the balance between tectonic activity and
erosion affecting a mountain front, is defined as

s, =L,/ @)

mf " s

where L., is the length of the mountain-piedmont
junction and L_ is the straight-line length of the
mountain front (Bull and McFadden, 1977). While
values close to 1.0 reflect less sinuous, relatively
straight mountain fronts related to high tectonic
activity, higher values represent high sinuosity related
to the dominance of erosional processes over tectonic
activity and reflect relative quiescent (e.g. Keller,
1986; Silva et al., 2003). In this study, we calculated
S, index for 4 mountain fronts.

3.1.3. Basin Shape Ratio

The drainage basin shape index (B) of streams
crossing mountain fronts reflects base-level changes
arising from relative tectonic uplift and is defined by
an elongation ratio expressed as

B.=B,/B, (3)

where B, is the length and B is the width of the basin
(Ramirez-Herrara, 1998). High values are associated
with elongated basins indicating relatively high
tectonic activity and rapidly uplifted mountain fronts,
whereas low values represent more circular basins
related to low tectonic activity (e.g. Ramirez-Herrara,
1998; ElI Hamdouni et al., 2008). This index was
calculated for the 40 drainage basins of streams on the
studied ranges in the western half of Kosovo in order
to identify the elongated basins revealing rapid uplift.

3.1.4. Asymmetry Factor

The drainage basin asymmetry factor (A/), which
evaluates the tilting of the drainage basin related to
tectonic activity, is calculated through

A= (AJA) 100 (4)

where A is the area of the basin to the right of the trunk
stream while facing downstream, and A is the total
area of the drainage basin (Hare and Gardner, 1985).
If the value is close to 50, the basin evaluated has less
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Figure 4- The Red Relief Image Map (RRIM) of Kosovo represents the geomorphic traces of studied mountain front faults and cyclographical
traces, stress orientations and striations collected from the faults (Lower hemisphere equal area projection). Yellow stars
with P — Pejé, Is — Istog, K — Krojmir and Pr — Prizren indicate measured fault plane locations.

or no tilting and is stable, whereas values far below or
far above 50 represent the drainage basin is under the
effect of tectonic tilting and/or differential erosion of
lithology and is unstable (e.g. Keller and Pinter, 2002;
El Hamdouni et al., 2008). In our study, the asymmetry
factor is calculated for 40 drainage basins on four
ridges to consider any tilting process related to active
tectonic deformation and/or lithological control.

3.1.5. Valley Floor Width-to-Height Ratio

The valley floor width-to-height ratio (V) of

streams differentiates the wide floored valleys and
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narrow floored valleys relative to their wall heights
and is computed by

V,=2V, /[(E,~E,)+ (E,~ E)] (®)

where V,, is the width of the valley floor, £ and E
are the elevations of the left and right sides of the
valley, and E_ is the elevation of the valley floor
(Bull and McFadden, 1977). While v, values lower
than 1.0 represent V-shaped valleys associated with
high incision rates, values higher than 1.0 indicate
U-shaped valleys related to high lateral erosion (Bull
and McFadden, 1977; Silva et al., 2003). The incision
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is generally related to uplift, thus the index represents
tectonic activity (EI Hamdouni et al., 2008). Because
of V, values can considerably change related to their
positions along the valley (Ramirez-Herrera, 1998),
to make meaningful comparisons among different
valleys values are often calculated at a given distance
from the stream mouth (Silva et al., 2003; Cheng et al.,
2018). In our study, positions of the 2 cross-sections
have been chosen with a distance of 1 km from each
of the 40 stream mouths.

3.1.6. Hypsometry

Hypsometry is an important approach for active
tectonics (e.g. Keller and Pinter, 2002) and is highly
sensitive to continued topographic evolution (e.g.
Harlin, 1978; Mayer, 1990). The hypsometric curves
are constructed by plotting the proportion of total
basin elevation versus the proportion of total basin
area, thus expressing the volume of a basin that has
not been eroded (e.g. EI Hamdouni et al., 2008).
The hypsometric integral (HI) index describes the
distribution of elevation of a given area of a landscape,
particularly for drainage basins, (Strahler, 1952) and is
calculated as

H[ = (Hmean_Hmin)/(Hmax_Hmin) (6)

where H__ is the mean, H__ is the maximum, and
H.,, is the minimum elevations (e.g. Pike and Wilson,
1971; Mayer, 1990; Keller and Pinter, 2002). While
high values generally indicate low eroded material
and a young landscape probably produced by active
tectonics, low values majorly represent high erosion
rates and less tectonic uplift (e.g. EI Hamdouni et al.,
2008). In our study, we computed the hypsometric
curves and integrals for 40 drainage basins to discuss
the roles of constructive tectonic and destructive

erosive forces.

3.1.7. Normalized Channel Steepness Index

The normalized channel steepness index (k) is a
convenient approach for active ranges to Figure out
a relative assessment of tectonic uplift rates (e.g.,
Wobus et al., 2006; Dibiase et al., 2010; Kirby and
Whipple, 2012). Because the channel steepness index
is sensitive to changes in uplift rates, lithology and
climate at steady-state, while the concavity of most
stream channels on mountains has uniform concavity

independent from the uplift rates (Snyder et al.,
2000; Whipple, 2004; Kirby and Whipple, 2012).
Normalization of this index is useful to compare
streams and catchments of different drainage areas
through their profile morphology (Sukhishvili et al.,
2021). Streams on both bedrock and alluvial rivers
have typically concave profiles that can be described
by an empirical power law relationship:

k,, = SA’ ()

Where S is the slope, A is the drainage area and 6 is
the channel concavity index (Flint, 1974; Sukhishvili
et al., 2021). Practically, values between 0.4 and 0.5
work well for most mountain streams as a reference
concavity (6. ) (Kirby and Whipple, 2012); thus, we
used 0.45 for 0., in this study as generally accepted
(e.g., Kirby and Whipple, 2012; Han et al., 2017;
Kothyari et al.,, 2020). We mapped & values of
the fluvial systems in western Kosovo based on
construction through the kernel density values, which
indicate how well features are clustered Figure 11(e.qg.,
Sun and Mann, 2021).

3.2. Structural Analyses

In the field, a total of 58 fault slip data were
collected and analysed, which are considered as the
younger movements for the studied mountain front
faults (12 data from 2 locations on the Pejé, 21 data
from 2 locations on the Istog, 13 data from 2 locations
on the Krojmir and 12 data from 2 locations on the
Prizren mountain fronts). We used WinTensor 5.9.2
(Delvaux and Sperner, 2003) for stress analyses.

4, Results

4.1. Pejé Fault

NNE-SSW-directed Pejé fault bounds the
Dukagjini Basin from the west with a length of ~35
km. The fault defines the front of Bjeshkét ¢ Nemuna
mountains with a sharp slope break (Figures 3b, 3c,
and 4), which consists of Palaeozoic and Mesozoic
metamorphic and Mesozoic carbonate rocks (Figures
3c and 3d), and represents an S,y value of 1.26
(Table 1). Ten drainage basins that analyzed related
to the Pejé fault have V, values in the range of 0.03
and 0.29, values of B ranging from 1.55 to 5.29,
A, values between 29.66 and 76.33, and HI values
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ranging from 0.41 to 0.58 (Figure 5; Table 1). The
hypsometric curves represent a majorly mature to a
bit young stage, approximately from south to north
(Figure 11). The k_ analyses of the streams on the
Bjeshkét e Nemuna Mountains represent high values,
particularly in the northern part where the lithology
is mainly represented by carbonate sedimentary rocks
(Figure 6). The geomorphology of this mountain front
actually supports these morphometric results with
clear geomorphic proofs of activity such as trapezoidal
to triangular facets and well-developed piedmont
and alluvial fan deposits (Figure 7). According to

the kinematic data collected from the field in two
locations, the eastward dipping normal fault indicates
WNW-ESE-directed extension (Figures 4 and 7; Table
2). While we could not observe a direct contact of the
fault plane with Quaternary deposits, the strikes of the
fault planes are compatible with the ~ N-S orientation
of the fault (Figure 4).

4.2. Istog Fault

The E-W trending and southward dipping Istog
fault bounds the Mokna Mountains from the south
along a ~25 km long front that corresponds to the

Figure 5- a) Index map for the locations of calculated SV, and other indices for the drainage basins (Db — drainage basin),
b) B, c) A, and d) HI values calculated for these drainage basins along the studied parts of the mountain front faults.
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Table 1- Results of the morphometric indices used for the studied four mountain front faults in western Kosovo.

Mour}?ula front 5. Dralnerlg? basin v, B, A HI
1 0.05 1.61 29.66 041

2 0.29 221 75.35 0.47

3 0.12 5.29 68.09 0.45

4 0.06 2.57 68.78 0.56

Pejé 126 5 0.1 214 55.62 0.42
6 01 3.73 47.58 0.55

7 0.06 1.55 38.38 0.58

8 0.03 23 55.89 0.54

9 0.03 2.27 41.38 0.55

10 0.05 2.14 76.33 0.54

11 0.1 2.29 65.53 0.53

12 0.14 3.87 57.86 0.51

13 0.15 4.1 37.51 0.66

14 0.13 5.31 52.72 0.63

15 0.08 2.93 58.73 0.72

16 0.08 2.95 53.06 0.65

17 0.17 4.79 41.22 0.65

Istog 1.06 18 0.39 297 53.14 0.73
19 0.1 4.84 40.26 0.66

20 0.05 4.27 46.23 0.74

21 0.15 4.83 48.25 0.55

22 0.25 3.08 47.19 0.6

23 0.09 2.86 62.93 0.56

24 0.15 4.13 46.83 0.36

25 0.31 4.96 4752 0.46

26 0.22 2.72 344 0.5

27 0.16 214 36.47 0.58

28 0.17 2.64 40.53 0.6

Krojmir 111 29 0.09 3.2 42.92 0.61
30 0.16 4.16 49.15 0.61

31 0.13 2.64 47.62 0.59

32 0.08 2.09 46.63 0.59

33 0.17 1.9 63.06 0.47

34 0.18 1.58 33.77 0.52

35 0.16 2.24 49.52 0.51

Prigren 128 36 0.15 2.03 30.1 0.44
37 0.12 2.19 56.76 0.52

38 0.12 2.23 40.13 0.47

39 0.14 14 26.03 0.42

40 0.29 1.55 40.12 0.45
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Figure 6- The £ map of western Kosovo constructed through the
kernel density values.

northern margin of the Dukagjini Basin (Figures 3b,
3c, and 4). Except for a little area of metamorphic
and magmatic rocks to the easternmost part of the
mountain, the main lithology cut by the Istog fault is
Mesozoic carbonate rocks (Figures 3c and 3d). The
mountain front has a S value of 1.06, which is the
lowest S,y value among the studied four mountain
fronts (Table 1). Among the studied mountain front
faults, the Istog fault was studied through the highest
number of drainage basins. Fifteen drainage basins
have the 7 values in the range of 0.05 and 0.39,
values of B ranging from 2.29 to 5.31, A, values

between 37.51 and 65.53, and hypsometric integral
values ranging from 0.36 to 0.74 (Figure 5; Table 1).
Almost whole of the drainage basins on the Mokna
Mountains represents the youthful stage according
to hypsometric curves (Figure 11). According to
the k_, analyses, while the values decrease towards
the east along the mountains, this region represents
the highest & values in western Kosovo (Figure 6).
In addition to these, morphometric proofs of high
activity level, geomorphic observations of a steep
scarp with trapezoidal and triangular facets, deeply
incised valleys, and aligned water springs along the
Istog fault also indicate the rapid uplift/high activity
(Figure 8). In the field, we measured fault slip data
at two locations on the eastern and western parts of
the Istog fault (Table 2). Our data represent normal
faulting developed as a result of NW-SE-directed
extension in the region (Figure 4). Particularly to the
western part of the fault, the brecciated fault plane
with contact in Quaternary deposits including normal
drag fold represents the fault character and its activity
in the Quaternary period (Figure 8).

4.3. Krojmir Fault

NW-SE trending and eastward dipping Krojmir
fault delimits the Carralevé Mountains from the
east with a steep slope, which is located in central
Kosovo, that separates the Dukagjini basin from the
Kosovo basin (Figures 3b, 3c and 4). Among the
heights delimited by the studied faults, the Carralevé
Mountains represent the lowest topography with
a maximum height of 1177 m. The main lithology

Table 2- Fault slip data measured along the studied mountain fronts in western Kosovo (61, 62 and ¢3: Trend and plunge of principal stress

axes; R: Stress ratio).

Mountain Coordinate
front fault | Location North East ol (7] o3 R N Age/Lithology
P1 42042°19” | 20°17°28” | 037/67 253/19 159/13 0.49 4 Mesozoic / limestone
Peie p2 42033°22” | 20°16°15” | 018/72 198/18 288/00 0.38 8 Mesozoic / metaclastics
Is1 420477417 | 20°31°49” | 068/53 278/33 178/14 0.5 5 Mesozoic / metacarbonates
15199 Is2 420467 42" | 200247 15" | 341/59 217/18 1823 | 053 | 16 | Mesozoic/ limestone and
volcanosedimentary
o K1 42°34°8” | 20°52’16” 293/40 155/42 043/23 0.5 8 Mesozoic / serpentinite
rroimir K2 42°30°5” | 20°54’ 58" 267/80 136/06 046/07 0.49 5 Mesozoic / serpentinite
. Pr1 42°16°34” | 20°51’58” 201/76 026/14 296/01 0.57 7 Mesozoic/ limestone
Prizren Pr2 42°16” 417 | 20°48’49” 144/69 030/09 297/18 0.5 5 Mesozoic / peridotite
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Figure 7- Field photos from the Pejé mountain front fault; a) slope break on the topography to the south of Pejé. b) triangular facets to the
southwest of Degan, c), d) and e) fault plane and kinematic indicators observed in P1 (please see Figure 4 for the location). In (e) the
right-lateral slip represents older movement and it is overprinted by normal slip with left-lateral component representing the younger

movement on the fault plane.

includes Palaeozoic metamorphic rocks and Mesozoic
volcanoclastic rocks, serpantinites, carbonate, and
clastic sedimentary rocks (Figures 3c and 3d) The
Krojmir fault extends more than 30 km; however,
actually, the slope break delimiting the studied part
of the mountainous topography corresponds to a
length of ~15 km. The mountain front created by the
Krojmir fault has a S,s value of 1.11, which is the

second lowest value after the Istog fault (Table 1).
Only seven drainage basins corresponding to the
southern half of the studied mountain front were
analysed morphometrically. The V,  values range
from 0.08 and 0.22, B, values are between 2.09 and
4.16, A, values range between 34.40 and 49.15, and
HI values range from 0.5 to 0.61 (Figure 5; Table 1).
Hypsometric curves of the drainage basins on the
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Figure 8- Field photos from the Istog mountain front fault; a) slope break on the topography, b) faulted topography and deeply incised valley
representing rapid tectonic uplift, c) Istog water spring is one of the most important water sources of Kosovo, which is positioned on
the Istog fault, d) fault plane observed in Is2 (please see Figure 4 for the location). Please note the normal drag fold (hanging-wall
syncline) in Quaternary deposits associated with friction during the uplift of the footwall.
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Carralevé Mountains dominantly represent a young
stage (Figure 11). However, the streams on this part
of the mountains have the lowest k_ values among
the studied ranges, because of the low strength of
clastic rocks. On the other hand, geomorphological
field observations along the fault support the general
geomorphometric results indicating its activity with
well-developed triangular facets along a straight
line (Figure 9). Among all the mountain front faults
studied in this study, with respect to its clear imprint
on the topography, finding a reliable young fault plane
is hard along the Krojmir fault because of highly
deformed older lithological units. However, on the
northern and southern parts of the fault, the kinematic
data collected from two locations on serpentinites
indicate both oblique-slip and normal faulting with
NE-SW directed extension (Figures 4 and 9; Table 2).

4.4. Prizren Fault

NE-SW trending and NW-wards dipping Prizren
fault bounds the Dukagjini Basin from the south

with a ~30 km length (Figures 3b, 3c, and 4). This
line also coincides with the northern front of the
Sharr Mountains, which is one of the major ranges
in the region with a maximum height of 2651 m
(Figures 3a and 4). The Sharr Mountains consist
of a variety of lithology among the other studied
mountains including Palaeozoic metamorphic rocks
and Mesozoic magmatic, metamorphic, ophiolitic
melange, and carbonate rocks (Figures 3c and 3d).
S, value for the Sharr Mountains along the Prizren
fault is 1.28, which is the lowest among the studied
faults (Table 1). Geomorphometric indices applied
for eight drainage basins on the range represent v,
values ranging from 0.12 to 0.29, Bs values between
1.4 and 2.24, Af values ranging from 26.3 to 63.06,
and hypsometric integral values between 0.42 and
0.52 (Figure 5; Table 1). Hypsometric curves of the
drainage basins flowing towards the Dukagjini Basin
on the Sharr Mountains majorly represent the mature
stage (Figure 11). The streams represent the second
lowest &, values among the studied ranges. Triangular

Figure 9- Field photos from the Krojmir mountain front fault; a) slope break on the topography, b), c) triangular facets. Fault planes in d) K1
and e) K2 locations to the north and south of the mountain front fault, respectively. Please see Figure 4 for the locations.
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facets and alluvial fans are aligned along the Prizren
fault (Figure 10). In the field, we observed a normal
fault plane coincides with the topographic trace of
the Prizren fault towards east (Figures 10c and 10d).
Kinematic data on the fault plane represent NW-SE-
directed extension (Prl; Figure 4, Table 2).

5. Discussion

5.1. Assessment of Relative Activity and Implications
on the Seismicity of Western Kosovo

Tectonic activity classification based on the
correlation of S and v, indices is helpful to evaluate

the relative activity of mountain front faults (e.g., Bull
and McFadden, 1977; Rockwell et al., 1985; Silva et
al., 2003). According to our results, all of the studied
faults are within Class 1 representing high activity,
which also indicates uplift rates of >0.5 mm/a (Figure
12). These results are also coherent with the results of
individual other indices, such as with B_and HI (Table
1; Figure 5d), pointing out the higher activities of the
Istog and Krojmir faults. These are followed by the
activity levels of Pejé and Prizren faults, respectively.
According to the A, values, the Istog and Krojmir
faults represent the more neutral character, while the
drainage basins along the Pejé and Prizren mountain

Figure 10- Field photos from the Prizren mountain front fault; a) triangular facets, b) slope break on the topography. c, d) Observed normal

fault plane in Prl. Please see Figure 4 for the location.
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Figure 11- Hypsometric curves of the drainage basins on the studied mountain front faults.

front faults have prominent asymmetries, most
probably because of weaker lithological features on
the last two mountain fronts consisting of ophiolitic
melange and metamorphic rocks. On the other hand,
the k_ values represent the higher activity along the
Pejé and Istog normal faults clearly than the Prizren
and Krojmir faults. D’ Agostini et al. (2022) suggested
that the Istog fault has no significant evidence of recent
activity, and the Pejé fault is more active than the
Istog based on their observations. However, according
to our aforementioned geomorphometric results,
the Istog fault represents higher activity. Among the
studied mountain front faults, while all of them have
direct contact majorly with the Quaternary deposits
(Figure 3c) showing their probable activities in this
period, observed normal drag fold within the colluvial
deposits on the Istog fault represents the effect of
normal faulting on the Quaternary units (Figure 8d).
Evaluating their geomorphic, morphometric and

structural features together, the studied Pejé, Istog,
Krojmir, and Prizren normal faults are active faults
that can create earthquakes with magnitudes 6.4 to
6.8, according to the empirical relationship of Wells
and Coppersmith (1994), if they ruptured along their
mountain front total lengths.

Today, Kosovo exhibits moderate seismicity
(Sulstarova and Aliaj, 2001; Elezaj, 2002; Muco et al.,
2012). However, there are important historical records
in the country (Mustafa et al., 2020). Among them,
there are two historical earthquakes corresponding to
the studied faults in our study with magnitudes 6.6
(1456 earthquake) at Prizren and 6.0 (1662 earthquake)
at Pejé (Oranaetal., 1985; Muco et al., 2012; Mustafa,
2016). On the other hand, whereas some important
earthquakes recorded in the instrumental period with a
magnitude over 5 within the boundaries of the country
(24/4/2002 earthquake at Gjilan, SE of Kosovo),
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Figure 12- Inferred activity classes of the studied mountain front faults in western Kosovo based
on the plot of S, VsV, after Bull and McFadden (1977), and inferred uplift rates (U)

after Rockwell et al. (1985).

among the studied faults, the Istog and Krojmir
faults have records reaching over the magnitude 4.5
(Figure 2a). Both the historical and instrumental
seismicity recorded in western Kosovo also support
our aforementioned results and implications, which
can be summarized as a high activity class for all the
studied mountain front faults.

5.2. Implications on the Regional Tectonics

At the Dinarides-Hellenides belt transition,
Neogene tectonics, and associated fault systems are
regulated by mechanisms induced by the Hellenic
slab roll-back (Figure 1a) (e.g., Handy et al., 2019).
As aforementioned, the Shkodér-Pejé transverse zone
was originally a transform fault as evidenced by the
100 km displacement of the ophiolitic melanges to
the north and south of the fault; however, today, it
represents normal fault character as evidenced by the
kinematic data collected majorly in northern Albania
and southern Montenegro, enabling the rotation
movement of the Albanides-Hellenides with respect to
Dinarides (e.g., Handy et al., 2015, 2019; Biermans et
al.,2019). According to our field observations, fault slip
data on the planes of the Pejé fault, which corresponds
to the eastern extension of the Shkodér-Pejé fault
zone (e.g., Handy et al., 2015, 2019), supported the
normal faulting in the region (e.g., D’Agostino et
al., 2022). On the other hand, while our geomorphic

168

analyses along the four mountain fronts in western
Kosovo represented high activity, the & values clearly
shone out the higher activity of Pejé and Istog faults
and supporting their probable continuity as part of an
important fault zone (i.e., Shkodér-Pejé fault zone), as
suggested by some authors (e.g., Schmid et al., 2020).
The Prizren fault also shows normal fault character as
evidenced by the kinematic data. The Krojmir fault
exhibits fault slip data indicating oblique and normal
character. In such a scene, while the Pejé, Istog and
Prizren faults represent NW-SE-directed extension in
the region, the Krojmir fault has kinematic indicators
supporting NE-SW-oriented extension.

Such an extensional tectonic regime has been
known for the south Balkans since the Palaeogene,
however, the recent phase of extension in the region
started just after a short post-Palaeogene shortening,
in the early Neogene (e.g., Burchfiel et al., 2000,
2006, 2008; Dumurdzanov et al., 2005). Since that
time, the Albanides-Hellenides has rotated clockwise
with respect to Dinarides and Africa (Figure 1; Kissel
et al., 1995; Speranze et al., 1995; van Hinsbergen et
al., 2005; Handy et al., 2019; D’ Agostino et al., 2020)
because of pulling along the Hellenic trench and
tearing of the underlying Adriatic plate (e.g., Handy
et al., 2019). On the other hand, there is a contraction
to the west between the Adriatic and Eurasian plates,
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which is associated with great earthquakes responsible
for many casualties and economic losses (e.g., 1979
Montenegro earthquake - Mw=7.1, and 2019 Albania
earthquake - Mw=6.4; Benetatos and Kiratzi, 2006;
Papadopoulos et al., 2020). However, this NE-SW
trending contraction is replaced by an extension in
the hinterland due to rollback (e.g., D’Agostino et
al., 2008, 2020; Nocquet, 2012; Biermanns et al.,
2022). Because of the effects of extension caused
by the rollback of subducting slabs in the Aegean
and Adriatic seas, and the clockwise rotation of the
Albanides-Hellenides to the south of Shkodér-Pejé
fault zone (e.g., Jouanne et al., 2012; Faccenna et al.,
2014; Handy et al., 2015; Biermanns et al., 2022),
western Kosovo has mountain fronts controlled by
majorly normal faults representing a dominance NW-
SE-directed extension in this part of Balkans, coherent
with the GPS data (Figures 1 and 2b).

6. Conclusions

The topographic features of the country represent
faulted mountain fronts with clear geomorphic
indicators of activity, particularly in western Kosovo
delimiting the Dukagjini Basin. In this study, to
understand the active tectonics of western Kosovo
and make implications on its seismicity, we obtained
results from different geomorphometric analyses,
geomorphological observations, and structural
measurements.

According to the results of geomorphometric
analyses of the studied four different mountain fronts,
the Pejé, Istog, Krojmir, and Prizren faults are all
classified in Class I as high activity and indicating
tectonic uplift rates of over 0.5 mm/a according to the
calculated S and V, values. Among them, the ENE-
WSW trending Istog fault clearly separated from the
others with its higher B, and HI values indicating its
higher activity. The NNW-SSE-directed Krojmir, the
NNE-SSW trending Pejé, and the NE-SW-oriented
Prizren faults follow it, respectively. However, all
the studied faults are highly active and can create
earthquakes with magnitudes between 6.4 and 6.8, if
they will be ruptured all along the related mountain
fronts. On the other hand, according to k_ values,

the Pejé and Istog faults are clearly the highest and
indicate a probable structural continuity. As known
for a long time, the orogens of Dinarides to the north
and Albanides-Hellenides to the south are separated
by a fault zone known as the Shkodér-Pejé fault
zone reaching northern Kosovo. According to the
geomorphometric analyses, the Istog fault can be
interpreted as the eastern continuity of the Shkodér-
Pejé fault zone together with the Pejé fault and
represent its importance for the seismicity of western
Kosovo. In the field, we observed many indicators of
high activity/rapid uplift along the studied mountain
front faults imprinted geomorphologically, such as
trapezoidal to triangular facets, steep scarps, deeply
incised valleys, and well-developed alluvial fan
deposits. On the other hand, according to the collected
kinematic data from the fault planes observed on each
of the studied faults, the NNE-SSW trending Pejé, the
ENE-WSW-directed Istog, and the NE-SW-oriented
Prizren faults are normal faults, and represent NW-
SE-directed extension. The NW-SE trending Krojmir
fault represents an oblique and normal character with
NE-SW-oriented extension.

Relative activity and general structural pattern of
the studied faults indicate the dominant role of the
eastern part of the Shkodér-Pejé fault zone in western
Kosovo (i.e., Pejé and Istog faults) and the major role
of NW-SE-directed active extension. This extension
is most probably caused by the effect of the rollback
of the subducting slab in the Hellenic trench and the
related clockwise rotation of the Albanides-Hellenides
to the south of the Shkodér-Pejé fault zone. However,
for a well-understanding of the active tectonics and
seismicity of whole the country, eastern Kosovo
should also be studied, where the structural pattern
seems a little bit different and the major part of the
population and industry of the country is hosted.
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ABSTRACT

Time-Lapse Ground Penetrating Radar (GPR) was employed to study used engine oil (UEO)
contamination of sandy environment in laboratory setting. GPR is a near-surface geophysical method
that uses electromagnetic field to provide image of the dielectric properties of earth materials to detect
structures and changes in material properties within the subsurface. This research aimed to detect,
monitor and map the migration of UEO contaminant in sand. The results of this study revealed that the
migration of the UEO contamination in homogeneously laid sand is non-uniform. UEO plumes were
identified as high amplitude signals with enhanced reflectivity. There was a progressive decrease in
GPR signal amplitudes (reflection reduction) within the contaminated area of the tank with time. This
decrease of GPR signal amplitudes was interpreted as caused by the evaporation of some portion of
the UEO in the vadose zone as a result of temperature increase in time and also due to the occurrence
of UEO biodegradation. The time-lapse GPR proved to be an effective technique for detecting,
monitoring, and mapping UEO migration within sand tank in laboratory setting.

1. Introduction

The modern world suffers from environment

of UEO were either misused or discarded into the
environment by the end user.

problems such as soil and groundwater contamination
as a result of anthropogenic activities. Improper
disposal of UEO cause serious environmental issue.
The UEO is used as an auxiliary fuel in industrial
steam boilers, domestic oil burners, utility steam
boilers, waste disposal incinerators and rotary cement
kilns (ATSDR, 1997). It is also used as a component
in asphalt. UEO is re-refined to make lubricating
oil. Maceiras et al. (2017) stated that 45 million
tons (estimated) of UEO are generated each year in
the world and about only 18 million tons of this oil
collected and disposed properly. El-Fadel and Khoury
(2001), estimated that in 1995 less than 45% of UEO
were being collected world-wide and about 55%

The health risks and their effects on livestock
caused by UEO contaminations of soil and water
bodies include convulsions, muscle twitching,
neurological disorders, blindness, hyperirritability and
depression. It also includes development of liver or
kidney disease, possible damage to the bone marrow,
increase risk of cancer, complete impairment of body
functions and eventually death in livestock (Propst et
al., 1999; Abioye et al., 2012; Noln et al., 1990; EI-
Fadel and Khoury, 2001; Osweiler et al., 1973; Sas,
1989; ATSDR, 1997). Through food chain toxins
accumulate in plants and animals and they could move
up the food chain affecting the health of human beings.
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UEO is classified as Light Nonaqueous Phase
Liquids (LNAPLs). LNAPLSs are organic liquids that
are lighter than water. Other examples of LNAPLs
include gasoline, diesel, and jet fuel. LNAPLs tend
to accumulate above and marginally below the
water table. Disparities in the chemical and physical
characteristics of water and LNAPL result in the
formation of a physical interface between the liquids
which impedes the mixture of the two fluids.

Investigation, management and remediation of
LNAPL-affected sites are challenging due to their
complexity (USEPA, 1993; Charbeneau et al., 1995;
USEPA, 1996; Tomlinson et al., 2017; Ebrahimi et al.,
2019; Boumaizaetal., 2022). Despite these challenges,
there are many reports of successes in subsurface
LNAPL investigation and detection. Methods of
detecting the extent of contaminations, the migration
patterns, and the evolution of LNAPL contaminated
sites are broadly classified under two categories.
These are the discrete point sampling of fluids and
soil using wells or multi-level piezometers and the
indirect measurement through surface or borehole
geophysical techniques. Geophysical techniques
offer opportunities for non-intrusive investigation of
LNAPL contaminated sites.

Direct and indirect detection of LNAPL is possible
with different geophysical methods such as resistivity,
Induced Polarization, Electromagnetic Induction, GPR
and Magnetic Susceptibility and others. This detection
depends on the type and quantity of LNAPL, the
earth material (such as clay contents), aqueous phase
distribution and ionic strength (Monier-Williams,
1995). In general, electrical conductivity, and to a
lesser extent GPR, can directly detect the presence of
organic contaminants by measuring changes in soil
conductivity caused by chemical compounds. The
ability of geophysical methods to detect, characterize,
and map organic pollutants at contaminated sites
depends on the depth of the contamination. Smaller
concentrations of pollutants could be detected using
geophysical methods (USEPA, 2000; Arato et al.,
2014; Ameen et al., 2014).

GPR has proven to be successful in mapping
LNAPL and it has been ranked second after electrical
methods for its ability to detect organic contaminants
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(Atekwana and Atekwana, 2010). Fresh contaminated
sites produced enhanced GPR signal amplitude and
clean GPR reflection while ‘aged’ contaminations are
characterized by high conductivity or GPR reflection
signal reduction below conductive zones, usually at
the top of aquifers. Another reason for the decrease
in reflection zone or amplitude attenuation zone is
increase in vapor pressure from volatile components in
LNAPLSs (Olhoeft, 1992; Douglas et al., 1992; Daniels
et al., 1995; Grumman and Daniels, 1995; Maxwell
and Schmock, 1995; Bermejo et al., 1997; Kim et al.,
2000; Atekwana et al., 2002; Werkema et al., 2003).

Among site conditions which have been reported
as favourable for detecting and monitoring LNAPLs
using GPR include thick pools of contaminant, clay
free, granular soils, diminishing capillary fringe
thicknesses in more granular materials, shallow
exploration depths, and homogeneity within the
near-surface region (Olhoeft, 1986; Redman et
al., 1994; Barber and Morey, 1994; Grumman and
Daniels, 1995). The subsurface migration trends of
LNAPL contaminants are due to a few factors that
include subsurface geology and geological structures.
According to Mineo et al. (2022), the fracturing of the
rock mass and the presence of subsurface structures,
probably of tectonic origin, are responsible for the
contamination plume taking a preferential path
under the dynamic conditions caused by anthropic
activities. This supports the need for subsurface
geology and geological structural knowledge in
monitoring contaminant migrations. Azimi et al.
(2020), who studied the movement of LNAPL into
monitoring wells, stated that monitoring LNAPL
migrations exposed to fluctuations in groundwater
levels is a complex phenomenon. They point out that
to understand the subsurface distribution of LNAPL,
factors such as aquifer grain sizes and LNAPL
properties must be considered.

According to Olhoeft (1992), most hydrocarbons
are LNAPLs with low relative dielectric permittivity
and higher vapor pressure. These LNAPLs can be
delineated by GPR, both directly as a reflection
from the dielectric contrast of a thick layer or due
to a change in the water table reflection (generally
higher reflectivity) from flattening or sharpening of
the capillary fringe. The reflections from LNAPLs
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in the near surface are a function of the permittivity
contrast between the LNAPLs and the host material
(Daniels et al., 1995). Cassidy (2007) stated that it
is common to find a range of GPR responses at any
given LNAPL contamination site with shadow zones
being co-incident with ‘bright spot’ reflections and
signal reduction varying significantly over the site.
The findings of Cassidy (2007) show that highest
signal attenuation is associated with either mixed
phase, or a smeared zone where biodegraded LNAPLs
co-exist with contaminated pore and groundwater.
Bertolla et al. (2014), reported a study in which an
experiment in controlled condition was carried out
to test the effectiveness of the use of GPR to monitor
oil spill contamination. Their results show that GPR
is not effective in monitoring LNAPL plume in an
unsaturated (dry) sand, but effective in saturated (wet)
sand. They concluded that the ability to detect the
contamination plume was due to the higher contrast
between the electromagnetic properties of water-
saturated sand and the oil LNAPL floating on the
groundwater level. They suggested the acquisition of
GPR data should be carried out shortly after a period
of rainfall.

Although UEO is a common contaminant,
investigation of the detection, mapping, and monitoring
of UEO contaminated soils and aquifers have been
overlooked, neglected so far. Currently, Nazifi et al.
(2022) and Lago et al. (2009) are the only available
published works that used geophysical methods to
map and characterize a UEO contamination. Nazifi
et al. (2022) used electrical resistivity tomography
(ERT) method in monitoring the evolution of UEO
contamination, while Lago et al. (2009) used GPR and
ERT in mapping matured UEO disposal site. Their
results revealed that, the UEO beneath the disposal
site has undergone microbial degradation and their
radargrams were characterized by high conductivity
zone or GPR reflection attenuation below conductive
zones. In this paper, we report on a 26 week long
investigation of UEO contamination within a specially
designed experiment tank in laboratory setting
using time-lapse GPR. The objectives of the study
were to detect UEO contamination within a sandy
environment, to monitor and map the migration of the
contaminant using time-lapse GPR.

2. Materials and Method

2.1. Contaminant

UEO was used to contaminate the setup. New
engineoiland UEO are classifiedas LNAPLs. LNAPLs
are hydrocarbons that are less dense than water and
immiscible in water. LNAPLs are the most common
organic contaminants that are found in the subsurface
that contaminate soil and groundwater (Tomlinson
et al.,, 2017; Newell, 1995). UEO is a mixture of
high and low (C15-C50) molecular weight aromatic
and aliphatic hydrocarbons, lubrication additives,
metals, and various organic and inorganic compounds
(ATSDR, 1997). The chemical composition of UEO
varies widely and depends on the additives added to
the fuel. There are generally four types of the engine
oil which are full synthetic oil, synthetic blend or
semi-synthetic oil, mineral or conventional oil and
lastly high mileage oil.

Carey (1998) reported that the dielectric constant
of motor oils at room temperature ranges between 2.1
to 2.8. Kardos and Pietrikova (2016) reported that the
dielectric constant of new and used motor oils ranges
between 2.1 to 2.4 depending on the temperature. The
dielectric constant also depends on the viscosity of
the oil, the paraffinic or naphthenic content and the
additive package. The viscosity of motor oil depends
on temperature, and it decreases with increase in
temperature (Kardos and Pietrikova, 2016).

The UEO contaminant used in this experiment
is a mixture of several used engine oils. It contains
some elements such as Calcium, Zinc, Phosphorus
etc. The specific gravity of the oil at 15°C is 877.9 kg/
m? and its kinematic viscosity at 40°C is 78.03 mm?/s.
For further information on the chemical and physical
properties of UEO see Table 1.

2.2. Experimental Setup

The experiment was caried out in a specially
designed plexiglass tank. The tank has three chambers
(Figure 1). The first and the third chambers have
dimensions of 10 cm x 60 cm x 50 cm, and they are for
water inlet and water outlet, respectively. The second
(middle) chamber has the dimensions of 270 cm x 60
cm x 50 cm and it is filled with sand.
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Table 1- Results of physical and chemical analysis of the UEO used in the experiment.

Parameters Measured Method Applied Results Units
Metals
Iron 1P 501 59 mag/kg
Nickel 1P 501 4.2 mg/kg
Vanadium 1P 501 <1 mag/kg
Aluminium 1P 501 14 ma/kg
Calcium 1P 501 2424 mg/kg
Zinc 1P 501 1170 mg/kg
Phosphorus 1P 501 951 mg/kg
Silica 1P 501 11 mag/kg
Sodium 1P 501 15 mag/kg
Carbon Residue Percentage Weight (Micro Method) TS EN ISO 10370 2.27 (m/m) %
Water Content Percentage Weight TS EN 1428 0.1 (VIv) %
Total Acidity ASTN D 664 4.46 mgKOH/g
API, gravity (60F) 29.6 API

TS 1013 EN ISO 3697

Specific gravity at 15.0 °C 877.9 kg/m?
Kinematic Viscosity at 40.0 °C TS EN ISO 3104 78.03 mm?/s

Figure 1- Sideway view (cross section) of the plexiglass tank used for the experiment.

The tank (sand chamber) was filled with a clean
sand (Figure 2) obtained from the flood plain of the
Sakarya river. The sand was modelled into saturated
and unsaturated zone with the depth of the sand model
set approximately at 45 cm from the bottom of the
tank. Tap water was fed to flow through the tank. The
water levels were kept at constant heigh of 25 cm at
the inlet chamber and 15 cm at the outlet chamber,
respectively.

Based on sieve analysis results, the sand consists
of 1.06% of very fine sand particles, 72.05% fine and
medium sand particles and 26.90% gravel. The sand
was interpreted as a well sorted, clean, uniform sand
with small amount of gravel.
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Figure 2- Image of the plexiglass tank showing the three chambers
of the tantk and the profile lines (yellow lines).
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The setup was first contaminated with 1.5 litres of
UEO through a pit at a depth of 15 cm. But it was
realized that the contaminant was not enough to
migrate to the outlet end of the tank. Hence one week
after the initial contamination, an additional 2.5 litres
of UEO were injected through the same pit making the
total volume of UEO contaminant 4.0 litres.

2.3. GPR Data Acquisition and Processing

GPR is a geophysical method that uses the
transmission and reflection of high frequency (10 MHz
to 2 GHz) EM waves within the near sub-surface. GPR
signal depends on the properties of the earth such as
the dielectric permittivity €, the electrical conductivity
o, and the magnetic permeability p (Knight, 2001).
Further information on the fundamental principles of
GPR can be found in publications by Daniels et al.
(1988), Davis and Annan (1989); Knight (2001).

In our experiments GPR survey was conducted
using the Zond — 12e GPR advanced (Radar System
Inc.) system. Five sets of GPR data were collected
and each data set consisted of eight profiles (for
locations of the profiles see figure 2) making total
of 40 GPR profiles. These add up to about 92 m of
GPR profile data. The data were acquired in groups of
eight profiles with 5 cm spacing between each profile.
Figure 3 shows a photo taken during data acquisition.
The data were acquired before (26.02.2020), one hour
after (26.02.2020), two weeks after (04.03.2020), four
weeks after (26.03.2020), and twenty-six weeks after
(19.08.2020) the initial contamination.

The data were acquired with a shielded 2 GHz
Zond antenna and the acquisition parameters were
1024 sample/trace and a scan rate of 40. The antenna
was placed on a wooden rail during the data acquisition
as seen in Figure 3. The wooden rail (Figure 3) helped
in obtaining good reproducibility of the data (Bertolla
etal., 2014).

Data were recorded in time window range
between 0 and 1.88 m which is equivalent to 0 and
50 ns (nanoseconds), although some measurements
were a bit little less than the 1.88 m. Data processing
was carried out to improve signal to noise ratio and
enhanced visualization. Data acquisition and post-
processing were done using Prism 2 software (Radar

Figure 3- Image showing the plexiglass tank, the wooden rail and
the GPR antenna during data acquisition.

System Inc.). The first step of the data processing
was the subtraction of the data set obtained before
oil contamination (this data is referred to as the
background data) from all the data sets obtained after
the contamination. The radar data processing included
zero-time, background removal, Horizontal Low-Pass
(LP) filter, move-out correction, migration [Stolt (F-
K) method] and automatic gain control. Zero-time was
applied to remove the effect of the wooden rail and
the air between the wooden rail and the surface of the
sand. Background removal was applied to efficiently
suppress the background of the radargram. Horizontal
LP filter was applied for the fast signal variable
suppression. Move-out correction restores a profile
to a pattern as if the signal radiated and recessed in
a point located in the middle of the antenna. Lastly,
migration is for the reconstruction of the original
shape of underground interfaces and local objects by
its radiolocation profile. The Stolt (F-K) method of
migration provided by the Prism 2 software was used
in performing migration. The hyperbola technique was
used in determining the permittivity of contaminants
within the experimental tank. From the hyperbola
technique, the permittivity of the contaminated
section of the radargram is given as 2.07. The velocity
of signal through the contaminated section is given
as 20.16 cm/ns. The possible surrounding medium of
the hyperbola that was suggested by the software to
consist of snow, ice, frozen oil and oil products. The oil
product suggested by the software was due to the 2.07
permittivity is a good prediction, since the soil was
contaminated with UEO. The obtained permittivity
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value was used in the migration step. Automatic gain
control was applied within the width of the window
for each separate trace. It was used for levelling all
signals in a trace. It makes the signals more visible.

Prism 2 program was used for aligning 2D profiles
and converting them into 3D radargrams. Five 3D
radargrams were created from the five sets of eight
GPR profiles. The Easy Prism software (Radar
Systems Inc.) was used for the 3D GPR visualization.

3. Conclusion and Discussion

2D Time-lapse vertical view of GPR radargrams
from profile 5 (Figure 4 - XZ plane), 1D Time-lapse
horizontal signal amplitude graphs at depth 15 cm
(Figure 5), 1D Time-lapse vertical signal amplitude
and attenuation graphs at a distance of 50 cm (Figure
6) and 3D cross sectional radargrams (Figure 7) were
selected and presented in this paper. The radargrams
as shown in Figures 4, 5,6 and 7 were labelled a, b,
¢, d and e corresponding to the background, 1 hour,
2 weeks, 4 weeks, and 26 weeks after the initial
contamination, respectively.

From both Figure 4 and Figure 7, one set of
horizontal reflectors can be seen and they were
indicated by yellow lines labelled F1 — F2 in Figure
4. The set of horizontal reflectors correspond to the
simulated groundwater level are between about 24 cm
to 46 cm. The reflector divides the radargrams into two
parts, the upper unsaturated and the lower saturated
parts. The strong reflectors are caused primarily by
the sharp change in the permittivity in the transition
from the unsaturated sand to the saturated sands. The
UEO as LNAPLs might be displaced by water from
the transition zone above the capillary fringes and
therefore making a sharp interface at the top of the
water saturated zone (de Castro and Branco, 2003).
This might be the reason for the elevation of horizontal
reflectors in Figure 4c and 4d. It was observed that
the results (Figure 4b and 7b) obtained one hour after
initial contamination showed a slight distortion of
the groundwater level between points 0.13-1.0 m on
the distance axis. The distortion of the groundwater
was much pronounced after additional contamination
of 2.5 litres, 2 weeks after the initial contamination
(Figure 4c and 7c). The oil might have migrated both
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vertically and horizontally, this is because of the
anomalies revealed in both vertical and horizontal
layers of Figures 7c and 7d. It can also be seen that
there were afterwards, the groundwater level reflector
was not much distorted compared to the background.
The plume resulting from the initial contamination
of the UEO could be seen on Figure 4b between
0 — 17 cm on the depth axis and between 0.13-0.88m
on the distance axis. The anomalies in Figures 4c—d
are much pronounced than that in Figure 4b. This is
understandable, because the plume corresponding to
the radargrams in Figures 4c—d is more voluminous
than that in Figure 4b.

The horizontal layer shown in Figure 7 on the
3D time lapse radargrams is located at a depth of 25
cm. This was 10 cm downward of the contamination
pit which was 15 cm from the surface of the tank. In
reference to the background radargram (Figure 7a),
we can see that there was a small anomaly in Figure
7b (1 hour after initial contamination). The anomaly
is more obvious than in Figure 7c which is the results
of 2 weeks after initial contamination of 1.5 litres of
UEO and a week after additional contamination of
2.5 litres. The UEO migrated further downwards and
horizontally and was recorded on both horizontal and
vertical section of Figure 7d. The anomalies in both
Figures 5e and 7e are attributed to residual UEO plume
which has dielectric contrast compared to dry sand.
The data of the results in Figures a-d were collected
in late winter and early spring (between February and
March) when the temperature relatively cold and the
vadose zone is much moist. But the in Figure 7 e were
collected in summer (August) when the temperature is
much higher compared to winter and spring. The high
temperature might have increased the evaporation of
the upper vadose zone making the UEO residue to
be solidified and the sand to be dry compared to the
results in Figures 7a-d.

The time-lapse 3D radargrams (Figure 7) clearly
show both vertical and lateral migration of UEO. The
3D radargrams are consistent with the 2D radargrams.
Both the 2D and 3D results indicate that UEO
initially migrated vertically (predominantly) and then
horizontally. In other words, first the contaminant
percolated down and then lateral migration became
dominant.
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Figure 4 -2D Time-lapse vertical view of GPR radargrams from profile 5 (XZ plane). The yellow line labelled
F1-F2 represents the boundaries between unsaturated and saturated sand, black circles indicate the
extensions of the oil plume, a), b), c), d) and e) are the radargrams from data before contamination,
one hour, 2 weeks, 4 weeks, and 26 weeks after initial contamination, respectively.
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Figure 5- 1D Time-lapse horizontal signal amplitude graphs at depth 15 cm. a), b), ¢), d) and e) are the radargrams from data
before contamination, one hour, 2 weeks, 4 weeks, and 26 weeks after initial contamination, respectively.
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Figure 6- 1D Time-lapse vertical signal amplitude and attenuation graphs at point 50 cm. The black lines show the signal amplitudes and the
red lines show the signal attenuations. a), b), c), d) and e) are the radargrams from data before contamination, one hour, 2 weeks, 4

weeks, and 26 weeks after initial contamination, respectively.

The sand was homogeneously laid down and
horizontally levelled within the tank (as shown in
Figure 2) to enhance uniform migration of the UEO,
but as we can see from Figures 4b-e and Figures 7b-
e, the migration of the UEO plume is non-uniform.
Similar situation was also reported by Bano e al.
(2009).

A general decrease in GPR signal amplitude
in time (Figures 5 and 6) was observed below the
contamination area. Similarly, a progressive decrease
in signal amplitude could also be seen below the point
of contamination in Figures 4c-e and Figures 7c-e. This
observation was also made by several investigations
such as Bertolla et al. (2014); Hagrey (2004); Bano
et al. (2009); Kim et al. (2000); de Castro and
Branco (2003); Bermejo et al. (1997); Sulba Rao and
Chandrashekhan (2014). The unsaturated parts of the
setup (Figures 4 and 7) have low reflectivity, because
it is not that wet. The enhanced reflections seen
directly below the point of contamination is associated
with the UEO within the vadose zone. It is possible
that, because of the viscous nature of the UEQ, the oil
migrated slowly in the vertical direction until it ended
up on the water table and that during this process some

of the oil was absorbed by the sand. With the passing
of time, the contaminated area within the vadose zone
shows evidence of GPR signal reduction (diminished
reflection) or shadow zone. Also, the distortion of the
saturated part of the setup became smaller with time.

In geophysical literature, fresh contaminated sites
and laboratory experiments produce enhanced GPR
signal amplitude and clean GPR results, while aged
contaminations are characterized by high conductivity
shadow or GPR reflection reduction below the
conductive zones, usually at the top of the aquifer
(Atekwana and Atekwana, 2010). The findings from
this experiment are an exception from the above
statements in that it is relatively short term (26 weeks)
but displayed characteristics of aged contamination. A
study similar to the one reported here was conducted
by Bertolla et al. (2014) in which they studied the
migration and characterization of alkylbenzene in
wet sand. They reported a slight reduction of signal
amplitude within the lower vadose zone. Campbell
et al. (1996) and DeRyck et al. (1993) reported that,
the contamination zones that are associated with
bright spots indicated floating gasoline lenses. The
brightening results from an increased amplitude
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Figure 7- 3D cross sectional time-lapse of GPR radargrams showing the cross section of
profile 4 and horizontal layer taken from a depth of 25cm. P1, P4, P5, P8 are the
locations of profiles 1, 4, 5 and 8 respectively. a), b), ¢), d) and e) are the radargrams
from data before contamination, one hour, 2 weeks, 4 weeks and 26 weeks after
initial contamination, respectively.
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(Campbell et al., 1996). Atekwana and Atekwana
(2010) suggested that the replacement of water with
a relatively high dielectric permittivity of ~»80 by
gasoline with a relatively low dielectric permittivity
of 2 resulted in a high velocity GPR layer concomitant
with bright spot as revealed in the works of Campbell
et al. (1996).

We interpreted the results of the reduction of the
GPR signals from the contaminated section of our
setup as the results of ongoing biodegradation of the
UEO contaminant. We suspected that the microbial
activities might have led to the obtained results,
because our setup consisted of natural sand (good
environment for microbial growth), constant flow of
freshwater (a source of nutrients) and a carbon source
(UEQ). Also, during the clean-up of the experiment
tank, there was a kind of rotten smell that came
out of the contaminated section of the set up. The
smell was not like the oily smell of the UEO before
contamination.

Our experiment was open to the atmospheric
environment within the laboratory. Our experiment
took place between winter (26.02.2020) and summer
(19.08.2020) and that temperature variations
influenced the experiment. According to Zhou and
Crawford (1995), increasing temperature increases
the evaporation of short-chain alkanes and other low-
molecular-weight hydrocarbons. In addition, increase
in temperature decreases the viscosity of hydrocarbons
and their solubility in soil aqueous phase. Higher
temperature cause solvent-type membrane toxicity
to microorganisms (Atlas, 1975). UEO is a complex
mixture of low and high (C15-C50) molecular-weight
aliphatic and aromatic hydrocarbon, lubrication
additives, metals, and various organic and inorganic
compounds (ATSDR,1997). Increase in temperature
can reduce the viscosity of the UEO and may have
caused the evaporation of the low-molecular-
weight hydrocarbon components of the UEO. This
explanation is not satisfactory to explain the reduction
in the GPR signal to nearly background levels and the
rotten smell of the contaminated sand during clean-up.

It has been reported by Blume et al. (2002), that
microbial activities increase in high temperature
(summer) as compared to low temperature (winter).
Zekri and Chaalal (2005), found out that increase

in temperature increases the microbial growth
which in turn increases the degradation processes
of hydrocarbons. The constant freshwater flow
throughout the experiment might have provided
nutrient to the contaminated zone and that might
have help in acceleration of the biodegradation of the
UEO. Freshwater from tap contain oxygen and water
as solvent might have dissolved other nutrients such
as nitrogen and phosphorus from the sand and made
available to the microbes to help them grow. According
to Zhou and Crawford (1995), nutrients supplied either
in vapor or solution enhanced the biodegradation
of hydrocarbons in soil and appropriate amount of
nutrients stimulate hydrocarbon biodegradation in soil.

The possible explanation of the reduction of GPR
signal with time is that; microbes might have used the
organic carbon available in the UEO, the nutrients
from dissolved elements in the freshwater adds mineral
substrate for their growth and metabolism in the sand
media. Generation of metabolic by-products such as
organic acids (carbonic acids) and ionic constituents
might have led to changes in the physical properties of
the contaminated medium and the pore fluid chemistry
which in turn changes the dielectric permittivity of the
medium and increases the electrolytic and interfacial
conductivity of the medium. It is well known that GPR
signal reduction and depth of penetration depend on
electrical conductivity and the dielectric permittivity
of the medium and hence change in dielectric
permittivity and increase in conductivity results
changes in signal reduction. These might have led to
the decrease in GPR signal with time. The finding and
the interpretation of the results of this study agrees
with that of several authors who carried out research
in this topic. Sauck et al. (1998); Bradford (2007);
Cassidy (2007), Lane et al. (2006); Atekwana and
Atekwana (2010), Schilling et al. (2010), support the
hypothesis with data that, increase in dissolved ionic
constituents during biodegradation of LNAPL result
in increases in electrical conductivity that increase
GPR signal reduction with time.

4, Results

This study is the first step in understanding the
GPR responses of UEO contaminated environment.
The application of time-lapse GPR to UEO detection,
monitoring and mapping in a sandy environment at
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a laboratory experiment setting showed very good
results. To the best of our knowledge, this is a first
time GPR is being used to study UEO contamination
with an experimental setup in laboratory. The presence
of UEO plumes is identified as high amplitude signal
with enhanced reflectivity, but with time the signal
diminished to lower amplitudes which was interpreted
as due to evaporation of some portion of the UEO in
the vadose zone and due to the occurrence of UEO
biodegradation.

The results presented in this paper showed
that the GPR signal responses of UEO within a
sandy environment change with time. Furthermore,
our findings demonstrate the utility of GPR for
characterizing UEO contaminated sites. The results
of this study show that GPR geophysical technique
can be used in addressing environmental problems
associated with UEO contaminations.
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ABSTRACT

Determination of the unconfined compressive strength (UCS) of construction materials in the
laboratory is tedious and time-consuming. There have been many attempts to indirectly predict UCS
using simpler tools and techniques. One of them is the nail gun. The scope of this investigation is to
design a nailer which can be applied all construction materials whose UCS range from 1-100 MPa.
In the research, rocks, bricks, and concretes prepared in different cement/sand ratios with different
strength ranges were used as materials. The unconfined compressive strength of the materials used in
the experiments was first determined by conventional compression tests. The nail penetration depths
were determined by conducting experiments on the same materials using a nailer with two different
energy levels. An empirical relationship was developed by using nail penetration depths, driving
energies, and nail diameters as the independent variables and the UCS determined by the conventional
method as the dependent variable. According to the empirical relationship determined by multiple
regression analysis, the UCS of building materials can be estimated with significance level of 99% by
the nail penetration method. The research also revealed that the UCS of rocks might have a coefficient
of variation as high as 30%.

1. Introduction

Building materials, especially rock, concrete,

methods are more commonly referred to as “direct test
methods”. Due to both the high cost of test setups and
the relatively time-consuming sample preparation and

brick, briquette, and the binder of brick/briquette
(mortar) are very diverse. The compressive and shear
strengths of each of these materials are determined
by laboratory methods. Although measurement of
compressive strength (CS) in the laboratory may seem
simple, given the conditions such as taking quality
core samples with parallel loading planes, running
the test on several “identical” samples of the same
rock (or concrete) (e.g. ASTM, 2002), it requires
considerable labor and is somewhat costly. Laboratory

testing process, numerous studies have been carried
out to date on the development of equipment and
methods to determine the CS in a shorter time and at
a lower cost as an alternative to the methods of direct
measurement of the CS. The most prominent ones of
such indirect methods are the Schmidt hardness test,
needle penetration test, nail penetration test, etc.

Schmidt hardness test can be done according
to ISRM (1978) and ASTM (2001) standards. The
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Schmidt hardness test is recommended for rocks with
a CS of 20-150 MPa (ISRM, 1978); it does not give
reliable results for rocks less than 10 MPa (Li et al.,
2000). The main advantages of this test technique are
its ease of application, low cost of the setup and zero
test cost, and easy portability and repeatability. It is not
considered a completely reliable test for rock/concrete
strength; rather, it is a type of test that is usually done
for preliminary assessment of the CS of the material
tested.

The point load test (PLT; ISRM, 1985; ASTM,
1995) is recommended for rocks with CS greater
than 15 MPa (Broch and Franklin, 1972). It can be
applied to cylindrical, prismatic, and irregularly
shaped samples. The CS is obtained by multiplying
the point load strength ['s<50)] found by this test by a
certain coefficient. This conversion coefficient is very
speculative and may range from 6 to 105, according to
Yilmaz and Sendir (2002). It may only give a rough
estimate of the CS of the rocks tested.

Block Punch Index Test (BPI; Van der Schrier,
1988; Ulusay et al., 2001) is performed on specially
prepared thin, disc-shaped samples. It is applied
on rocks with CS ranging from 0.5-70 MPa. As in
many other experiments, it was stated that the effect
of sample size and anisotropy on the test results was
great. This test method also requires special sample
preparation. Mishra and Basu (2012) used BPI method
to estimate the CS and tensile strength of some rocks
and showed that the BPI method is as useful as the PLT
method for measuring the CS and also concluded that
estimating Brazilian tensile strength with the block
punch index is more precise than point load strength.

Applied on extremely weak- to very weak rocks,
the needle penetration was developed to address the
shortcomings encountered in test methods such as
Schmidt hardness, block punch index test, and point
load test. It is also validated for use on shotcrete by
considering the penetration depth (Bae et al., 2004).
It can measure the CS as low as 0.3 MPa. The upper
limit of measurement is 40 MPa (Maruto Corporation,
2006; Ngan-Tillard et al., 2011). When the CS is in the
range of 30-40 MPa, it results in standard deviations
of up to 30% compared to the values obtained from
the direct measurement test. It has been reported to
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contain large uncertainties in estimating the CS, and
it has been proposed as an index test rather than a
test that accurately determines the CS. The Equotip
hardness tester was originally developed for metals.
It was then applied to rocks by a limited number of
researchers (e.g. Verwaal and Mulder, 1993; Aoki
and Matsukura, 2008). The applicability range for CS
is 0.1-100 MPa. It is not yet clear to what degree of
reliability this test method gives the CS.

Liberatore et al. (2003) aimed to indirectly
determine the strength of mortar in masonry structures
with a special penetrometer they developed. The
penetrometer assembly was driven into the mortars of
different historical structures by repeated hammering
operations. Penetration depths varied between 40-50
mm. It has been stated that the number of impacts
required to apply 1 mm into the mortar varies between
0.54-1.23. On the other hand, Felicetti and Gattesco
(1998) developed a dynamic penetrometer to measure
the strength of mortar in masonry structures. It was
stated that the impact energy of the penetrometer
is 2.2 J. They also sought a relationship between
the penetration depth of the penetrometer and the
compressive strength of the mortar.

One of the recent methods to indirectly measure
the CS of rocks is the nail penetration test (Kayabali
and Selguk, 2010; Selcuk et al., 2012; Selcuk and
Kayabali, 2015). With this alternative technique,
the CS can be measured in the range of 5-100 MPa.
Kayabali and Selguk (2010) stated that the CS
determined indirectly by the nail penetration test gives
highly reliable results. They reported that the ability of
the nail penetration test to determine CS is superior to
the Schmidt hardness hammer and point loading test.
Selcuk et al. (2012) also applied the nail penetration
test to concrete samples. The results obtained from the
nail penetration tests performed on concrete samples
with different aggregates are in great agreement
(R%>0.95) with the results obtained from compression
tests. They stated that the nail penetration test well
represents the combined effect of aggregate and cement
matrix on strength. Selguk and Kayabali (2015), on
the other hand, applied the nail penetration test with
nail guns of different energy levels and different nail
diameters to determine the CS. They used 5 different
commercial nailers with different impact energies and
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developed an empirical relationship that can predict
CS as a function of nail penetration depth, nail gun
energy, and nail diameter.

Palassi and Emami (2014) developed a mechanical
nail driver with a mass of 4.54 kg and a drop height
of 0.46 m. They carried out a series of experiments on
travertines and marbles by keeping the 122J energy
constant in a total of 6 driving operations. In their
experiment with 3.5 mm diameter nails, they defined
an exponential relationship with a coefficient of
determination of 0.98 between the CS of intact rock
and the nail penetration depth.

Yilmaz (2009) employed a test method called the
“core strangle test” for indirectly determining the CS
of rock core samples. The principle of this test is based
on the “choke” type of loading of a core along a circle
perpendicular to its long axis. Some researchers have
correlated the results of the indentation test with the
CS of rocks. Szwedzicki (1998) proposed a standard
notch test as a measure of rock hardness and its use as
an estimator for CS.

Another method used to measure strength
by penetration is the Windsor probe, which was
developed in the 1960s to measure the CS of concrete
in situ. This relatively less destructive test is a kind
of hardness strength test used to determine the CS of
concrete in a short time. This technique is also based
on the relationship between the depth of penetration
and the compressive strength, measured by driving a
special probe into the concrete. It has been reported

that the calibration chart provided with the apparatus
does not always give reliable results (Malhotra and
Carino, 1991; Pucinotti, 2005; 2009).

A simple, robust, and economical nail penetration
apparatus capable of applying two different energy
levels and using different nail diameters was designed
and manufactured as an end product of a research
project conducted by the authors. The scope of this
investigation is to predict the compressive strength
of different construction materials indirectly by
correlating the nail penetration depths produced
through this nailer and the compressive strengths
obtained from test materials (mostly rocks) and to
propose an empirical relationship that yields the CS
as a function of the nail penetration, nail diameter, and
the driving energy.

2. Materials and Methods

The major equipment used in the study is a nail
gun that has two different energy levels and can shoot
with nails of three different diameters (Figure 1).
Sound (or dummy) bullets were used as an energy
source. For the impact energy of this tool, nail speeds
(V) were determined by shooting sound bullets firing
a nail in front of a high-resolution video camera.
Since the mass of a nail (m) is known, the energy of
the sound bullet was calculated from W = 0.5 m V2,
The impact energy of standard sound bullets used in
this investigation was found to be 150J. Considering
this energy level for low-strength materials would be
high, special sound bullets with a 2/3 reduction in

Figure 1- Nail gun, nails of three different diameters, and sound bullets used in the investigation.
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gunpowder were manufactured upon special order.
Their driving energies were determined as 50J. The
point angle of the nails is 45°, the nails were subjected
to heat-treatment against bending during applications.

Inthe study, 2 types of block brick materials, 8 cast-
concrete materials prepared in different cement/sand
ratios, 4 concrete materials compacted with vibrating
tampers, and 34 types of intact rocks were used. Most
of the rocks are of sedimentary and magmatic origin,
and a few are of metamorphic origin. Concrete samples
were prepared in the laboratory. Brick samples were
procured from commercial suppliers.

Five core samples of 54 mm (NX) diameter
were taken from the bricks (Figure 2). A press with
a capacity of 1000 kN was used to determine the
compressive strengths of brick and rock cores.

To perform the unconfined compression tests, the
guidelines of the ASTM standard of D2938 (American
Testing Society for Materials, 2002) were strictly
followed. The test specimens had proper cylindrical
shapes with the length to diameter (L/D) ratio of 2.0 to
2.5. The sides of test specimens were kept smooth and
free of abrupt irregularities. The ends of test specimens
were cut parallel to each other and at right angles to the
longitudinal axis. The ability of the spherical seat to
rotate freely in its socket before each test was ensured.
Two steel platens were used to transmit the axial load
to the ends of the specimen. Constant load ratios of 10
kPa/s, 100 kPa/s and 500 kPa/s were applied to test
specimen, depending on the expected UCS of the test
material, and the loading continued until the specimen
fails. For concrete samples a press of 50 kN capacity
was employed to run the compression tests.

Some brick specimens were shattered during the
shooting of the nail gun owing to the limited size of
the tested specimen. To prevent this, plaster was cast
around brick specimens (Figure 3) and shots were
carried out thereafter with a nail gun after the plaster
had dried. While it was observed that the confining
plaster was cracked ensuing the nail penetration test on
some brick specimens, the confinement by the plaster
and the container was sufficient to prevent shattering
of brick specimens to obtain proper nail penetration.

The second type of material used in the
investigation is concrete blocks prepared by mixing
Portland cement and sand in different ratios (C/S).
For the preparation of concrete blocks, cement/sand
ratios (by volume) were selected as 1/2, 1/3, . . , and
1/9. These ratios are only arbitrary; the purpose is to
obtain a wider range for the compressive strength for
concrete samples. The cement paste was poured into
plastic containers (Figure 4). Cylindrical samplers with
an inner diameter of 57 mm and a height of 120 mm
were placed in the “wet” concrete paste in the plastic
box (Figure 4). The main reason for placing samplers
in the prismatic concrete block is that the concrete
block to be used for nail shooting and the cores to be
extracted as cylindrical samplers must have identical
properties. Concrete mixtures at different Portland
cement/sand ratios were left to dry in the open air
for 28 days. After the drying process was completed,

Figure 2- A view from brick cores.
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Figure 4- Casted concrete and impregnated cylindrical core
samplers.

the cylindrical samplers placed in the concrete earlier
were removed carefully. Five concrete core samples
were prepared for each C/S ratio (Figure 5).

To increase the variety of concrete materials,
prismatic samples with cement/sand (C/S) ratios of 1/2,
1/3, 1/4, and 1/5 were also prepared with a vibrating
rammer. The method described in the previous
paragraph was used in their preparation, except for the
compaction part with a vibratory rammer.

One of the prominent advantages of the proposed
tool is the variability of nail diameter. Early trials
showed that a diameter of 5 mm is suitable for a
wide range of UCSs. However, the application of
5 mm nails brought up two issues. One is that this nail
strength was not sufficient for strong rocks (UCS >
60 MPa). The application of 5 mm nails onto such
rocks resulted either in breaking or bending of nails.
To prevent this, 6 mm-diameter nails were preferred.
Secondly, penetration depth of maximum of 60 mm
on some concrete samples were exceeded even when
applying the bullets of lower energy and thereby
necessitated the use of 6 mm-diameter nails. The
reason for also including 4 mm-diameter nails is to
increase the coverage of the proposed equation with
respect to the nail diameter to predict the compressive
strength of tested materials. It should be noted that the
distribution of nail diameters is not equal overall in the
population of nail penetration test data.

Nails with a diameter of 5.0 and 6.0 mm were used
in concretes with very low strength (for samples of
C/S ratios of 1/9 and 1/8). The nails with a diameter

Figure 5- Core samples of concrete prepared from different cement/sand ratios.
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of 4.0 mm were not used on these concretes, since
the entire length of the nail (60 mm) penetrated the
concrete. In concretes with a C/S ratio of 1/2 and 1/3,
low-energy bullets were not sufficient to drive 6.0 mm
diameter nails into the concrete. Concretes having
similar C/S ratios were shot with only 4.0 mm and 5.0
mm diameter nails. In concretes with C/S ratios of 1/4,
1/5, 1/6, and 1/7 successful nail shots were performed
with all three types of nail diameters (Figure 6). Bullets
with an energy of 150J and nails with a diameter of 6
mm were used in concrete samples compacted with a
vibratory rammer.

Five core samples were also prepared for each
rock block (Figure 7). Concerning the nail penetration
tests on rock blocks, the nail piercing was observable
for weak- to very weak rocks. Penetration depths were
measured such that the only non-penetrating part was
measured via a caliper. This length was subtracted
from the nail length to find the true penetration. In
cases where the rock block was moderately strong
to strong, it was not possible to obtain a proper
penetration of nail into the rock. In such cases the nail
shot onto the rock surface created a chisel-induced
ditch on the surface. To determine the penetration
depth, the deepest part of the ditch created by the
nail on the rock was measured with a digital caliper
(Figure 8). In order to make a reliable reading in cases
where the surrounding of the chisel-induced ditch has
an irregular rock surface, a ring of 10 mm height was
placed around the ditch and the depth of the cavity

was determined (Figure 8). Since the strength of the
bricks used in the study was very high, it was not
possible to nail these block bricks, and the depth of
the chisel-induced ditch formed by the shots made
on these materials was determined similar to that in
strong rocks.

3. Experimental Results

The penetration depths of nails driven into test
materials were measured by shooting with a nail
gun at the rock, concrete, and brick samples used in
the research. Five nail shots were made on each test
material. For rock materials, nail penetration tests
were carried out on block samples, not on cores. In
some rock samples where the block size is small,
the number of shots (due to the fragmentation of the
rock) remained around 3. Appropriate nail diameter
and driving energy were selected depending on the
strength level of the material. Nail penetration test
results are given in Table 1. Five penetration depths
for each sample were not entered in the table to save
space. Instead, only the minimum, maximum, and
average values are given.

The other major test employed for this
investigation is the uniaxial compression test or
simply the compression test. Five compression tests
were performed for each of the rock, concrete and
brick samples. The test results are given in Table 2
as minimum, maximum, and average compressive
strengths.

Figure 6- Nails shot at the concrete surface. Back row: 6 mm-diameter nails, middle row: 5 mm-diameter nails, front row: 4 mm-diameter nails.
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a)

b)

c)

Figure 7- Core samples extracted from different rock types.

Figure 8- Measurement of nail penetration depth when a nail
did not exhibit a piercing into rock.

Early trials towards establishing a correlation
between nail penetration depths and compressive
strengths were not satisfactory. To get an insight into
the possible reason for this poor correlation, a statistical
analysis was carried out for both the penetration depth
of sound bullets and the compressive strength of the
selected two rocks. Firstly, 30 shots were carried
out on the same rock (lithic tuff-2) using the sound
bullets of the first brand and nail penetration depths
were recorded to gain an insight into the covariance
of penetration depths of these sound bullets. The
minimum, maximum, and mean (p) penetration depths
determined for these 30 shots are 6.8 mm, 18.1 mm,
and 10.6 mm, respectively. The standard deviation
(o) of these shots is 3.3 mm and the coefficient of
variation (COV = o / p * 100) is 31%. Considering
that this COV is unacceptably high and these sound
bullets would not be suitable for this research, 30
nail shots were made on another rock (lacustrine
limestone-1) using the second brand of sound bullets.
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Table 1- The results of nail penetration tests (®: nail diameter, h: penetration depth, E: impact energy).

The minimum, maximum, and average nail penetration
depths recorded for these shots are 18.7 mm, 23.8 mm,
and 21.5 mm, respectively. The standard deviation
and the covariance are 1.5 mm and 7.0% respectively
for this second trademark sound bullets which were
evaluated as suitable for the research, and thereafter
the nail shots were made with these sound bullets on
all materials used in the investigation.
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No. | Name ¢ (mm) h (mm) E Q) No. | Name ¢ (mm) h (mm) E Q)
1 |Claystone 5 37.8/40.1/39.0 150 31 | Crystalline tuff 4 16.8/29.2/21.5 50
2 Lithic tuff-1 5 8.6/11.2/9.6 75 32 ITacustrine 5 7.5/13.6/10.4 150

- limestone-2

3 | Limestone-1 5 18.5/21.0/20.2 150
- 33 | Marble-2 5 8.2/10.8/9.6 150
4 | Andesite-1 6 7.4/8.8/8.1 150 = Lacustrine S 6.8/9.2/8.0 50

5 | Limestone-2 5 8.0/8.7/8.2 150 limestone-3 e

6 | Quartz arenite-1 6 6.7/7.7/7.2 150 35 | Brick-1 5 8.6/9.3/9.0 150
7 | Ignimbrite-1 4 16.6/20.1/17.8 | 75 36 | Brick-2 5 8.8/11.5/9.8 150
8 | Quartz arenite-2 5 12.7/14.8/13.5 | 150 37 | Concrete 1/9 6 21.8/30.4/27.3 | 50
9 ﬁg:;?cl):ge 5 9.9/11.9/10.8 150 37 | Concrete 1/9 5 33.8/50.3/45.3 50
38 | Concrete 1/8 6 21.2/40.8/32.6 50

10 | Trachyandesite-1 5 13.3/13.4/13.3 150
38 | Concrete 1/8 5 37.1/52.7/42.7 50

11 | Marble-1 5 8.9/11.2/10.1 150
39 | Concrete 1/7 6 20.4/27.3/23.7 50

12 | Granite porphyry 5 10.7/12.4/11.5 150
39 | Concrete 1/7 5 22.0/36.1/30.8 50

13 | Chalk 5 20.1/21.0/20.6 150
39 | Concrete 1/7 4 38.9/49.4/46.5 50

14 | Meta-limestone 5 10.4/12.1/11.1 150
40 | Concrete 1/6 6 16.6/21.7/18.7 50

15 | Calcschist 5 10.8/11.4/11.2 150
40 | Concrete 1/6 5 18.6/33.8/25.0 50

16 | Ignimbrite-2 4 20.1/24.7/23.2 75
40 | Concrete 1/6 4 24.8/37.0/32.6 50

17 | Limestone-3 5 9.4/12.4/10.6 150
41 | Concrete 1/5 6 12.3/16.7/14.9 50

18 | Trachyandesite-2 5 11.1/12.9/12.0 150
41 |Concrete 1/5 5 19.6/28.4/23.1 50

19 | Granodiorite 6 6.8/7.8/7.3 150
41 |Concrete 1/5 4 21.5/30.7/27.0 50

20 | Lithic tuff-2 5 20.1/26.2/23.2 150
42 | Concrete 1/4 6 9.8/13.4/11.8 50

21 | Zeolithic tuff-1 5 11.7/14.0/13.0 150
42 | Concrete 1/4 5 16.0/23.9/19.6 50

22 | Olivine basalt 6 6.6/9.0/8.3 150
42 | Concrete 1/4 4 20.1/27.1/24.5 50

23 | Andesite-2 5 9.1/10.9/10.1 150
43 | Concrete 1/3 5 14.8/23.4/17.3 50

24 | Harzburgite 6 5.4/6.7/6.1 150
3 = 43 | Concrete 1/3 4 20.6/34.8/27.1 50

acustrine

25 | Jimestone-1 5 18.7/24.7/21.5 | 150 44 | Concrete 1/2 5 17.2/26.221.6 | 50
26 | Dacite 5 8.1/12.1/10.4 150 44 | Concrete 1/2 4 19.8/26.5/23.0 50
27 | Andesite-3 5 11.5/13.5/12.2 150 44 | Concrete 1/2 6 33.0/38.4/34.8 150
28 | Andesite-4 5 11.7/14.2/12.5 150 45 | Concrete 1/2* 6 19.2/19.9/19.6 150
29 | Micritic limestone 5 12.3/16.5/14 150 46 |Concrete 1/3* 6 20.8/23.5/21.9 150
30 | Zeolithic tuff-2 5 15.5/23.3/18.2 150 46 | Concrete 1/4* 6 23.4/24.7/24.1 150
31 |Crystalline tuff 5 32.9/46.6/38.6 150 48 |[Concrete 1/5* 6 25.2/27/26.3 150
31 |Crystalline tuff 6 14/23.9/20.5 150 48 |[Concrete 1/5* 4 15/19.5/17.9 50

31 |Crystalline tuff 5 5.8/23.6/15.3 50

Based on the observation that the energy of
the sound bullets is not constant and has a certain
coefficient of variation, experimental studies have
also been carried out to get an idea about the range
of the coefficient of variation for a rock sample tested
for compressive strength. For this, compression
tests were carried out on 30 core samples (Figure 9)
taken from the dacite (number 26 in Table 1). The
lowest, highest, and mean compressive strengths



Table 2- The results of uniaxial unconfined compression tests.
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No. |Name 6, (MPa) No. |Name o, (MPa)
1 Claystone 8.9/14.3/11.0 26 | Dacite 42.2/101.2/64.1
2 Lithic tuff-1 21.6/42.5/29.7 27 Andesite-3 42.7/59/50.5
3 Limestone-1 21.9/62.3/42.6 28 Andesite-4 40.4/56.3/51.1
4 Andesite-1 77.1/94.8/84.3 29 Micritic limestone 32.2/44.5/41.4
5 Limestone-2 34.7/90.3/57.9 30 Zeolithic tuff-2 18.6/27.7/23.4
6 | Quartz arenite-1 83.6/137.0/103.5 31 | Crystalline tuff 10.0/12.7/11.3
7 Ignimbrite-1 24.6/29.9/27.6 32 | Lacustrine limestone-2 62.6/88.8/79.4
8 Quartz arenite-2 37.9/59.3/50.9 33 | Marble-2 37.2/52.2/43.8
9 Crystalline limestone 34.4/45.1/39.2 34 | Lacustrine limestone-3 46.3/99.8/70.4
10 | Trachyandesite-1 30.2/63.8/51.5 35 | Brick-1 67/127/96
11 Marble-1 41.0/46.5/43.8 36 Brick-2 44.8/73.7/59.9
12 | Granite porphyry 41.7/54.5/47.7 37 | Concrete 1/9 1.1/1.4/1.2
13 Chalk 27.5/50.6/40.6 38 Concrete 1/8 1.0/1.4/1.3
14 | Meta-limestone 33.8/59.5/47.9 39 | Concrete 1/7 1.2/2.0/1.7
15 | Calcschist 56.1/83.8/65.8 40 | Concrete 1/6 2.7/3.1/2.9
16 | Ignimbrite-2 14.9/20.9/18.0 41 | Concrete 1/5 3.5/5.3/4.6
17 Limestone-3 47.8/73.7/54.9 42 Concrete 1/4 4.9/7.3/5.7
18 | Trachyandesite-2 50.6/75.6/65.2 43 | Concrete 1/3 6.8/9.8/8.1
19 Granodiorite 69.3/112.2/86.8 44 Concrete 1/2 5.5/8.1/1.3
20 | Lithic tuff-2 27.2/50.7/39.5 45 | Concrete 1/2* 19.2/19.9/19.6
21 Zeolithic tuff-1 51.2/63.3/55.8 46 Concrete 1/3* 20.8/23.5/21.9
22 Olivine basalt 86.5/119.7/99.6 46 Concrete 1/4* 23.4/24.7/24.1
23 | Andesite-2 22.4/81.2/47.0 48 | Concrete 1/5* 25.2/27/26.3
24 | Harzburgite 80.1/123.2/102.4 (* These concrete samples were prepared using a vibrating
25 | Lacustrine limestone-1 15.3/25.5/20.6 hammer).

found in these tests are 42.2 MPa, 101.2 MPa, and
64.1 MPa, respectively Their standard deviation and
the coefficient of variation were found to be 16.1
MPa and 25%, respectively. Another attempt was
also made to determine the second coefficient of
variation of compressive strength using a different
rock (andesite-2). The recorded minimum, maximum
and mean compressive strengths for this rock are 22.4
MPa, 81.2 MPa, and 47.0 MPa, respectively. The
standard deviation and the coefficient of variation of
andesite-2 were determined to be 14.5 MPa and 31%,
respectively. These observations indicate that the
coefficient of variation of compressive strength for the
tested rocks was surprisingly high. This ensues that
the compressive strength of any rock (also perhaps for

Figure 9- Rock cores from dacite to be used for the coefficient of
variation of compressive strength.
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any concrete) is not absolute and needs to be seriously
taken into consideration when attempting to determine
the compressive strength using indirect test techniques.
It should be noted that the only averages of UCSs for
those two types of rock which were subjected to COV
analyses were included in regression analyses.

The experimental data were subjected to multiple
regression analyses to seek the most suitable predictive
equation to indirectly determine the UCS for various
type of materials. A total of 325 nail penetration depths
recorded on intact rocks, concrete, and bricks along
with the corresponding nail diameters and impact
energies were included in the analysis. Concerning the
entry for the CS, only the mean compressive strengths
were employed in the regression analysis. Apparently,
there are not 325 compressive strength values; it
includes only 48 sets of means. That is, the compressive
strength values were repetitively used in the regression
analysis. For instance, two different energy levels
and three different nail diameters employed for any
rock or concrete sample require the use of the same
compressive strength 30 times (2 energy levels x 3 nail
diameters x 5 shots = 30). DATAFIT (v. 9.0; Oakdale
Engineering, 2008) program was used for multiple
regression analysis. In the regression analysis, nail
penetration depth, nail diameter, and driving energy
are independent variables, while compressive strength
is the dependent variable. Different scenarios were
considered as: a) All materials, b) only the rock
samples, c) only the concrete samples, d) energy level
of 150J alone, and e) nail diameter of 5 mm alone.
The results are presented in Table 3 along with the
statistical indicators such as the Root Mean Squared
Errors (RMSE), the Variation Accounted For (VAF),
and the Mean Absolute Percentage Error (MAPE). It
appears that the inclusion of all materials along with
all nail diameters and the two energy levels yields an

empirical relationship with the highest coefficient of
regression (R? = 0.89):

— (0.1453¢ - 0.087h + 0.0142E + 2.14)
o,=exp )

for which the RMSE is reasonably small, the VAF
is very close to 100%. However, the metrics of MAPE
is critically high (50.3) for which the values greater
than 50 are treated as no good. The significance level
of equation (1) is 99% according to to the chi square
test. This predictive equation is very similar to the one
proposed by Selguk and Kayabali (2015). While it
consists of the same independent variables as those by
Selcuk and Kayabali1 (2015) the regression coefficient
of the predictive Equation by those researchers
is higher (R? = 0.95) than that presented herein
(R?=0.89). The most likely reason for this difference
may be attributed to two reasons: One is that they
employed gas-nailers in their research in which the
COV of penetration depths should be very low owing
the constant energy released by the ignition of propane
while the COV of nail penetration depths herein is
somewhat higher owing to possible variations in the
amount of gunpowder in the sound bullets.

The exclusion of concretes and bricks from the
regression analysis yield a predictive equation with a
lower value of R? (=0.81). The authors’ preference is
to use Equation (1) for all materials since the measured
parameter is a common index for the three types of
construction materials examined herein.

The next step included the entry of independent
variables of 325 sets of nail penetration test to predict the
compressive strengths indirectly. The experimentally
measured compressive strengths and the computed
compressive strengths using Equation (1) are plotted
for 325 data sets (Figure 10). Disregarding a limited
number of singular points, it is seen that the degree

Table 3- The results regression analyses (@: nail diameter, h: penetration depth, E: impact energy, RMSE: Root Mean Squared Error, VAF:
Variance Accounted For, MAPE: Mean Absolute Percentage Error).

Case Equation R? RMSE VAF MAPE
All materials o, = exp(0.1453¢-0.087h+0.0142E+2.14) 0.89 10.3 91.8 50.3
Rock samples o, = exp(0.227¢-0.07h+0.0095E+2.25) 0.81 11.4 93.5 15.7
Concrete samples o, = exp(0.437¢-0.0746h+0.0177E+4.39) 0.85 1.9 92.4 12.8
E=150 J only o, =3.69¢-1.1h+0.315E 0.74 12.8 74.5 66.6
¢ =5 mm only o, = 7.74¢-2.77h+0.343E 0.66 16.8 65.8 32.9
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Figure 10- Graph showing the comparison between the predicted
and measured compressive 348 strengths using all data.

of agreement between the computed compressive
strengths and the measured compressive strengths
measured is highly encouraging. The 1:1 line of the
two parameters is also given in this graph. In addition,
+o/-0 standard deviation lines are also shown based
on the 31% coefficient of variation determined for
rock number 23 (andesite-2). A great majority of
the predicted compressive strengths of the 48 tested
materials were within the +10/-1c standard deviation
of the measured compressive strength.

Table 4 was constructed to offer guidelines for the
professionals about using the proper nail diameters
and different energy levels for different ranges of the
UCS.

4, Conclusions and Discussion

The results obtained from this investigation are as
follows:

- An empirical relationship to indirectly predict
the compressive strength of building materials was
established.

Table 4- Guidelines for the use of appropriate nail diameters (in
millimeters) for various levels of UCS and the two levels
of impact energy.

o, range (MPa) E=50] E=150]
0-20 4,5,6

20 - 60 - 4,5
60 - 100 - 5,6

> 100 - 6

- The nail gun employed for this investigation to
indirectly predict the compressive strengths of most
common construction materials is a non-destructive
test and yields a very high correlation coefficient
(R?=0.89) between the predicted and measured CSs.

- Wide range of compressive strengths (1-100
MPa and higher) for building materials can be
predicted with a great degree of accuracy using the
nailer employed.

- The coefficient of wvariation of compressive
strengths of two types of rock sample is surprisingly
high. This finding has never been handled in earlier
investigations and needs to be addressed further.
A possible explanation for such a wide range of
compressive strengths of the same rock could be the
variations of micro-crack distribution in core samples.
A comprehensive study is recommended in that the
distribution of micro-cracks in each rock core is
correlated to the respective CSs.

- The coefficient of variation of nail penetration
depth is significantly smaller than that found for the
compressive strength using the direct method.

- While the time required for obtaining a sufficient
number of identical rock or concrete samples and
running a series of compression tests on the cores of
these materials may take up to several hours to one
day per sample, obtaining the compressive strength
indirectly by a nailer such as the one used in this
investigation takes only as short as less than half an
hour (for 5 shots).

- The nailer used for this investigation eliminates
the need for using several different-energy level
nailers for materials of varying levels of compressive
strength.

The great variability with the compressive strength
of the same rock material brings up the question of
“is the compressive strength determined through
conventional compression tests unique or an absolute
value?”. It also holds for concrete materials. This is
an important aspect of direct compression tests to
be addressed in further investigations and must be
validated by more evidence.
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The proposed tool, along with the empirical
equation, is capable of predicting compressive
strengths greater than 100 MPa by measuring the depth
on the rock surface created by the chiseling effect. Nail
penetration depths are created this way for strong- to
very-strong rocks and thus the compressive strength
obtained indirectly may be questionable because the
chiseling depth decreases as the compressive strength
increases. Considering the pointy character of nails,
the pointy part of nailers which ranges from 2-3
millimeters, more tests need to be run to demonstrate
if the angle of the point or the length of the pointy part
has any effect on the compressive strength.

As a further investigation about abnormally
high coefficients of variation of rocks, the authors
recommend comprehensive direct compression tests
be done on rocks (and also on concretes) involving
more variety of test materials. This way, the use of
appropriate statistical methods may come up with the
optimum selection of the true compressive strengths
for building materials.
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Bosphorus and The aim of this study is to investigate radioactive pollutants from pollution loads transported from
Daﬂrda.nelles Straits the Black Sea to the Aegean Sea by the Turkish Straits System and their effects on microfauna
gﬁgl:zzo fne‘gs‘"t‘:;‘sul) (benthic foraminifera and ostracoda) assemblages. In the study, the effects of gross alpha and beta
Gross alpha and beta, ’ activity on the species number, species diversity, dominant species and species richness of benthic
Microfauna (benthic foraminiferal and ostracoda assemblages were investigated in 16 bottom sediments taken from
foraminifera, ostracoda). different depths in the Golden Horn, Bosphorus and Dardanelles straits. In the studied sediment
samples examined 61 genera and 64 species of benthic foraminifera, 23 genera and 26 species
of ostracoda were identified. In addition two migratory foraminifera species were observed as
Spiroloculina antillarum of Atlantic-Pacific origin and Peneroplis pertusus of Indo-Pacific origin. A
relationship between the abundance of microfauna and high gross alpha and beta values was found
in the Dardanelles samples, but not in the Bosphorus and Golden Horn samples. In this study, the
highest radioactivity value was observed in the deepest bottom sediment samples. Consequently, the
Received Date: 15.12.2022  gross alpha and beta values were seen to be close to each other in the Dardanelles Strait and Golden
Accepted Date: 16.06.2023 Horn samples, and they had a broad-spectrum in the Bosphorus samples.

1. Introduction Many research point out radionuclides fall out-

Certain conditions can determine the rate of derived pollutants that accumulate for a long time in

transport of radionuclides within and between the living things such as invertebrate, fish, fungi and lichens

components of the ecosystem. These conditions are and helping to evaluate the activity concentration
the mechanisms that cause transport, the concentration (Kilig et al., 2014; Biswas et al., 2015; Savino et al,,
levels of radionuclides in the biotic and abiotic =~ 2017;Borciaetal., 2017; Duong Van et al., 2020). Ina
components of ecosystems, and the geochemical and study by Kili¢ et al. (2014), the activity concentrations

ecological processes that affect the transport (Merig et of natural and artificial radionuclides were determined
al., 2012; Barut et al., 2013; Zorer and Oter, 2015; Van in the mussel species Mytilus galloprovincialis
etal., 2018). (Mollusca: Bivalvia: Mytilidae) from Mediterranean
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mollusc species and in samples taken from the Golden
Horn sediment. According to the results of the study,
the concentrations of radioactivity in the particles in
the <63 pm fraction of the sediment were generally
higher than those found in Mytilus galloprovincialis.
Therefore, the interaction of these radionuclides,
which are the main indicators of the radiological state
of the environment, and their usability in biological
updates take place in various biogeochemical cycles
(Mandic et al., 2010).

Again, the movements and distribution of
radionuclides were influenced by differences in
the sedimentation rate in the sediments of aquatic
environments (lakes, estuaries, oceans and coastal
seas) and atmospheric features such as floods and
droughts. Therefore, it is important to evaluate the
time, quality, quantity and accumulation of material
together with environmental changes in past or current
sediments (Carroll and Lerche, 2003; Aygik et al.,
2004; Li et al., 2006; Dai et al., 2007; Yang et al.,
2009; Ruiz-Fernandez and Hillaire-Marcel, 2009).

Marine sediments have include natural records,
a wealth of environmental information for organic
and inorganic toxic pollutants, and high-resolution
chronological transitions, that enable the examination
of the anthropogenic origin of environmental changes
in the past (Callaway et al., 1996; Vongunten et al.,
1997; Fuller et al., 1999; Dai et al., 2007; Zhou et al.,
2015; Hanfi et al., 2019, 2021). Radionuclides that
are found locally in river and lake bottom sediments
above certain limit values (*H, *°Sr, '3’Cs, 28U, U,
28py, 2Py, 2Py, 2 Am, gross alpha, gross beta ve
gross gama) are caused by air particles dispersed into
the atmosphere as a result of surface nuclear weapons
test studies and passing to other environments with
radionuclide fallouts and radioactive clouds (McLin
and Lyons, 2002).

Various pollution loads are transported from the
Black Sea to the Marmara and Aegean Seas via the
Bosphorus and Dardanelles Straits. An important part
of the pollution in the Black Sea is the waste brought
by the Danube River (Rank et al., 1990; Pantelic et al.,
2002; Maringer et al., 2015; Borcia et al., 2017). The
study of radiochemical processes has been revelead
the existence of radioactive and chemical pollution
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risks in the lower parts of the Danube, in the Black
Sea coastal region where some complex processes
occur together with the Danube spill area in the Black
Sea (Bologa and Patrascu, 1997; Borcia et al., 2017).
For example after the Chernobyl accident, some of
the activation products that emerged in the marine
environment samples as a result of radioactive fallout
in the ecosystem, as well as some of the other fission
products were transported to the Eastern Black Sea
Region and other regions (Bologa, 1994; Bologa and
Patrascu, 1997; Bologa et al., 1998; Patrascu, 2002).
Besides, the Dnieper, Dniester, Kuban, Don, Coruh,
Kizilirmak, Sakarya and Yesilirmak rivers and their
tributaries around the Black Sea are also effective
in transporting pollution in general and industrial
pollution in particular.

Radioactivity in the water comes from three main
sources: natural radioactivity, radioactive precipitation
and radiological facilities. Examination of qualitative
and quantitative content of the radioactivity
concentration levels found in nature is important
in assessing of the environmental risk and the case
(Tuncer and Tugrul, 1992; Er and Tugrul, 1995;
Sahin, 2000; Tugrul et al., 2001). Natural radionuclide
concentrations in the aquatic ecosystem are connected
to the physicochemical conditions and the geological
features of the region.

Another recent study (Savino et al., 2017)
conducted after the Chernoby! accident, starting from
September 1986, included four monitoring periods
to assess the activity concentration of four isotopes
("Cs, Cs, Ru and °Ru). Moreover, Savino et
al. (2017), twenty-eight years after the accident in
December 2014, carried out another sampling process.
Only ¥7Cs was revealed beyond the detection limits,
measuring activity concentrations ranging from 20 to
40 Bg/kg, while other radionuclides were no longer
observed due to their shorter half-life (Savino et
al., 2017). Beacuse of the elements and radioactive
contaminants in the soil transported and distributed
by water, aquatic ecosystem is effected by radioactive
materials (Santschi and Honeyman, 1989). Particulate
matter containing dissolved organic and inorganic
substances are transported from the land to the sea via
rivers.
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Owing to the presence of uranium in disequilibrium
with its daughter isotopes in lake and river sediments,
the radioactivity is low. In contrast, the oceanic
sediments contain an important value, radionuclides.
At the same time, the oceans serve as a redistribution
agent for radioactive elements (Friedlander et al.,
2005). Some radionuclide concentrations in the
Black Sea are higher than those in the Mediterranean.
However, studies on the radiological results of
the radionuclides measured in the oceans and the
Mediterranean show that the radiation dose emitted
from Black Sea anthropogenic radionuclides is low
(Emiroglu, 2014). Studies are ongoing for countries
surrounding the Black Sea to develop regionally
coordinated monitoring and emergency response
programs for radionuclides in the marine environment
and to evaluate key processes that control the fate
of the pollutants in the Black Sea using radioactive
tracers (Topguoglu, 2000).

The elements that are carried out to seas and
coastal ecosystems, and have a pollutant effect are
causing a change in the quality of the sea water,
deterioration of the environment at the seabed,
disappearance of dissolved oxygen in the bottom mud
and emergence of anaerobic conditions. At the end
of this process, the ecological balance deteriorates
with the change of living conditions in the marine
environment. Radioactive contaminations that cause
abnormal formations on fauna and flora classified by
the World Health Organization (WHO) are among
these pollutants.

The distribution and abundance of benthic
foraminifera individuals are mainly controlled by the
temperature, salinity of the sea surface water (Thunell,
1979; Sen Gupta, 1999). Benthic foraminifera
are very sensitive to changes in physicochemical
and biological characteristics of the ecological
environment (sea water temperature, salinity, pH,
dissolved oxygen, availability of food, etc.). The
distribution and abundance of benthic foraminifera
individuals are affected by ecological conditions in
the marine environment. Therefore, the properties
of benthic foraminifera tests, including their
morphology, abundance, stable isotopic and trace
metal composition, provide valuable information on

past climatic and oceanographic changes such as sea
level, monsoons density, temperature, salinity, and
ocean circulation (Saraswat and Nigam, 2013).

In general, both natural and anthropogenic factors
of the marine environment affect the abundance
and distribution of different microfauna (benthic
foraminifera, ostracoda) genera and species, abnormal
morphological deformations and coloration of their
foraminifera tests or ostracoda carapaces. In some
recent studies (Merig et al., 2008, 2009, 2012, 2017,
2018aq, b, 2020; Barut et al., 2013; Yokes et al., 2014)
carried out at different locations of the Eastern Aegean
Sea, highly different ecological conditions including
radioactivity =~ concentrations and  geochemical
properties of the sediment were found to be influenced
by the presence of potential sub marine thermal
springs. Likewise, while the physical, chemical and
radioactive properties of seawater were effective
on benthic foraminiferal assemblages in terms of
genera and species abundance, distribution, abnormal
individual and colored shell formation, they did not
show any effect on ostracoda individuals (Barut et al.,
2018; Merig et al., 2018¢, b; 2020).

In the study by Meric et al. (2018a) carried out at
Aliaga Cove (izmir), the gross alpha and gross beta
(Bg/1) values in water collected from the sea and inside
the cave at the location were higher than the reference
values. Besides, according to the results of their study,
it is in question that among ecological conditions,
both differences in temperature value limits and the
radioactive properties of waters may be effective on
the distribution of the genera and species of certain
benthic foraminifera (Merig et al., 2018a).

Our study aims to investigate the effects of
radioactive pollutants transported from the Black
Sea to the Aegean Sea through the Turkish Straits
System on microfaunal assemblages. In this context,
multidisciplinary analyses were carried out including
paleontological analyses, radioactivity analyses and
statistical analyses in the sediment samples. The
Bosphorus, the Dardanelles and the Golden Horn
were selected as the areas of study because they are
significant transportation routes of bottom sediments
reaching the Marmara and Aegean Seas from the
Black Sea (Figure 1).
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Figure 1- Location map of the study area.

The results of our studies conducted in
environments with different ecological characteristics
including thermal submarine freshwaters in guifs,
bays and surroundings of the Eastern Aegean coasts
were evaluated together with the results obtained
in this study. Therefore, this study investigates the
effects of gross alpha and beta activity concentrations
on the number of individual species, number of
species diversity, number of dominant species and
species richness of benthic foraminifera and ostracoda
assemblages (Figure 1).

2. Oceanographic Features of the Bosphorus

The surface water temperature was measured
along the profile in the Bosphorus, with average values
between 8.0-9.0°C in spring and 19.0 - 24.0°C in
summer. The surface water temperature is measured
around 18.5-19.0°C in autumn. The temperature of
the bottom water is around 14.5°C. In winter, the
surface water temperature drops to around 5.5- 6.5°C.
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The temperature of the bottom water does not change
in general and is around 14-14.5°C in all seasons
(Eryilmaz, 1995, 1997, 2002; Eryilmaz et al., 2000;
Yiicesoy-Eryilmaz et al., 2003q, b) (Figure 2).

The presence of two layers in the Bosphorus may
be observed more easily with salinity data (Figure
2). Surface salinity is measured as 17.68%o in spring,
while it is 36.0%o at 30 m and 36.8%o at 60 m of depth.
It is 17.89%o on the surface in summer, 34.19%o at 30
m, and 38.28%o at 60 m of depth. It is 17.38%o on the
surface in autumn, 17.59%o at 30 m, and 38.46%o at 60
m. Itis 17.15%o in winter, 26.49%o at 30 m, and 37.25%eo
at 60 m of depth (Eryilmaz, 1995, 1997; Eryilmaz et
al., 2000; Yiicesoy-Eryilmaz et al., 2003a, b).

In the Bosphorus, two different waters pass in
opposite directions, the surface and bottom currents
are caused by the level and density differences between
the Black Sea and the Aegean Sea. These currents
differ based on meteorological factors and seasons. It
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Figure 2- Seasonal change of average sea water temperature (°C), salinity (%o) by depth in the Bosphorus.

was observed that the surface current velocity at the
northern entrance of the Bosphorus is 0.5-0.7 knots,
¥, knots at Fil Burnu (Figure 1), 1-1.5 knots in front
of Anadolu Kavagi, 2-3 knots in front of Cubuklu,
4-5 knots in front of Akinti Burnu and Beylerbeyi,
the narrowest parts of the strait, and between 3 and 4
knots in Uskiidar-Besiktas (Figure 1). However, this
velocity increases to 7-8 knots with northern winds
(Figure 2) (Eryilmaz, 1995, 1997; Eryilmaz et al.,
2000; Yiicesoy-Eryilmaz et al., 20034, b).

3. Oceanographic Features of the Dardanelles

The reverse currents of Mediterranean and Black
Seas origin waters observed in the Bosphorus Strait
are also seen in the Dardanelles. However, contrary
to the Bosphorus, the thickness of the Mediterranean
origin water is higher and the thickness of the Black
Sea origin water is lower. This factor is one of the most
important elements that affect the vertical temperature
distribution in the water of the Dardanelles Strait.
The water temperature on the surface in the spring is

16.8-17.6°C and 14.8-15.2°C at 40 m depth. It is 19.8-
22.3°C on the surface in summer and 15.4-15.7°C
at 45 m. It is 16.4-17.7°C on the surface in autumn
and 15.7-17.2°C at 75 m of depth. It is 13.0-13.2°C
in winter, 15.5-16.6°C in 80 m of depth (Figure 3)
(Eryilmaz, 1998; Eryilmaz et al., 2001; Yiicesoy-
Eryilmaz and Eryilmaz, 1998, 2000, 2002).

Surface salinity in spring is 22.7-23.0%o, it is 38.9-
39.1%o at 30 m of depth. In summer, it is 23.5-28.0%. at
the surface and 38.6-39.1%o at 30 m depth. In autumn,
it is 23.6-26.4%o at the surface and 39.0%o at 30 m
depth. It is 23.5-26.4%0 in winter and 38.9-39.0%o
at 30 m depth (Figure 3) (Eryilmaz, 1998; Eryilmaz
et al., 2001; Yiicesoy-Eryilmaz and Eryilmaz, 1998,
2000, 2002).

The surface and bottom currents in the Dardanelles
Strait are caused by the level and density differences
between the Black Sea and the Aegean Sea. Here, as
in the Bosphorus, two different strata of water pass
in opposite directions. In the Dardanelles Strait, due

Figure 3- Seasonal change of average sea water temperature (°C), salinity (%o) by depth in the Dardanelles.
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to the high density of Mediterranean origin waters
coming from the Aegean Sea, they flow from the
bottom to the Marmara Sea while the less dense Black
Sea origin waters from the Marmara Sea pass into
the Aegean Sea from the surface. Surface currents
flow into the Aegean Sea in some places like a river
conforming to the coastal shape. Current velocities
are low at the northern entrance of the strait, but they
increase towards south. The surface current velocity
is 0.5 knots at the entrance to the Marmara Sea. It is
1.0-1.5 knots between Lapseki and Nara (Figure 1).
Under normal conditions, the current velocity in front
of Nara Cape is 1.5-2.0 knots and may reach up to
5.0 knots with winds blowing from the northeast. It
is 4.0 knots between Canakkale-Karanfil Cape, 2.0
knots between Intepe and Kumkale, and 2-3 knots
between Seddiilbahir and Kumkale (Figure 1). While
the Dardanalles Strait surface currents increase with
northeastern winds, they decrease with southwest
winds. The bottom current velocity is 0.2-0.3 knots
between Seddiilbahir and Kumkale. Between Intepe
and the Nara Cape, the undercurrent velocity is 0.2
knots, 0.5 knots in front of Nara Cape, 0.3-0.4 knots
between Nara and Gelibolu, and it decreases to 0.1
knots at the Marmara exit of the strait (Figure 3)
(Eryilmaz, 1998; Eryilmaz et al., 2001; Yiicesoy-
Eryilmaz and Eryilmaz, 1998, 2000, 2002).

4. Oceanographic Features of the Dardanelles Inlet
(NW Marmara Island) of the Marmara Sea

The temperature distributions measured depending
on the depth at the Dardanelles Inlet of the Marmara
Sea (NW Marmara Island) are 7.97°C on the surface

in spring, 14.64°C at 100 m; 23.55°C on the surface in
summer, 14.64°C at 100 m; 19.31°C on the surface in
autumn, 14.88°C at 100 m; 13.09°C on the surface in
winter, 14.61°C at 100 m (Figure 4) (Eryilmaz, 1995;
Yiicesoy-Eryilmaz et al., 2003a, b).

The measured average salinity values are 24.50%o
on the surface in spring, 38.61%o at 100 m; 22.15%o
on the surface in August, 38.86%o at 100 m; 22.84%o
on the surface in autumn; 38.71%o at 100 m; 26.80%o
on the surface in winter, 38.71%o at 100 m (Figure 4)
(Ery1lmaz, 1995; Yiicesoy-Eryilmaz et al., 2003, b).

5. The Oceanographic Characteristics of the
Golden Horn

In the Golden Horn, the water temperature on the
surface in spring is 9.93-10.67°C, 11.15-11.77°C at
10 m of depth, 13.29-14.08°C at 20 m depth, 13.93-
14.61°C at 30 m of depth; 24.65-25.12°C on the
surface in summer, 11.85-12.26°C at 10 m of depth,
11.68-12.32°C at 20 m of depth, 14.17-14.69°C at 30
m of depth; 19.05-19.60°C on the surface in autumn,
17.82-18.35°C at 10 m of depth, 13.87-14.41°C at 20
m of depth, 13.69-14.53°C at 30 m of depth; 05.44-
6.08°C on the surface in winter, 05.74-06.41°C at 10
m of depth; 09.81-10.39°C at 20 m of depth; 12.83-
13.51°C at 30 m of depth. Seasonal temperature
variations according to depth are given in Figure 5
illustrating the development of a thermocline in spring
between 9 and 20 m, in summer between 10 and 26 m,
autumn between 8.5 and 19 m and in winter between
14 and 25 m (Figure 5) (Eryilmaz and Kara, 1996;
Eryilmaz, 1998, 2002).

Figure 4- Seasonal change of average sea water temperature (°C), salinity (%o) by depth in the Marmara Sea, entrance of the Dardanelles (NW

Marmara Island).
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Figure 5- Seasonal change of average sea water temperature (°C), salinity (%o) by depth in the Golden Horn.

The salinity difference between the surface and
the substrates is almost absent. Salinity differences in
the surface layers depend on meteorological factors.
Seasonal average variations of the seawater salinity in
the Golden Horn are 19.29%o on the surface in spring,
25.26%0 at 10 m, 37.01%o at 20 m, 37.56%o at 30 m;
19.72%o on the surface in summer, 26.21%o at 10 m,
37.77%0 at 20 m, 38.11%o at 30 m; 18.58%0 on the
surface in autumn, 26.22%o at 10 m, 37.42%o at 20 m,
38.08%0 at 30 m; 17.19%0 on the surface in winter,
18.44%o at 10 m, 36.95%0 at 20 m, 37.58%0 at 30 m
(Figure 5) (Eryilmaz and Kara, 1996; Eryilmaz, 1998).

6. Materials and Methods

6.1. Study Area and Sampling

Multidisciplinary studies were carried out in the
region in the summer mounts of 2005 by the TCG

Cubuklu Ship affiliated to the Turkish Naval Forces
Command Office Of Navigation, Hydrography and
Oceanography (ONHO). Bottom sediment samples
from 16 different points and depths, which constitute
the basic data of this study, were collected by the Van
Veen grab sampler. The depths at which the samples
were taken varied between 7.00 and 80.00 m (Figure
1, Table 1).

From the Dardanelles, five sediment samples were
taken, while seven were taken from the Bosphorus
and four from the Golden Horn. The samples were
processed as described below. For each sample, 5 g of
dried sediments was weighed, 10% hydrogen peroxide
(H,0,) was added, and the mix was kept on hold for
24 hours, then washed under tap water after filtering
in a 0.063-mm sieve. This way, each sediment sample
was oven-dried at 50°C. Following this procedure, the

Table 1- Geographical coordinates, water depths, values of gross alpha and beta activity concentrations of sediment in sampling locations.

Sample no. Geographical Coordinates Water Depth Gross alpha Gross beta
Latitude Longitude (m) (Barkg) (Barkg)
B1 41° 14'408"N 29°06'976"E 39 451 +53 939+ 51
B3 41°12'22"N 29°07'22"E 20 87 £29 203 £28
B10 41°0920"N 29°02'53"E 33 547+ 57 884+ 51
Bosphorus B12 41° 05'30"N 29° 03'40"E 67 253 £42 792 +47
B17 41°02'636"N 29° 01'888"E 47 621 £ 61 893 +£49
B21 41° 00'49"N 28°59'26"E 30 274+ 42 579 £41
B22 40° 59'952"N 28°59'061"E 10 315+45 762 £47
GH1 41° 02'02"N 28° 57'12"E 7 532+56 987 +£52
Golden GH3 41°01'54"N 28° 57'14"E 10 439+52 918 £ 51
Horn GH12 41°01'31"N 28° 57'52"E 36 607 + 60 991 +53
GH18 41°01'14"N 28° 58'06"E 52 718 £65 1005 £ 53
D1 40° 34'648"N 27° 14'088"E 80 550 £57 1062 + 57
D5 40° 27'42"N 26°45'17"E 42 586 £59 1039+ 53
Dardanelles D9 40°16'17"N 26°3121"E 65 535+£57 1002 + 52
D13 40° 05'12"N 26° 20'42"E 66 435+ 51 895+ 50
D15 40° 01'06"N 26° 15'06"E 59 540 £ 57 988 £ 51

209



Bull. Min. Res. Exp. (2024) 173: 203-233

samples were examined under a binocular microscope
by sieving them in 2.00-, 1.00-, 0.500-, 0.250- and
0.125-mm mesh sizes. The standard procedure of
paleontological studies was followed based on the
reports of Babin (1980), Bignot (1985) and Murray
(1973).

At the laboratory stage, the benthic foraminifera
and ostracoda content of each sample was determined,
the species forming the assemblages were separated
and named, and they were counted in a foraminifera
count plate (5/7 grid). The analyses performed
on the foraminifera and ostracoda assemblages in
the Paleontology Laboratory were completed by
sequencing the forms to be used in the final definitions
in a certain order for SEM imaging studies.

6.2. Measurements of the Gross Alpha and Gross Beta
Activities

Gross alpha and gross beta activity concentrations
were determined in 16 sediment samples collected
from the Bosphorus and Dardanelles Straits and the
Golden Horn. The gross alpha and gross beta counts of
the samples were made at Cekmece Nuclear Research
and Training Center (CNAEM). For the gross alpha
and gross beta counts, the samples were first milled
to 200 mesh and then dried. The sample kept in the
desiccator was weighed by 12 g, mixed with 3 g wax,
placed in a mold 40 mm diameter and turned into
pellets using 35 tons of pressure. A Berthol LB770-
PC 10 (Low Level Counter) channel low-level Alpha/
Beta planchet counter was used for the measurements
made on 16 sediment samples that were pelleted
under suitable conditions for measurement. The
measured results were obtained in units of Bq/kg. The
measurement uncertainty was in the range of: £2c.

In the calculation of the activity concentrations
of the samples, the background correction, self-
absorption correction, counting and total uncertainty
that occurred during the preparation of the sample
for counting were calculated. Accordingly, the
total uncertainty was in the range of: +2¢ with 95%
confidence interval. The low-level counting system
was commonly used for measuring environmental
samples with low natural background radiation. Its
calibration was carried out with standard solutions that
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contained known activities of ! Am for alpha values
and °°Sr for beta values which were similar to the
sample geometry. The minimum detectable activity
(MDA) that could be achieved with the detection
system was obtained as

where V' is the sample volume, T is the duration of
the measurements (in min), ¢ is the counting efficiency
(Currie, 1968). L, was defined as

with C, being the background level in counts/min.

6.3. Statistical Analysis

The  PAST
paleontological

(PAleontological ~ STatistics):

statistics software package for
education and scientific data analysis (Hammer et
al., 2001) was used for the statistical analysis. In
quantitative paleontology PAST is a comprehensive,
but simple-to-use software package for executing a
range of standard numerical analyses and operations.
PAST also includes many functions that are specific
to paleontology and ecology, and these functions
are not found in standard, more extensive, statistical

packages.

7. Results

7.1. Benthic Foraminiferal Assemblages

In our study, 61 genera and 64 species benthic
foraminifera individuals were determined  in 16
bottom sediment samples taken from the Bosphorus,
Dardanelles and Golden Horn. The taxonomic
descriptions of previous studies were used (Cimerman
and Langer, 1991; Hatta and Ujiie, 1992; Hottinger
et al., 1993; Sgarella and Moncharmont-Zei, 1993;
Loeblich and Tappan, 1994; Avsar and Merig, 2001;
Avsar, 2002; Merig¢ et al., 20024, b, 2003q, b, c,
2009; Avsar et al., 2006; Avsar and Merig, 2008).
Additionally, the classification of foraminifera by
Loeblich and Tappan (1988) was considered.

In this study, which was carried out in recent
bottom sediments, it was understood that the benthic
foraminifera assemblages in the sediment samples
were under the influence of the Aegean Sea and
Mediterranean fauna. While microfauna was abundant
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inthe sediment samples from the Dardanelles, it was not
abundant in the Bosphorus and Golden Horn samples.
In addition to the fact that the bottom sediments of
the Dardanelles have a very rich foraminiferal fauna,
it was revealed that the warm and salty Mediterranean
waters also show an active nature in the Bosphorus.

Additionally, two migratory foraminifera species
were observed as Spiroloculina antillarum d’Orbigny
(in D13 and GH3 samples) of Atlantic-Pacific origin

and Peneroplis pertusus (Forskél) (in D9, GH3 and
GH12 samples) of Indo-Pacific origin. In our study,
no abnormal morphological disorder was observed in
the collected microfaunal individuals. The dominant
species of benthic foraminifera were determined
as Quinqueloculina seminula (Linne), Brizalina
spathulata  (Williamson),
Silvestri, Lobatula lobatula (Walker ve Jacob),
Ammonia compacta (Hofker), A.tepida (Cushman)
(Table 2) (Plates I-1I).

Cassidulina  carinata

Table 2- Distribution counts of benthic foraminifera genera and species in Bosphorus and Dardanelles straits and Golden Horn.

Sample ID

FORAMINIFERA

B10 | B12 | B17 | B21 | B22 | GH1 | GH3 | GH12 | D1 | D5 | D9 | D13 | D15

Spiroplectinella sagittula

Textularia bocki

Textularia sp.

Adelosina cliarensis

Adelosina mediterranensis

Spiroloculina antillarum

Spiroloculina ornata

Spiroloculina tenuiseptata

Siphonaperta aspera 2

Cycloforina contorta

Cycloforina tenuicollis

Cycloforina villafranca 1

Massilina secans

Quinqueloculina berthelotiana

Quinqueloculina bidentata 1

Quinqueloculina disparilis 2

Quinqueloculina laevigata 1

Quinqueloculina lamarckiana 2

Quinqueloculina seminula 2 3 1

Miliolinella semicostata

Miliolinella subrotunda

Pseudotriloculina oblonga

Phyrgo elongata

Sigmoilinita costata

Sigmoilinita edwardsi

Sigmoilopsis schlumbergeri

Peneroplis pertusus

Lenticulina cultrata

Amphicoryna scalaris

Polymorphina sp. 1

211



Bull. Min. Res. Exp. (2024) 173: 203-233

Continued Table 2

FORAMINIFERA

Sample ID

B10 | B12 | B17 | B21

B22 | GH1 | GH3 | GH12 | D1 | D5 | D9 | D13 | D15

Fissurina Sp.

Brizalina alata

Brizalina spathulata

Cassidulina carinata

Globocassidulina subglobosa

Rectuvigerina phlegeri

Bulimina elongata 1

N
D W[IN|[ || s |~

Bulimina marginata

Globobulimina affinis

NfwWw(A B[N O |O

Globobulimina pseudospinescens

Reussella spinulosa

Valvulineria bradyana

Gavelinopsis praegeri

Neoconorbina terquemi 1

Rosalina bradyi

Rosalina globularis

Siphonina reticulata

Discorbinella bertheloti

Hpyalinea balthica

Cibicides advenum

Lobatula lobatula 1 1

Planorbulina mediterranensis

Asterigerinata mamilla

Nonion depressulum

Nonionella turgida

Melonis pompilioides

Ammonia compacta 1 2 3 2

Ammonia tepida 8 3

Cribroelphidium poeyanum 4

Porosononion subgranosum

oo

N

~

w

~

[ee]
N|lw| o |~ |lw| N

Elphidium aculeatum

Elphidium advenum

Elphidium complanatum

Elphidium crispum 2 2

7.2. Ostracoda Assemblages

In this study, ostracoda individuals were found
to include 23 genera and 26 species in 10 of the 16
sediment samples that were collected. The studies of
Van Morkhoven (1963), Hartman and Puri (1974),
Breman (1975), Bonaduce et al. (1975), Yassini
(1979), Guillaume et al. (1985), Athersuch et al.
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(1989), Guernet et al. (2003), Joachim and Langer
(2008) were utilized for determination of ostracoda
genera and species. (Table 3).

The high number of genera and species in
Dardanelles is associated with the mixing of
Mediterranean and Aegean Sea waters. In our study,

genera and species common in the Aegean and
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Table 3- Distribution counts of ostracoda genera and species in Bosphorus and Dardanelles straits and Golden Horn

Sample ID

OSTRACODA B10 B17 B21 B22 | GH1 D1 D5 D9 D13 D15
Aurila convexa 1 1 1
Basslerites berchoni 3 1
Bosquetina carinella 1 1 1 1
Buntonia sublatissima 3 2
Callistocythere intricatoides 1
Carinocythereis carinata 7
Carinocythereis rhombica 1
Costa edwardsii 1 3 14 6 2
Cyprideis torosa 2
Cytherella alvearium 7 2 3
Cytherella vulgata 2 3 2
Cytheridea acuminata 13 1
Cytheridea neapolitana 5 3 3
Cytheropteron latum 2
Heterocypris salinus 2
Hiltermannicythere turbida 2
Leptocythere sp. 3 1
Loxoconcha rhomboidea 1 1 1 4 2 6 1
Neonesidea corpulenta 1 1 1
Paradoxostoma triste 1
Pontocythere elongata 3
Pterygocythereis jonesii 4 2 1 2
Semicytherura inversa 1 3
Tyrrenocythere amnicola 2
Urocythereis oblonga 2
Xestoleberis communis 1 1 1

Mediterranean were determined in the sediment
samples in which the ostracoda assemblage was
observed. The Tyrrenocythere amnicola (Sars) living
in low-salt environments, which is also observed only
in the B10 sediment sample, reflects the current low-
salinity conditions of the Black Sea. Cyprideis torosa
(Jones) is euryhaline and a cosmopolitan species and
was observed only in the D13 sample. Heterocypris
salina (Brady) was observed inthe B21 (30 m) sediment
sample. It is a halophilic cosmopolitan species known
to tolerate different levels of environmental variables,
including high levels of salinity changes. It prefers
both small and slightly salty coastal and inland
waters. Additionally, it also occurs in pure freshwater
habitats (Akdemir and Kiilkoyliioglu, 2021). Thus, it

indicates that the salinity levels in the water body it is
in have increased. Considering that it is detemined in
the B21 sediment that at the Marmara entrance of the
Bosphorus and at 30 m depth, it suggests that it may
have been transported.

In the sediment sample D1 that was collected
at the deepest location (80 m), ostracoda numbers
were low (only three carapaces). Again, in this
study, no ostracoda individuals were found in the B1
(39 m), B3 (20 m), B12 (67 m) and GH18 (52 m)
sediment samples. Only two ostracoda individuals
were observed in the sediment sample B17 (47 m).
Additionally, no ostracoda individuals were found
in the GH3 (10 m), GH12 (36 m) and GH18 (52 m)

213



Bull. Min. Res. Exp. (2024) 173: 203-233

sediments, and only one carapace was observed in the
GH1 (7 m) sample. The samples of the Dardanelles
included a very rich ostracoda assemblage. In the
comparison of the ostracoda species richness levels
among the sediments, it was determined that the
highest number of individuals was in D5 (42 m) with
56 species.

7.3. Determination of Gross Alpha and Gross Beta
Radioactivity Concentration in Sediment Samples

Inthisstudy, gross alphaand gross betaradioactivity
concentrations were determined in the sampled
Bosphorus and Dardanelles Straits and Golden Horn
sediments (Table 1). In order to determine whether
there is radioactive contamination, gross alpha and
beta radioactivity values should be determined. In
the Dardanelles samples, the gross alpha count was

measured in the range of 435 + 51-586 + 59 Bg/kg,
and the gross beta count was between 895 + 50 and
1062 = 57 Bg/kg. In the Golden Horn samples, the
gross alpha count was found in the range of 439 + 52-
718 £ 65 Bg/kg, and the gross beta count was between
918 £ 51 and 1005 + 53 Bg/kg. In addition to these,
in the samples of the Bosphorus Strait, the gross alpha
count was found in the range of 87 + 29 and 621 + 61
Bqg/kg, and the gross beta count was between 203 + 28
and 939 + 51 Bg/kg. In the sediment samples, the gross
alpha concentration was the highest in B17, GH12 and
GH18 and the lowest in B3 (Figure 6 a). The gross
beta concentration was the highest in D1 and B5 and
the lowest in B3 (Figure 6 b). The distributions of the
gross alpha and gross beta concentrations according
to the sediment samples were in a linear relationship
with each other.

Figure 6- Distribution of, a) gross alpha and b) gross beta values with depth of sediments in investigation area.
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While the gross alpha concentration distributions
were close to each other in the Dardanelles and Golden
Horn samples, they had a substantial variability
between 87 +29 and 621 + 61 Bg/kg in the Bosphorus
samples. The gross beta concentration distributions
were close to each other in the Golden Horn samples
but variable in the Bosphorus and Dardanelles
samples.

Considering the relationship between depth and
gross alpha concentration, the highest activity value
(586 £ 59 Bg/kg) was measured only at the minimum
depth sediment sample of the Dardanelles Strait (D5,
42 m), thus an inverse proportion with depth was
observed (Figure 6 a). While the highest gross alpha
value was found (718 £ 65 Bg/kg) in the deepest
sedimentary sample (GHI18, 52 m) in the Golden
Horn, the lowest gross alpha value (87+29 Bg/kg)
was found in the sediment sample collected from the
minimum depth (B3; 20 m) in the Bosphorus (Figure
6b). A linear relationship was found between gross
beta concentration and depth, in the Golden Horn
(GH18; 52 m; 1005453 Bq/kg) and Dardanelles Strait
(D1; 80 m; 1062+57 Bg/kg), and the highest activity
value was found in these sediment samples collected
from the maximum depth (in GH18 and D1 samples).

In the sediment samples collected at the
deepest location D1 (80 m), the numbers of benthic
foraminifera and ostracoda are low, whereas the gross
alpha and beta values are high. The highest gross
beta value was measured at B1 (39 m), where benthic
foraminifera and ostracoda are not observed, whereas
the lowest gross beta was measured at B3 (20 m). In
B17 (47 m), the highest gross alpha and beta values
and a small number of microfauna are found. The
highest abundance (46 numbers) and diversity (16
numbers) of benthic foraminiferal assemblages were
determined at a minimum depth in B22 (10 m) from
the Bosphorus sediments (Table 2). Also at GH18 (52
m), the gross alpha and beta values are the highest, but
no microfauna was found.

7.4. Statistical Analysis for Benthic Foraminifera and
Ostracod Assemblages
The parameters that were used in the calculation
of benthic foraminifera diversity and species
richness (PAST) in this study included the number of
species (Taxa_S), species diversity (Simpson_1-D),

dominance number of species (Dominance D),
species diversity (Shannon H) and richness of
species (Margalef). In the calculation of benthic
foraminiferal diversity and species richness (PAST),
Shannon (3.36), Simpson (0.9603) and Margalef
(7.094) parameter results were recorded at the highest
in D9. The dominance in the sediments was at the
highest in D9 based on the Simpson Dominance Index
(0.9603). The Simpson’s Diversity Index shows
the dominance of the environment as inversely
proportional to the diversity of the environment. The
Shannon Species Diversity and Simpson Population
Density relationship was calculated as the highest
(3.36; 0.9603) in the D9 sample and the lowest
(0.6931; 0.5) in the GH1 sample. When the benthic
foraminifera species richness was compared among
the sediments, it was determined that D9 contained the
most species, with 33 species. For the Margalef Index,
the same foraminiferal assemblages are compared in
the sediment samples, and this index was found to be
highest in D9 and lowest in GH1 (Table 4).

According to the PAST statistical analysis of the
distribution of ostracoda, the Shannon parameter was
determined in D13 (2.404), the Simpson parameter
was determined in D9 (0.9032) and the Margalef
parameter was determined in B22 (9.783) (Table 5).
The Simpson Dominance Index in the sediments was
the highest in D9 (0.9032). Again, the relationship
between the Shannon species diversity and the
Simpson population density of ostracoda was found
to be the highest at D9 (0.9032) and D13 (2.404),
the lowest (0) at GH1 and D1 samples (Table 5).
When the richness values of ostracoda species in the
sediments were compared, it was determined that
D5 contained the most species, with 56 species. The
Margalef Index was compared for the assessment of
the same ostracoda assemblages between different
sediment samples and in B22 sample was found to be
the highest (Table 5).

8. Discussion and Conclusion

The geology of the Bosphorus Strait consists
of terrestrial clayey pebbles of the quaternary
sedimentary sequence within the Thrace Formation
(Simsek, 1987). The sediments contain sandstone,
siltstone, claystone and quartz pebbles of different
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Table 4- The evaluation with PAST of benthic foraminifera.

ID Count of foraminifera Taxa_S Dominance_D Simpson_1-D Shannon_H Margalef
B10 19 7 0.2521 0.7479 1.631 2.038
B12 7 3 0.3469 0.6531 1.079 1.028
B17 8 5 0.25 0.75 1.494 1.924
B21 12 7 0.1667 0.8333 1.864 2415
B22 46 15 0.09032 0.9097 2.558 3.722
GH1 4 2 0.5 0.5 0.6931 0.7213
GH3 11 6 0.2231 0.7769 1.642 2.085

GH12 8 6 0.2099 0.7901 1.677 2.276

D1 31 17 0.06972 0.9303 2.74 4.659
D5 39 17 0.06772 0.9323 2.757 4.367
D9 91 33 0.03973 0.9603 3.36 7.094
D13 31 13 0.09261 0.9074 2.47 3.494
D15 84 25 0.0496 0.9504 3.109 5.417

Table 5- The evaluation with PAST of ostracoda.
Count of tracod Taxa_S Dominance_D Simpson_1-D Shannon_H Margalef
B10 9 6 0.1827 0.8173 1.747 6.056
B17 2 0.5 0.5 0.6931 0
B21 3 2 0.5256 0.4744 0.6673 0
B22 5 5 0.2 0.8 1.609 9.783
GH1 1 1 1 0 0 0
D1 3 1 1 0 0 0
D5 56 10 0.1126 0.8874 2.238 4.502
D9 20 11 0.09685 0.9032 2.365 6.38
D13 35 12 0.09701 0.903 2.404 5.909
D15 16 9 0.1201 0.8799 2.157 5.946

sizes, with short intervals of repetitive pebbles, less
silty, very compact sand, dark gray coarse shells,
sandy pebbles and especially abundant shells. Again,
these sediment distributions consist of mostly gray,
poorly graded shell fragmented, very loose-loose-
medium compact silty sands (Yildirim et al., 1992).

In the Bosphorus, due to the undercurrents, the
sediments are either absent or very thin in some places
at the bottom of the channel. In general, they are
represented by gravel, sand, shell fragments and silt in
some places. The distribution of the sediments in the
Bosphorus consists of three groups including block-
rocky, gravel and sand as well as a small amount of
silt units (Meric et al., 2001). In the studies carried
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out on the recent sediments (Merig et al., 2001; Avsar
and Merig, 2001), a benthic foraminifera assemblage,
which was rich in genera and species, representing
mostly a Mediterranean-based shallow marine
environment was observed. Again, at the Black Sea
exit of the Bosphorus, benthic foraminifera genera
and species which represented a shallow marine
environment of Mediterranean origin were dominant

in some places (Avsar and Meric, 2001).

The sediments distribution in the Dardanelles is
affected by the flow system, the bathymetry and the
morphological structure of the strait. In regions where
the flow velocity is high, fine-grained sediments does
not accumulate, coarse-grained material is generally
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deposited and, in these places the current sediment
thickness is low. In general, sandy units, shell
fragments and silt are seen in some places. In places
such as small bays, gulfs and harbors on the shores of
the strait, sandy and pebbly material and fine-grained
silt, clay and mud-composed sediments are deposited.
As the bottom current and the slope increase, it is
not possible for sediment to accumulate (Yiicesoy-
Eryillmaz and Eryilmaz, 1998, 2002; Yiicesoy-
Eryilmaz et al., 2003a, b).

The Golden Horn sediments consist of silty clay
deposits called “Golden Horn Clay”, whose thickness
is around 35 meters and is deposited in a stagnant
environment. On the sea floor of the Golden Horn,
there is a very soft, recent mud layer with high black
organic content and a gray sandy clayey gravel string
with a thickness of between 2.0 m and 8.5 m. The
Golden Horn sediments had characteristics of four
environments: river, sea, brackish water and shallow
brackish to freshwater conditions, and they contained
grains (or particle size) in the size of gravel, sand, mud
and clay (Merig et al., 1988; Derman, 1990). Except
for Ammonia tepida (Cushman) (Yanko, 1993), which
can live in almost every environment, the Golden
Horn sediments have benthic foraminifera assemblage
(Samli, 1996) of Mediterranean and Atlantic origin
generally living on the continental shelf where they
are dominant (Murray, 1970, 1971; Merig¢ and Saking,
1990; Merig et al., 1991; Sgarella and Moncharmont-
Zei, 1993).

The morphological structure of the strait, the
current system and other oceanographic factors have
been effective in the development of the ongoing
sediments in the Bosphorus and Dardanelles. The
bottom sediments of the Dardanelles are composed of
sand, silty sand, muddy sand, sandy silt, silt, mud and
sandy mud. In a study conducted in the Dardanelles
(Meric et al., 2009), the average gravel was found
as 6%, the average grain size of sand was 25%, the
average silt was 46%, and the average clay was 22%,
and the average mud was 68%. Additionally, the
mud distribution which is 68% on average in these
samples varies between 27% and 99% and shows
differences (Meri¢ et al., 2009). In the sediments
of the Dardanelles and the Marmara Sea transition
zone, the most silt was detected in the Dardanelles

Strait (72.5%) and the most clay was determined in
the Dardanelles Strait-Marmara Sea inlet samples
(65.2%) (Yiicesoy-Eryillmaz and Eryilmaz, 2002).

rich  benthic
foraminifera assemblages (Meri¢ et al., 2009). The
benthic foraminifera assemblages of the region are
similar to the genera and species that characterize the

Dardanelles sediments have

Aegean and Mediterranean Seas fauna (Avsar, 2002;
Merig et al., 2004a, b; 2009). Moreover, among the
foraminifera assemblages identified, Cushmanina
striatopunctata (Parker and Jones) (Meri¢ et al.,
2009), a species found in the North Atlantic, and
Fissurina sp. (Hottinger et al., 1993) were also
determined in this study. According to our study when
the benthic foraminiferal and ostracoda assemblages
of the Bosphorus and the Dardanelles are compared;
it is revealed that the number of both foraminifera
and ostracoda genera and species and the number of
individuals belonging to them observed are lower
numbers in the Bosphorus and in the Golden Horn
than the Dardanelles. In addition as in foraminifera
tests, ostracoda valves/carapaces were not affected by
ambient conditions and morphological abnormalities
were not observed in their valves.

The effect of the sediment feature on benthic
foraminifera and ostracoda assemblages is significant
on their number of species (Taxa_S), species diversity
(Simpson_1-D), dominance number of species
(Dominance D), species diversity (Shannon H) and
richness of species (Margalef). When the benthic
foraminifera species richness was compared among
the sediments, it was determined that D9 contained the
most species, with 33 species. For the Margalef Index,
the same foraminiferal assemblages are compared in
the sediment samples, and this index was found to be
highest in D9 and lowest in GHI1. The relationship
between the Shannon Species Diversity and the
Simpson Population Density of ostracoda was found
to be the highest at D9 (0.9032) and D13 (2.404), the
lowest (0) at GH1 and D1 samples. When the richness
values of ostracoda species in the sediments were
compared, it was determined that D5 contained the
most species, with 56 species. The Margalef Index was
compared for the assessment of the same ostracoda
assemblages between different sediment samples and
in B22 sample was found to be the highest.
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As a result, high gross alpha and beta
concentrations in D9 sample resulted in a decrease
in species dominance in benthic foraminifera and
an increase in the number, diversity and richness of
species. Additionally high gross beta values in GH1
sample increased species dominance and resulted in
a decrease in species number, diversity and richness.
The species diversity in the ostracoda assemblages
have increased in D9 sample, which has high gross
beta values. While high gross beta concentrations in
GH1 and D1 samples indicate high species dominance
in the ostracoda assemblages, the number of species,
diversity and richness of the species have resulted in
a decrease. Again, low gross alpha concentration in
B22 sample resulted in low species numbers and high
species richness in the ostracoda assemblages.

In our study, six of the sediment samples (DI,
D5, D9, D13, D15 and B22) contained a rich benthic
foraminifera assemblage. In light of these pieces of
information, it is understood that the study area is under
the influence of the Aegean Sea and Mediterranean
fauna.
spathulata, Cassidulina carinata, Lobatula lobatula,
Ammonia compacta and A. tepida are the dominant
benthic foraminifera species. Spiroloculina antillarum
(in D13 and GH3 samples) of Atlantic-Pacific origin
and Peneroplis pertusus (in D9, GH3 and GHI12
samples) of Indo-Pacific origin were observed as two

Quinqueloculina  seminula,  Brizalina

migratory foraminifera. According to these data, it
is revealed that the current bottom sediments of the
Dardanelles have a very rich foraminiferal fauna, and
the thermal and salty Mediterranean waters have an
active feature in the Bosphorus (Saking et al., 2000;
Merig et al., 2004a; Barut et al., 2012). According
to the results of the correlation analysis there was a
negative relationship between the gross alpha and
gross beta activity concentrations and depth in the
sediment samples taken from the Dardanelles. While
the correlation between the gross alpha and gross beta
activity concentrations and depth was positive and
linear in the B1, B3 and B10 samples taken from the
Bosphorus, this correlation was negative in the others
(in B12, B17, B21 and B22 samples). There was a
positive correlation in all sediment samples except for
the GH1 sample taken from the Golden Horn.
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In the comparison of the benthic foraminifera
and ostracoda assemblages of the Bosphorus and
Dardanelles Straits, it was determined that the numbers
of genera and species observed in the Bosphorus
were lower than those of the Dardanelles. The main
factor in the more dominant genera and species of
microfauna at the Dardanelles is the effect of the
thickness of the Mediterranean water mass (Eryilmaz
et al., 2001) on this environment. This means that the
effect of the system of sea currents on the biodiversity
in the Dardanelles is very significant (Meri¢ et al.,
2018a). Thus, microfauna assemblages that originate
from the Pacific Ocean, the Indian Ocean, the Red Sea
and rarely the Atlantic Ocean are transported on the
Suez Canal-Mediterranean-Aegean Sea route under
the significant influence of current flow systems and
inside the ballast waters of ships traveling to different
points of the Aegean Sea. As a result, microfaunal
individuals that adapt to the environment in the living
area multiply and disperse (Meric et al., 2018a).

At the Dardanelles Strait, where two different
masses of water flow in opposite directions, the
surface and bottom currents occur as a result of the
level and density differences between the Black Sea
and the Aegean Sea. While high-density waters with
Mediterranean origin flow towards the Marmara Sea
from the bottom, the waters of Black Sea origin with
a lower density flow towards the Aegean Sea from the
surface. The surface water thickness which is 20 m on
the side of the Marmara Sea decreases down to 5 m
towards the Aegean Sea. This factor is one of the most
significant factors affecting the vertical temperature
distribution at the Dardanelles Strait (Meri¢ et al.,
2009).

The surface water with 17-18%o salinity at the
Black Sea entrance of the Bosphorus Strait which is
represented with a two-layer water system disperses
into the Marmara Sea through the Bosphorus Strait,
and its salinity values increase up to the range of 20-
25%o. At the Aegean Sea entrance of the Dardanelles
Strait, the surface water salinity reaches 29%o due to
its mixing with bottom water. The bottom water at the
Aegean Sea entrance and the Marmara Sea entrance
of the Dardanelles Strait with ~39%o salinity does
not show a noticeable change inside the Marmara
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Sea and is limited to values in the range of 37-38%o.
At the Black Sea entry of the Bosphorus Strait, the
salinity of the bottom water drops down to 35.5%
(Besiktepe et al., 1994). This system is shaped by
the entry of the low-saline (18%o) Black Sea water
through the Bosphorus Strait and the high-saline
(39%0) Mediterranean water through the Dardanelles
Strait into the Marmara Sea (ISKI, 2005). Between
these two water masses with different densities, the
Mediterranean water forms the bottom layer, the Black
Sea water forms the top layer, and these develop a
constant system of currents that flow opposite to each
other. The depth of the intermediate layer separating
these two different water masses (pycnocline) is 20-
25 m from the water surface (Unliiata et al., 1990).
There need to be certain temperature and salinity
values for the living conditions of ostracoda, mollusca
and foraminifera genera and species. Besides this, it is
known that among ecological conditions, temperature
limits are different for some benthic foraminifera
species and genera.

In the study of (Meri¢ et al., 2009), ostracoda
assemblages of Mediterranean origin species are very
rich in Dardanelles sediment samples. In our study,
ostracodaassemblagesbelongingtorich Mediterranean
origin species were dominant in Dardanelles sediment
samples, especially in D5 and D13. The depths of
sediment samples containing this rich ostracoda
genera and species fauna of Mediterranean origin
vary between 42 m and 66 m. The relationship
between the increase and decrease in the gross alpha
values of the D5 and D9 samples and the number of
ostracoda genera and species was linear and positive.
However, a negative relationship was observed in the
other samples (in D13 and D15 samples). Only one
ostracoda species with Mediterranean origin was
found in the sample GH1 from the Golden Horn.
Again, the number of ostracoda genera and species of
Mediterranean origin varied between 2 and 9 in the
Bosphorus sediments (Figure 7 a, b).

The highest gross alpha and beta values were
measured in GH18 sample, and no benthic foraminifera
was found. In B17 sample, where the gross alpha
value was high, five species were observed, whereas
six species were observed in GH17. The abundance

of benthic foraminifera assemblages was observed in
D1, D5, D9 and D15 samples where the gross beta
values were measured to be the highest (Figure 4).
The correlation between the gross alpha and gross
beta values and the numbers of species of benthic
foraminifera assemblages (Figure 5 a, b) appeared to
be negative in all samples of the Dardanelles except
for D13 and D15.

There was a negative correlation between the gross
alpha and beta values and the depths in the Dardanelles
samples. Among the Bosphorus samples, in B1, B3
and B10, the relationship between these parameters
was positive and linear, while it was negative in the
others. In the Golden Horn samples, the correlation
was positive except for GH1 (Figure 8). A relationship
was found between microfauna density and high gross
alpha and beta values in the Dardanelles samples, but
not in the Bosphorus and Golden Horn samples.

Karahan (1997) found that the average gross alpha
concentration of the Marmara Sea was 1.42 Bq/l, and
its average gross beta concentration was 5.47 Bg/l. In
the same study, the average alpha activity concentration
of Black Sea water was found as 0.375 Bq/l, and the
average beta activity concentration of it was 5.63 Bg/l.
In another study (Ozger, 2005), the alpha activity
concentration of Mediterranean water was found to
be 0.703 Bg/l, and its beta activity concentration was
6.81 Bg/l. As seen here, the beta activity concentration
of Mediterranean water was higher than the beta
activity concentration values in the Marmara Sea and
the Black Sea. This may be explained by the fact that
the salinity value of Mediterranean water is higher
than water from the Black Sea and Marmara Sea. The
reason for the high alpha and beta activities in sea-
water was due to the excess amount of potassium in
sea water.

The gross alpha values reported by Karahan
(1997), were higher than those found in other studies
(Karahan et al., 2000; Otansev et al., 2016) conducted
in the Black Sea and Marmara Sea. The gross beta
values were determined by Karahan et al. (2000) and
Otansev et al. (2016) to be the same, on the other hand.
As seen in the Table 6, the values of rainfall and snow
water were also similar to the lake for comparison.
In the study by Otansev et al. (2016), Marmara gross
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Figure 7- Distribution of benthic foraminifera and ostracoda numbers according to a) gross alpha and
b) gross beta values of samples.

Figure 8- Distribution of benthic foraminifera and ostracoda numbers with gross alpha and gross beta values
according to depth of samples.
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alpha values were found to be the lowest, while gross
beta values were found to be high. The sea water gross
beta value of the Romanian coasts was the highest
(Patrascu, 2002). In the comparison of sediments, the
results were very variable in Romania sediments (30-
3000 Bg/kg), but in the results of our study, they were
in the same range as submerged sediments.

The natural radionuclide distribution depends on
the geological and geographical conditions of each
region. The obtained results showed that the geological
formation and agricultural areas strongly affected the
occurrence of natural radioactivity. It was also shown
that the gross-alpha and gross-beta radioactivity
concentrations in the soil and sediment samples were
found to be relatively higher than those observed in
other studies (Yuanxun et al., 2003; Stephen, 2004).

As aresult of a recent study (Once and Kam, 2019)
the maximum gross alpha value was found around the
investigation areas of Sarkdy and Miirefte as 301 +
15.9 Bg/kg (Sarkdy Port, on the southwestern coast
of the Marmara Sea-Tiirkiye), and the lowest value
was found as 989 + 16.5 Bq/kg (Sarkdy Port). When

these values were compared to the results of our study,
both gross alpha and gross beta concentration values
were found to be high in our study. The main reason
why the gross alpha and beta concentrations were
generally high was that fertilizers used in agriculture
contain uranium, thorium and their degradation
products, as well as natural “°K (Eisenbud and Gessel,
1997). Keser et al. (2013) studied the radioactivity
levels in sediment and rock samples of ikizdere and
the Kaptanpasa Valley. They found the gross alpha
activity to be generally lower than the corresponding
gross beta activity for some rock samples.

The radioactivity of lake and river sediments
is generally low in Lake Van in May. The average
value of gross alpha activity (Bq/g) was reported
as 1.134+0.664, while the average value of gross
beta activity (Bqg/g) was reported as 0.482+0.181.
In August these values were as gross alpha (Bq/g):
1.082+0.642 and gross beta (Bq/g): 5.529+2.541
(Zorer et al., 2009a). Again, in the study in question,
it was observed that the gross alpha and gross beta
radioactivity concentrations ranged respectively from

Table 6- Comparison of gross alpha and gross beta radioactivity levels and in various places and different studies

Sample Locations Gross alpha Gross beta References
Marmara Sea (Bq/l) 1.42 5.47 Karahan 1997
Black Sea (Bg/l) 0.375 5.63 Karahan 1997
K. Cekmece Lake (Bq/l) 0.06+0.04 3+1 Karahan et al., 2000
B. Cekmece Lake (Bg/l) 0.05+0.01 0.3+0.07 Karahan et al., 2000
Terkos Lake (Bq/l) 0.02+0.009 0.2+0.05 Karahan et al., 2000
Omerli Dam Lake (Bq/l) 0.034+0.008 0.04+0.005 Karahan et al., 2000
Istanbul coasts Sea water (Bg/l) 0.4+0.1 4.9+0.9 Karahan et al., 2000
Black Sea water (Bg/l) 0.4+0.2 5.6%1.1 Karahan et al., 2000
Marmara Sea water (Bq/ 1) 0.5+0.1 5.0£1.2 Karahan et al., 2000
Black Sea and Boshporus water (Bq/l) 0.3+0.006 5.3+1.3 Karahan et al., 2000
Rain water (Bg/1) 0.03+0.008 0.13+0.03 Karahan et al., 2000
Snow water (Bq/l) 0.08+0.004 0.14+0.03 Karahan et al., 2000
Marmara Sea water (Bg/1) 0.042 13.402 Otansev et al., 2016
Romanian coast sediment emerged (Bq/kg) 30-8000 Patrascu, 2002
Romanian coast sediment submerged (Bq/kg) 459-980 Patrascu, 2002
Romanian coast Seawater (Bq/l) 3300 -- 7500 Patrascu, 2002
Average of Bosphorus sediment Bg/kg) 364 721.71 This study
Average of Golden Horn (Bg/kg) 574 975.25 This study
Average of Dardanelles (Bq/kg) 441 831 This study
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0.782 to 4.596 Bg/g and from 0.482 to 10.372 Bg/g in
May and from 0.580 to 5.824 Bq/g and from 0.303 to
9.702 Bq/g in August (Zorer et al., 20095).

The mechanism of the transfer of radioelements
from the ocean to pelagic deposits was discussed,
and points of uncertainty in the interpretation of the
distribution of gross beta-activity were indicated
(Arrhenius and Goldberg, 1955). The alpha activity
had so far been investigated only in the grain size
fraction > 5p of recent sediments, to a large extent due
to radium and its variant elements radon and radium,
All of them are stated to be practically completely
bound to zeolite minerals such as phillipsite (K- and
Na-) (Arrhenius and Goldberg, 1955).
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Plate I
1. Siphonaperta aspera (d’Orbigny). Side view, Station B21, 30 m, Bosphorus,
2. Quinqueloculina berthelotiana d’Orbigny. Side view, Station H3, 10 m, Golden Horn,
3. Quinqueloculina disparilis d’Orbigny. Side view, Station B12, 67 m, Bosphorus,
4. Quinqueloculina lamarckiana d’Orbigny. Side view, Station B17, 67 m, Bosphorus,
5. Quinqueloculina seminula (Linne). a and b, side views, Station B12, 67 m, Bosphorus,
6. Phyrgo elongata (d’Orbigny). Side view, Station D15, 30 m, Dardanelles,
7. Sigmoilinita costata (Schlumberger). Side view, Station D9, 30 m, Dardanelles,
8. Sigmoilopsis schlumbergeri (Silvestri). Side view, Station D9, 30 m, Dardanelles,
9. Amphicoryna scalaris (Batsch). Side view, Station D9, 30 m, Dardanelles,
10. Fissurina sp. a and b, side views, Station D9, 30 m, Dardanelles,
11. Brizalina alata (Seguenza). Side view, Station B22, 30 m, Bosphorus,
12. Brizalina spathulata (Williamson). Side view, Station D5, 30 m, Dardanelles,
13. Rectuvigerina phlegeri le Calvez. Side view, Station D9, 30 m, Dardanelles,
14. Bulimina elongata d’Orbigny. Side view, Station D5, 10 m, Dardanelles,
15. Globobulimina affinis (d’Orbigny). Side view, Station D15, 30 m, Dardanelles,

16. Reussella spinulosa (Reuss). Side view, Station D5, 10 m, Dardanelles.
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Plate 11
1. Rosalina bradyi Cushman. Spiral side, Station D15, 30 m, Dardanelles,
2. Lobatula lobatula (Walker and Jacob). Spiral side, Station B22, 30 m, Bosphorus,
3. Melonis pompilioides (Fichtel and Moll). Side view, Station D1, 30 m, Dardanelles,
4. Ammonia compacta Hofker. Spiral side, Station D13, 30 m, Dardanelles,
5. Cribroelphidium poeyanum (d’Orbigny). Side view, Station B10, 30 m, Bosphorus,
6. Elphidium complanatum (d’Orbigny). Side view, Station D13, 30 m, Dardanelles,

7. Elphidium crispum (Linné). Side view, Station D13, 30 m, Dardanelles.
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Multi-femporal InSAR, The surface deformation caused by tectonic activities and anthropogenic factors poses a great threat

Radar mterferomf_ﬁf}’a to cities worldwide. The investigation and monitoring of these deformations are crucial in order to

Surface ‘_i.efomla“on’ create risk analysis for the future. The problem in this case is to investigate the surface deformations

Ef’ti}"G“Zdb“r‘?’ and their negative effects caused by groundwater use and to identify possible landslide areas. In this
urkiye.

study, the surface deformations in Hatay province were analyzed using SBAS-InSAR. The results from
these analyses were evaluated by field observations. Sentinel-1 descending (183 datasets) and ascending
(147 datasets) track geometries were selected to determine the surface deformation and its temporal
evolution. Both east-west and vertical surface deformations were calculated, and the surface deformation
profiles, surface 3D models and time series were created. These time series were associated with monthly
precipitation data. The deformation area was interpreted with regard to available well-log data and
geological setting of the study area. As a result of the study, a surface deformation resembling a bowl
like structure was observed in the industrial zone located in the city center of Hatay-Giizelburg. The
deformation rates are approximately 22.3 cm/year in the form of subsidence, 3.6 cm/year in the form of
eastern movement and 10.1 cm/year in the form of western movement. The deformation of this bowl-
like structure decelerated in the winter and accelerated in the summer due to excessive water use. The
average monthly precipitation dataset supports these results. The stratigraphic data from water wells and
the presence of limestone outside the eastern boundary of the deformation area show a thick clay layer
in the eastern block of the bowl-shaped deformation structure. The difference between these two units,
which causes a sharp anomaly at the eastern border of the deformation area, is interpreted as a probable
Received Date: 08.02.2023 normal fault. The second study area where surface deformations are observed is the landslide zone. The
Accepted Date: 17.05.2023  deformation was found to be 7.5 cm/year in a westward direction and 1.5 cm/year as subsidence.

1. Introduction deformations using satellite systems and radar
interferometry (Amelung et al., 1999; Strozzi et al.,
2001; Raucoules et al., 2007; Zhang et al., 2012; Khan
et al., 2014; Motagh et al., 2017; Solari et al., 2018).
Interferometric Synthetic Aperture Radar (InSAR)
is one of the methods widely used in recent years to
investigate surface deformations. This method utilizes

The surface deformation induced by geological
processes causes widespread infrastructural damage
in urban areas and is a common geological hazard
worldwide. Numerous studies have been conducted
by researchers to detect and understand landform
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the phase difference between the radar image pairs
to determine the deformation rates of various surface
motions (Hung et al., 2011; Tomas et al., 2014; Brunori
et al., 2015; Aslan et al., 2018; Khan et al., 2022).

One of the most common factors that cause
subsidence in major cities is the excessive use of
groundwater (Motagh et al., 2007; Anderssohn et al.,
2008; Tomas and Li, 2017). For example, one of the
highest subsidence rates of 3,5 cm/year is reported
from Mexico City that is caused by the excess
pumping of groundwater (Strozzi and Wegmuller,
1999; Cabral-Cano et al., 2008; Lopez-Quiroz et
al., 2009; Osmanoglu et al., 2011; Yan et al., 2012;
Cabral-Cano et al., 2015; Sowter et al., 2016; Cigna
and Tapete, 2021). Another area that shows extensive
land subsidence is in the vicinity of Konya, Turkiye.
Konya City is located in the Central Tirkiye that
displays karstic terrain of highly erodible rocks typical
of the Mediterranean and the Central Anatolia regions
of Tiirkiye. Since karstic units in such regions have a
structure that is easily soluble in water especially when
groundwater combines with carbon dioxide, they form
large cavities in underground called sinkholes (Ford
and Williams, 1989; Waltham and Fookes, 2003).
One of the study conducted by Orhan (2021) in the
Karapinar district of Konya revealed that there was
7 cm/year of subsidence in this area using InSAR,
Global Navigation Satellite System (GNSS) and
groundwater level data. Another study conducted in
Konya province determined the amount of subsidence
in the region between the years 2004 and 2020 using
Envisat, ALOS-1, and modeled this subsidence area
by Sentinel-1 A/B data (Sireci et al., 2021). Imamoglu
etal. (2019) carried out a study in the Turkish province
of Afyon - Bolvadin region which has similar geology
and structure to Konya. Imamoglu et al. (2019) utilized
InSAR to analyze the surface deformations (Sentinel-1
dataset between 2014-2018) and compared the results
with the geology of the region, groundwater data and
field observations in his study. Maximum subsidence
of 3.5 cm/year observed in the southern part of the
study area shows that this area is characterized by the
presence of soft alluvial deposits. They stated that the
northeastern part of the deformed region composed
of slope debris and pebbles has a relatively lower
subsidence rate (Imamoglu et al., 2019). Aslan et al.
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(2019) characterized and monitored the subsidence
of the Bursa Plain (the southern Marmara region of
Tiirkiye). They measured the subsidence patterns and
correlated them with the lithology by using InSAR
data and suggested a strong lithological control on
subsidence. They concluded that the maximum rate of
ground subsidence occurs where agricultural activity
relies on groundwater exploitation (Aslan et al., 2019).

According to the “Geological and Geophysical
Preliminary Survey Report for Hatay - Giizelburg
Municipality Settlement Area (Tirkiye)” prepared
by the General Directorate of Natural Disasters in
2006, a remarkable deformation of the ground in the
settlements, serious cracks in houses and buildings
of the area were investigated. It was reported that the
deformations in the region increased especially in
2004-2005, therefore some houses were completely
evacuated or demolished (Kuran et al., 2006).

This study aims to reveal the surface deformations,
boundaries, and causes of surface deformations
around Hatay province, including the Gilizelburg
neighborhood with InSAR-SBAS, and to evaluate the
results with field studies, average precipitation data,
and geology of the region. This study is an attempt
to reveal the surface deformations and their causes
in Hatay province and to analyze the risks that may
occur in the future due to surface deformation. In
this context, this study presents suggestions for the
effects of identified deformation on populated areas,
determines their boundaries, investigates the risks
arising from deformation, and reveals the causes and
solutions to the problems related to the deformation
for industrial zone.

As a cost-effective monitoring method, InSAR-
SBAS technology has been considerably practiced in
landslide identification and deformation monitoring.
(Yao et al., 2017, 2022; Liu at al., 2021). We also
try to identify landslide zone comprehensively and
determine deformation characteristics.

2. Tectonic and Geological Setting of the Study
Area

The Hatay Triple Junction (HTJ), defined as a
tectonically complex region in southeastern Tiirkiye
and northwestern Syria that forms the plate boundary
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between Arabia, Africa, and Anatolia, is located at the
intersection of the left-lateral thrust East Anatolian
Fault (EAF), west of the Cyprus Plunge Arc (CA)
and north of the Dead Sea Fault (DSF) (Figure 1a)
(Mahmoud et al., 2005, 2013). The study area covers
the city center of Hatay province focusing on surface
deformation in two different regions (Figure 1b). The
first region is the industrial zone, which spans the area
where the Asi River meanders relatively north of the
study area (Figure 1c); and the second region is the
landslide zone in the south of the study area (Figure
1d).

The geology of the region was well described
in Sarifakioglu’s (2018) study, and the well-log
data obtained from the General Directorate of State
Hydraulic Works (DSI) was used. The bedrock of the

region consists of the Kizildag Ophiolite (Kko) of
the Cenomanian-Turonian age. It is unconformably
overlain by the Lutetian-Bartonian Okgular formation
(Teo) and by discordantly overlain Aquitanian-
Burdigalian Balyatagi Formation (Tmb) (consisting
of conglomerates and sandstones). The Balyatagi
Formation is discordantly overlain by the Sofular
Formation (Tms) consisting of reefal limestones of
the same age. The Tepehan Formation (Tmt) was
deposited in the Langhian-Serravalian interval, and
the Nurzeytin Formation (Tmn) was deposited in the
Middle-Upper Miocene and consists of sandstone,
clayey limestone, claystone and marl. The Samandag
Formation (Tpls) was discordantly deposited in
the Pliocene and overlain by Quaternary alluvium
(Qal) and Slope debris (Qym) (Figure le). The log

Figure 1- a) Digital elevation model (Aster-GDEM, 1 arc-sec - V2) of the study area. Red frame in the province of Hatay shows the study area.
Ascending (path: 14, frame 114) and descending (path: 21, frame 471) geometry orthophoto datasets are represented with light blue
and orange frames, respectively. Provinces in Tiirkiye are presented in orange squares. Abbreviations for faults: Dead Sea Fault,
DSF; East Anatolian Fault, EAF; Karasu Fault, KF; Karatag-Osmaniye Fault, KOF; and Cyprus Arc, CA. Faults are modified after
Mahmouda et al., (2013), b) The location map of the study areas. Yellow stars display the location of the wells, c¢) Industrial zone,

d) Landslide zone (Orthophotos were obtained from the General Directorate of Mapping, 2022), e) Geological map (Sarifakioglu,
2018), f) and g) well logs (Well data were obtained from the General Directorate of State Hydraulic Works (DSI), 2022).
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of the well-41982 located on the eastern border of
the deformation area shows limestone penetration
immediately after a few meters of cover in the area
(Figure 1f). Limestone unit continues to deposit until
it comes in contact with a serpentinite unit at 24.5
m depth. The thickness of the relatively resistant
limestone unit is approximately at 15-20 m depth
(Figure 1f). This well lithology includes a thin layer of
reefal limestone of the Sofular Formation followed by
clayey limestone of the Tepehan Formation and finally
serpentinites of the Kizildag Ophiolite. In contrast,
the well 55260 (shown in Figure 1g) was drilled in
clayey units that is succeeded by a sandy clay unit for
150 meters.

3. Materials and Methods
3.1. InSAR Method

Synthetic Aperture Radar Interferometry (InSAR)
is a remote sensing method that can reveal surface
deformations with centimeter-level accuracy and has
wide coverage (Zebker and Goldstein, 1986; Rucci et
al., 2012; Simons et al., 2015; Aimaiti et al., 2017).
This geodetic method uses two or more synthetic
aperture radar images to produce maps of surface
deformation or digital elevation using differences
in the phase of the waves returning to the satellite
(Massonnet and Feigl, 1998; Burgmann et al., 2000).

3.2. SBAS (Small BAseline Subset) Method

SBAS method, which is a multi-temporal InSAR
technique using multiple radar images, instead of the
two radar images before and after the deformation, is
currently used in many studies. Among these studies,
the investigations of deformations caused by excess
groundwater exploitation (Bell et al., 2008; Motagh et
al., 2017; Imamoglu et al., 2019; Orhan, 2021; Sireci
et al, 2021), landslide occurrences (Zhu et al., 2014;
Béjar-Pizarro et al., 2016; Liu et al., 2018, Liu et al.,
2021) and active tectonic movements (Woppelmann
et al., 2013; Conesa-Garcia et al., 2016 Karaca et al.,
2021) can be considered.

SBAS, which is an InSAR algorithm, was first
developed by Berardino et al. (2002) for the temporal
assessment of surface deformations. Generally, in
cases where the phase coherence in the preferred SAR
data date ranges is low, the coherence between the most
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appropriate binary images cannot be established and it
is difficult to reveal or observe surface deformations
on the earth’s surface. Several parameters affect
the analysis of image pairs like weather conditions,
topography, trajectory, geometric orthogonal base
lengths, and temporal differences. To eliminate or
minimize such factors, the SBAS algorithm was
developed using multi-temporal (multiple) images
(Berardino et al., 2002). In this study, the minimum
temporal baseline was chosen to be 120 days for the
city center and the normal baseline was chosen to be
5% to improve the consistency of the stacked image
pairs with the vertical baseline threshold (Figure
2). A 1 arc-sec Shuttle Radar Topography Mission
Height (SRTM HGT) (30 m) digital elevation model
was used to enhance the topographic correction. In
addition, the reference ground control points (GCPs)
were selected on high coherence pixels without phase
jumps (coherence > 0,7) to remove the ramp and
phase constant during re-smoothing and refinement,
away from actively deforming areas and evenly
distributed across the study area. Additionally,
atmospheric components were subtracted date
by date from displacement measurements. The
atmospheric correction is performed by the following
two filtering procedures; Atmosphere low and high
pass. Finally, in the geocoding process, the reference
digital elevation model was used to transit from radar
geometry to ground geometry (Figure 2). As a result
of data processing, the surface deformation rates and
displacement time series were generated. All data
were processed in Envi 5.6.1-Sarscape 5.6.0 software
(Figure 2).

In this study, Sentinel-1 147 ascending and 183
descending InSAR datasets (Table 1) were processed.
In addition, 1 arc-sec Shuttle Radar Topography
Mission Height (SRTM HGT) (30 m) was used as a
digital elevation model.

3.3. Average Precipitation and Well Information Data

To investigate the correlation between the
deformation areas in the region and groundwater level
and the effect of monthly precipitation on deformation,
the average precipitation data were obtained from
the H-17372 station located in the study area from
the General Directorate of Meteorology (Figure 1b).
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Figure 2- InSAR processing workflow using Small Baseline Subset technique.

Table 1- Information about Sentinel-1A/B datasets features. The product type is L1 single look complex (SLC) with ascending and descending

geometry. Interferometric wide swath beam mode (IW). The following acronyms were used in the table: maximum perpendicular

baseline (Bp) and maximum temporal baseline (Bt). Asc refers to ascending, des refers to descending. VH refers to cross-polarization

which describes as vertical transmit and horizontal receive.

Product | Mode Orbit Start End Quantity | Orbit | Path | Frame | Polarization | Wavelenght | Max Bp | Max Bt
Type Direction Date Date No. (%) | (Days)
S1-A/B | IW | Ascending | 2017/05/23 | 2022/02/26 147 18111 14 114 VH 5.6 cm 5 120
S1-A/B | IW | Descending | 2015/11/19 | 2022/01/22 183 |16893| 21 | 471 VH 5.6 cm 5 120

However, any data, related to the static and dynamic
information about the aquifer dynamics in the region is
not available. Only, the station H-17372 were used due
to availability and this monthly precipitation data cover
same period of the InSAR dataset from 2015/11/19
to 2022/01/22. Additionally, this rainfall dataset was
plotted with time series (Figure 4d and 4h).

4. Results and Discussion
4.1. Spatio-Temporal Properties of the Deformations

In this study, SAR images (ascending and
descending) of Sentinel-1A satellite were used to
determine the displacement rate of the center of Hatay

province and its surrounding areas with the SBAS
algorithm using the InSAR method. As it is known,
one of the limitations of the InSAR method is that the
results of the data processing give only the movement
towards or away from the satellite direction. However,
the ascending and descending images of the study
area are applied together to estimate the east-west
and upward-downward movements of the surface
deformation. Accordingly, the InNSAR-SBAS results
for Hatay province were presented below.

The positions of the images used in data processing
and image pairs for which interferograms were created
are shown in Figures 3a and 3c, while Figures 3b and

239



Bull. Min. Res. Exp. (2024) 173: 235-252

3d show the base lengths between the image pairs for
ascending and decreasing data sets, respectively. In
Figure 3, the yellow diamonds represent the reference
image pair (master) while the green diamonds
represent the slave image pairs.

In Figure 4, descending and ascending Sentinel-1
datasets of Hatay province illustrate the results of
SBAS analysis, respectively. In this figure, the negative
values indicate the movement away from the satellite,
while the positive values indicate the movement
towards the satellite. In addition, in Figures 4D and 4H,
the average monthly precipitation data and seasonal
time information are shown together with the time
series. To provide the vertical and horizontal velocity,
the decomposition tool for descending and ascending
geometries was applied. The ENVI SARscape tool
decomposes the displacement and calculates local

incidence angles. The two local incidence angles
calculated are described as Inclination Line of
Sight (ILOS) and Azimuth Line of Sight (ALOS).
Consequently, the ascending and descending InSAR-
SBAS results were evaluated together to obtain both
east-west and up-down SBAS results (Figure 5). In
Figures 4 and 5, all minimum and maximum velocities
are shown in Table 2.

For industrial zone, figures 6a and 6b show the
vertical and east - west surface deformation velocities.
Figures 6¢ and 6d show interferograms, 6e and 6f
show unwrapped phase, 6g and 6h show re-flattened
unwrapped phase, and 6i and 6] show re-flattened
filtered interferograms for both ascending and
descending datasets. In Figure 6, all images depict a
relatively more precise deformation difference on the
west side of the industrial zone than on the east side

Figure 3- a) and b) Links between the pairs of SAR images showing the spatio-temporal distribution for ascending and descending, respectively.
Each image is represented by a diamond with its ID number, c¢) and d) Represents the relative positions of all pairs of interferograms
generated between Sentinel-1 datasets for ascending and descending, respectively. The yellow diamonds represent the reference
image pair (master), while the green diamonds represent the slave image pairs. While, for ascending dataset, the date of master image
is 2017/09/20, for descending dataset, the date of master image is 2016/12/31.
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Figure 4- a) and e) Descending and ascending Sentinel-1 datasets of Hatay province illustrate the results of SBAS analysis. Positive values are
interpreted as movement towards the satellite line of sight direction (LOS) and negative values as movement away from the satellite
direction, b) and f) details of the industrial zone, c¢) and g) details of landsilde zone, d) and h) shows the time series, and bars illustrate
the average monthly precipitation data provided by the General Directorate of Meteorology, and colored areas represent seasons. The
black lines show the active faults published by the MTA (Emre et al., 2012).

Figure 5- The result of the decomposition of Sentinel-1 descending and ascending data sets belonging to Antakya province, a) east - west
component, b) details of Industrial zone, ¢) Landslide zone, d) vertical component, ¢) details of Industrial zone and f) Landslide zone.
Positive values indicate uplift and negative values indicate subsidence. The black lines show the active faults published by the MTA
(Emre et al., 2012).
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Table 2- Max and Min velocities and displacement values from Figures 4 and 5.

Max Min ROI-1 ROI-2 ROI-3
Velocities Velocities (cm/ | Displacement (cm) | Displacement (cm) | Displacement (cm)
(cm/year) year)
Ascending 2017/05/23 - 2022/02/26 | 3.94 cm/year | -17.98 cm/year ~-70 cm ~20cm ~0cm
Descending 2015/11/19 - 2022/01/22 | 1.41 cm/year | -20.78 cm/year ~-90 cm ~-20 cm ~0cm
Vertical 1.65 cm/year | -22.37 cm/year
East-West 3.64 cm/year | 10.12 cm/year

Figure 6- Deformation area of industrial zone of the Hatay province, a) Uplift - subsidence deformations. Positive values indicate an uplift;

negative values indicate a subsidence, b) East-west deformations, Positive values mean east direction, and negative values mean west
direction, ¢) and d) ascending (2018/07/29 —2018/09/27) and descending (2019/12/28-2020/02/14) interferogram examples, ¢) and f)
ascending and descending unwrapped phases, g) and h) ascending and descending re-flattened unwrapped phases, i) and j) ascending

and descending re-flattened filtered interferograms, respectively.

which is seen in both ascending and descending data in
both interferograms and unwrapped phases. Based on
the well information in figures 1f and 1g and the data
in Figure 6, the eastern boundary of the deformation
zone indicates a probable normal fault.

In Figures 7a and 8a, the time series profiles
obtained from the ascending and descending SBAS
results of the Industrial zone of Hatay province and the
Google Earth profiles corresponding to the relevant
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profiles are shown, respectively. Both figures depict
the deformation amounts in the time series in the LOS
direction. In Figures 7a and 8a, a sharp deformation
area was determined in the area to the northwest of the
industrial zone in the area where the meandering of the
Asi River begins (Figure 7a - profiles B-B’, C-C” and
H-H’; and Figure 8a profiles C-C’ and H-H”). Surface
deformations, which are relatively similar to the bowl
structure, have been observed in the remaining regions
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except for the northwest of the industrial zone (Figure
7a profiles A-A’, E-E’ and F-F’ and; Figure 8a profiles
E-E’ and F-F’). Figures 7b and 8b show the 3D view
of the time series corresponding to the dates for
ascending and descending geometries, respectively.

The second deformation area is the landslide zone
located in the central part of the study area (Figure
9). Figure 9a shows the 3D image of the landslide
zone obtained from the orthophotos and Figure 9b
shows the satellite orbital movements. Figure 9c
shows the deformation field of the landslide zone
obtained from the data with ascending geometry. Red
areas show movement towards the satellite direction
(LOS direction) with a velocity of 3.0 cm/year. In
Figure 9d, the area of deformation with light green,

there is a movement away from the satellite direction
(LOS direction) at a rate of 4.5 cm/year. Figure 9¢
shows movements in east-west direction. There is a
westward movement of the landslide zone at a rate
of approximately -8.5 cm/year (Figure 9¢). Figure 9f
shows the vertical movements in the landslide zone.
Accordingly, the landslide zone shows a subsidence at
a rate of approximately 4 cm/year (Figure 9f). Figure
9g shows the east-west oriented A-A’ elevation profile
taken from Google Earth.

The results obtained are divided into two parts.
Accordingly, the first study area is the industrial
zone and the second area is the landslide zone. In
the following sections, their deformations were
characterized in detail.

Figure 9- Deformation images of the landslide zone, a) 3D image created from orthophotos of the landslide zone, b) Satellite movement
geometries, ¢) and d) ascending and descending velocity of deformation. While positive values are interpreted as movements towards

the satellite direction, negative values are interpreted as movements away from the satellite direction, e) East - west deformations.

Positive values are interpreted in the east direction and negative values are interpreted in the west direction, f) Vertical deformation.
Negative values indicate subsidence and positive values indicate uplifting, g) Elevation profile from Google Earth corresponding to

profile A-A’ in figures 12a, 12¢, 12d and 12e.
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4.2. Evaluation of Surface Deformations of the
Industrial Zone

In the industrial zone located northwest of the
study area, the surface deformation in both the east-
west direction (Figure 5b) and subsidence (Figure
5e) is observed in an area of approximately 9.5 km?.
According to the profiles taken from Figures 8, 9, 10,
and 11 it is evident that there is a bowl structure.

It was observed that the eastern part of this bowl
structure moved relatively faster than the western part
(Figure 5b). In the profiles taken from the deformation
areas, obtained from the ascending and descending
datasets (Figures 8 and 10) and the 3D models (Figures
13 and 15), a sharp deformation difference occurs
in the eastern border of the deformation area. The
deformation is caused by different geological units in
the eastern and western regions and the presence of a
probable fault system (Figures 1f and 1g). In Figure
lg, the well log 55260, which is close to the center of
the deformation zone, shows that the clay unit reaches

about 150 m in thickness. However, in Figure 1f,
the well log 41982 obtained from the eastern part of
the deformation zone shows that this same clay unit
becomes thinner (8 m thick) and cuts sandstone and
limestone. For this reason, it was determined that the
deformation in the relatively less resistant clay unit
reaching 150 m was higher than the more resistant
sandstone and limestone in the eastern region, leading
to a sharp deformation difference between these two
units. For this reason, a probable fault plane between
the two units was considered as shown in Figure 12A.
This probable fault structure is also supported by
the interferograms in Figure 6, which show that the
fringe patterns become widen towards the west and
are abruptly interrupted in the east (Figure 6). This
probable fault zone is visible in the time series profiles
(C-C’- H-H’) taken from Figures 8 and 10.

From the time series of the deformation fields
obtained from ascending and descending geometries
(Figures 4d and 4h), it is seen that the deformations

Figure 10- a) The vertical deformation for the industrial zone and the locations of the photos taken from the field (Figure 10a taken from Figure
5e). Positive values show uplift and negative values show subsidence, b) and c) old river bed detected from orthophoto images.
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in winter and autumn seasons are relatively less
than in spring and summer seasons. The amount
of deformation accelerates in summer and spring
(Figures 4d and 4h). This is thought to be due to the
decrease in water use in the winter and autumn months
or excessive rainfall. The graphs in Figures 4d and
4h show that the amount of water that tries to reach
its previous level (recharging) is due to precipitation
during the autumn and winter seasons. For all these
reasons it was evaluated that there was an indirect
correlation between the precipitation data obtained
and the deformation rate (Figures 4d and 4h).

The surface deformation in the region is thought
to have several causes. The main reason is excessive
or improper groundwater usage accompanied by the
industrial zone laying in the center of this deformation.
It is determined that this region and its surroundings
have been deformed in the east - west and vertical
direction, resembling a bowl structure.

The second factor that affects this deformation is
the geological structure of the units in the region. The
location of the well 55260, which has a thicker clay
unit that is relatively less resistant, is located further
west than the well 41982 which lies closer to the center
of the deformation zone (Figures 1g and 1f). Given the
well log data, the eastern side of the deformation area
is closer to the bedrock and the sudden deformation
here is associated with the probable fault plane (Figure
12a). Figures 12c and 12d show the interferogram
model with surface deformation corresponding to
the probable well water withdrawal and Figures 12e
and 12f show the expected interferogram models
with surface deformation in case of probable faulting.
The interferogram structures in Figure 6 obtained
as a result of data processing coincide with the
interferogram patterns in Figure 12f (Figures 12g and
12h). In addition, the time series profiles as shown in
Figures 12i and 12j, the sudden downward movement
of the eastern side of the bowl structure and the

Figure 11- Photos were taken during field studies (Locations are shown in Figure 10a).
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Figure 12- a) Geological cross-section and probable fault model formed on the industrial zone, b) Orthophoto image corresponding to the
A-A’ section, ¢) The expected deformation depth cross-section with possible well, d) The expected interferogram in the case of
deformation due to draft in figure c, e) The expected deformation area due to the draft in the case of a probable normal fault in figure

a, f) The expected interferogram in the case of deformation due to draft in Figure e, g) and h) sample interferograms were taken from
Figures 6d and 6¢, j) and i) time series profiles from Figures 7a and 8a.

relatively slower downward movement of the western
side with certain time intervals indicate the presence
of a probable fault systems on the eastern side. This
occurs because the eastern block of the bowl structure
is closer to the bedrock (Figure 12a).

Another factor affecting this deformation area is
the meandering of the Asi River where the industrial
zone is located (Figure 10a). It is considered that
the velocity of the Asi River slows down in this
region (due to meandering) and the amount of water
accumulated here is higher than in other regions
(Figure 10a). In addition, due to the reclamation of
the Asi River outside the deformation area (Figures
14b and 13c¢), it is considered that the water velocity
of the Asi River in this region has changed, its
natural structure has deteriorated and this situation
has affected the deformation area. The weight of the
industrial zone and the use of water are foreseen as
a reason also affecting the deformation in the region.
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During the field surveys, it was reported that the
houses and business centers in the area were affected
by deformation, and even the Barig Arslan Elementary
and Intermediate School (Location 5) was closed due
to deformation (Figures 14h and 14i). The General
Directorate of Natural Disasters Report prepared by
Kuran et al. (2006), states that there was a deformation
in 2004-2005 and even some houses in the region were
demolished intentionally due to deformation. Viewing
the results in this report in this study, it appears that
the deformation in 2004 has continued until 2022.

In summary, it is thought that the main causes
of deformation in the region are primarily the
groundwater level and excess water use in the region
due to the rainfall data, time series (Figures 4d and
4h) and the bowl-shaped structure of the deformation
(Figures 8, 9, 10 and 11). Another factor is thought
to be the geological structure of the region, which is
located in the middle of clayey alluvial units which
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is compacted due to the weight of the industrial zone
(Figure le). The proximity of the deformation area
to the bedrock in the eastern parts and the thicker
levels of clay units in the western parts are thought
to account for the sharp deformation difference in the
eastern block (Figure 12). This deformation boundary
is interpreted as a probable fault due to tectonism
(Figures 6 and 12). Finally, another reason affecting
the deformation is the reclamation and straightening
of a section of the Asi River and the meandering
structure in the deformation zone (Figure 10).

Similar to the situation in Mexico City, where the
surface deformation due to excessive groundwater
withdrawal reached 35 cm per year (Strozzi and
Wegmuller, 1999; Cabral-Cano et al., 2008;
Osmanoglu et al., 2011, Cigna and Tapete, 2021), the
annual deformation in the industrial zone of the Hatay
province are about 3 cm in the east direction, about
10 cm in the west direction and about 22 cm in the
vertical direction.

4.3, Evaluation of the Landslide Zone Surface
Deformations

The second study area where significant surface
deformation is observed is the area corresponding
to the landslide zone. The area of the landslide
zone with a surface deformation of about 0.3 km? is
shown in Figure 9a. The surface deformation vectors
obtained in Figures 9c and 9d are decomposed into
their components, as deformation movements both
in the eastern direction and subsidence. It is seen that
the eastward movement is about 7 cm/year and the
subsidence movement is about 2 cm/year. Comparing
Figures 9e and 9f, it can be seen that the velocity of the
area in this region is higher for the eastern component
as well as the subsidence motion. The geographical
structure of the area and the eastern slope of the
mountainous area support the deformation movement
in the eastern direction (Figures 9a and 9g). Therefore,
the deformation here is considered as a landslide zone.

5. Conclusion

It is crucial to investigate surface deformations
that may occur in large cities due to the natural or
anthropogenic causes and take measures for the
future. In this study, the surface deformations of the

Hatay province were revealed with the remote sensing
method InSAR-SBAS, and the results of the study
were checked by field studies, average precipitation
data, well data and geological findings. Surface
deformations, time series and models of the industrial
and landslide zone in the study area were presented.

As a result, four main factors are thought to affect
the industrial zone’s deformation;

1. The most important factor affecting the
deformation in the industrial zone is the groundwater
level. Time series and average monthly precipitation
data show that the deformation accelerates in the
summer and spring, and decreases in the winter
and fall. This supports the idea that the deformation
in the region is related to the excess water use and
precipitation rates.

2. The industrial zone is located on clayey alluvial
units. Due to its weight and the geologic structure of
the region, the nature of the deformation is affected.
The difference in deformation rates between the
eastern and western borders shows the presence of a
probable fault on the eastern border. Probable fault
in the study area may act as barriers to the horizontal
migration of the groundwater. The fact is that the
ground deformation rates are still high for most of
the urban area. Improved urban planning and water
management could reduce subsidence or changing
water extraction from various aquifers might be the
solution to prevent subsidence.

3. There is an indirect correlation between the
precipitation data obtained and the deformation
rate. The deformations in the winter and autumn are
relatively less than in the spring and summer.

4. The meandering structure of the Asi River can
affect the deformation because the changing course of
the river increases the rate of deformation.

The second studied area was identified as the
landslide zone which shows deformation in both
eastern and vertical directions. Considering the Hatay
location in the 1st degree earthquake zone, other
geophysical studies are recommended for the thorough
investigation of water use in the area. Further research
should be conducted to determine the deformation and
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how could this affect the Infrastructural integrity of
the city. In addition, the province of Hatay should take
similar measures to that of Mexico City by prohibiting
water withdrawal and drilling of new wells. Providing
that the decline in water level corresponds with the
decrease in subsidence in the following years.

Data Availability

Sentinel-1 data are available online through
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eo.esa.int/, in March 2022). SRTM data are provided
on Earthdata portal (https://earthdata.nasa.gov). We
thank the Turkish State Hydraulic Works for providing
groundwater level data and the Turkish State
Meteorological Service for the precipitation data.
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after the year of publication and the letters should be
italic (e.g. Saklar, 2011a, b).

« If more than one document of the same author is
cited, first his / her single-name publications in
chronological order, then double-names according
to the chronological order, and then multi-names
according to chronological order should be given.

For example:

Corradini, C. 2007. The conodont genus
Pseudooneotodus Drygant from the Silurian
and Lower Devonian of Sardinia and the
Carnic Alps (Italy). Bollettino-Societa
Paleontologica Italiana 46 (2/3), 139-148.

Corradini, C., Serpagli E. 1999. A Silurian conodont
biozonation from late Llandovery to end
Pridoli in Sardinia (Italy), In Serpagli (Ed.),
Studies on conodonts: Proceedings of the 7th
European Conodont Symposium. Bollettino
della Societa Paleontologica Italiana 37 (2-3)
(1998), 255-273.

Corradini, C., Corriga, M. G. 2010. Silurian and
lowermost Devonian conodonts from the
Passo \olaia area (Carnic Alps, Italy).
Bollettino della Societa Paleontologica
Italiana 49 (3), 237-253.

Corradini, C., Corriga, M. G. A. 2012. Pridoli -
Lochkovian conodont zonation in Sardinia
and the Carnic Alps: implications for a global
zonation scheme. Bulletin of Geosciences 87
(4), 635-650.

Corradini, C., Leone, F, Loi, A. Serpagli, E.
2001.Conodont  Stratigraphy of A Highly
Tectonised Silurian-Devonian Section in
The San Basilio Area (Se Sardinia, Italy).
Bollettino Della Societa Paleontologica
Italiana 40 (3), 315-323, 1 PI.

Corradini, C., Pondrelli, M., Serventi, P., Simonetto,
L. 2003. The Silurian cephalopod limestone
in the Monte Cocco area (Carnic Alps, Italy):
conodont biostratigraphy. Revista Espafiola
de Micropaleontologia 35 (3), 285-294.



Corradini, C., Corriga, M. G., Mannik, P., Schonlaub,
H. P. 2015. Revised conodont stratigraphy of
the Cellon section (Silurian, Carnic Alps).
Lethaia 48 (1), 56-71.

 If documents of different authors with the same
surname are mentioned, they should be written in
alphabetical order, considering their first names.

* If documents of different author(s) with the same
surname are mentioned in the same year, they should
be cited as given below. Same publication rule
should be applied for the single author.

For example:

“Usta, M., Yetis, C., Nazik, A. 2018. Anamur (Mersin)
dolaymin stratigrafisi ve Kambriyen yasl
kuvarsitler ile dolomitlerin  endustriyel
hammadde potansiyeli. Cukurova
Universitesi Fen ve Mihendislik Bilimleri
Dergisi 35, 6, 11-22, Adana”

should be cited as (Usta, M. et. al., 2018)

“Usta, D., Ates, S., Coban, M., Deveci, O, Saglam,
F.M. 2014. Adiyaman-Sincik-Hilvan
arasindaki bolgenin stratigrafisi ve kaya turi
Ozellikleri. 67. Turkiye Jeoloji Kurultayi
Bildiri Ozleri, Ankara, 98-99”

should be cited as (Usta, D. et. al., 2018)

“Usta, M. 2018. Anamur (Mersin) dolayinin
stratigrafisi ve Kambriyen yash kuvarsitler
ile  dolomitlerin  endistriyel hammadde
potansiyeli. Cukurova Universitesi Fen ve
Miihendislik Bilimleri Dergisi 35, 6, 11-22,
Adana”

should be cited as (Usta, M., 2018)

“Usta, D. 2014. Adiyaman-Sincik-Hilvan arasindaki
bolgenin stratigrafisi ve kaya tiiri ézellikleri.
67. Turkiye Jeoloji Kurultayr Bildiri Ozleri,
Ankara, 98-99”

should be cited as (Usta, D., 2018)

« If the document is in a periodical publication (if it is
an article), information about the document is given
in the following order: Authors “ surname, first letters
of the authors’ first names. Year of publication. The
name of the article. The name of the publication in
which the article was published, volume number and
/ or issue number with the first letters in capital, the
numbers of the first and last page of the document.

Punctuation marks like comma and etc. after journal
names should not be used.

* In the examples below, the information about the
mentioned documents is organized according to
different document types, taking into account the
punctuation marks.

For example:

Gursoy, M. 2017. Munzur Daglari Alt Miyosen
cokelleri mollusk toplulugu ve paleoekolojisi
(Dogu Anadolu, Tirkiye). Maden Tetkik ve
Arama Dergisi 155, 75-99.

Pamir, H. N. 1953. Tirkiye’de kurulacak bir
Hidrojeoloji  Enstitisii  hakkinda rapor.
Turkiye Jeoloji Bulteni 4 (1), 63-68.

Robertson, A. H. F. 2002. Overview of the genesis
and emplacement of Mesozoic ophiolites in
the Eastern Mediterranean Tethyan region.
Lithos 65, 1-67.

o If the document is a book: authors’ surnames,
authors’ first names. Year of publication. Title of the
book with capital letters. The name of the publishing
organization or the name of the publication in which
the document was published, the volume and / or
issue number, and the total number of pages of the
book should be specified, respectively.

For example:

Einsele, G. 1992. Sedimentary Basins. Springer
Verlag, 628.

Ketin, 1., Canitez, N. 1956. Yapisal Jeoloji. ITU, 308.

Meri¢, E. 1983. Foraminiferler. Maden Tetkik ve
Arama Genel Midurlugi Egitim Serisi, 26,
280.

« If the document is published in a book containing
the articles of various authors, the usual order for
the document included in a periodical publication
is followed until the end of the document title.
Then the editors’ surnames and initials and the
abbreviation of the editor word “Ed.” is written in
parentheses. Then, the title of the book in which the
document is located is written with the first letters
in capital letters. Name of publishing organization.
The place of publication, the volume number of the
publication in which the document was published,
and the numbers of the first and last pages of the
document should be written.
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For example:

Anderson, L. 1967. Latest information from seismic
observations. Gaskell, T. F. (Ed.). The Earth’s
Mantle. Academic Press. London, 335-420.

Gonclioglu, M. C., Turhan, N., Sentiirk, K., Ozcan,
A., Uysal, S., Yaliniz, K. 2000. A geotraverse
across northwestern Turkiye. Bozkurt, E.,
Winchester, J. A., Piper, J. D. A. (Ed.).
Tectonics and Magmatism in Tirkiye and
the Surrounding Area. Geological Society of
London. Special Publication, 173, 139-162.

« If it is desired to specify the name of a book in which
the writings of various authors are collected as a
document; following the surnames and names of the
book’s editors, in parentheses the “Ed.” statement
is written. Year of publication. Title of the book
with capital letters. The name of the publishing
organization or the name of the publication in which
the document was published, the volume and / or
issue number and the total number of pages of the
book should be specified.

For example:

Gaskel, T. F. (Ed.). 1967. The Earth’s Mantle.
Academic Press, 520.

* If the document is “published abstract”, information
about the document is given in the following order:
Authors’ surnames, authors’ first names. Year of
publication. Name of the document (paper). The
name, date and place of the meeting where the paper
is published, and the first and last page numbers in
the book containing the abstract should be written.

For example:

Oztunali, ©., Yeniyol, M. 1980. Yunak (Konya) yéresi
kayaclarinin - petrojenezi. Turkiye Jeoloji
Kurumu 34. Bilim Teknik Kurultayi, Ankara,
36.

Yilmaz, Y. 2001. Some striking features of the
Anatolian geology. 4. International Turkish
Geology Symposium, 24-28 Eyliul 2001,
Adana, 13-14.

« If the mentioned document has not been published
like report, lecture notes and etc., the word
“unpublished” should be written at the end of the
information about the document in parentheses
after the information about the document is given
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in the usual order for the document in a periodical
publication.

For example:

Akyol, E. 1978. Palinoloji ders notlari. EU Fen
Fakiiltesi Yerbilimleri Bolumi, 45, Izmir
(unpublished).

Ozdemir, C., Bigen, C. 1971. Erzincan ili, ilic ilgesi
ve civari demir etiitleri raporu. Maden Tetkik
Arama Genel Mudirltgi, Rapor No: 4461,
21, Ankara (unpublished).

« For unpublished courses, seminars and similar notes,
the course organizer after document name. The place
of the meeting. Title of the book and relevant page
numbers should be given.

For example:

Walker, G.R., Mutti, E. 1973. Turbidity facies and
facies associations. Society for Sedimentary
Geology Pacific Section Short Course.
Annaheim. Turbitides and Deep Water
Sedimentation, 119-157.

« If the document is a thesis; author’s surname, initial
of the author’s first name. Year of publication. Name
of the thesis. The type of the thesis, the university
where it was given, the total number of pages, its
province and the word “unpublished” are written in
parentheses.

For example:

Akilli, H. 2019. Polatli-Haymana (Ankara) civari
sicak sularinin izotop jeokimyasi (5180,
3D, 3H, 613C, 834S, 87Sr/86Sr) ve ana iz
element bilesimleri ile incelenmesi. PhD
Thesis, Ankara University, 255, Ankara
(unpublished).

Argun Aktan, O. 2019. Marmara Denizi Bati Kita
Sahanligl Yizeysel Cokellerinde Jeojenik ve
Antropojenik Agir Metal Zenginlesmesine
Yonelik Arastirmalar (Sarkdy Kanyonu, KB
Turkiye). MSc Thesis, Ankara University,
179, Ankara.

« Anonymous works should be arranged according to
the publishing institution.

For example:

MTA. 1964. 1/500.000 Oolcekli Turkiye Jeoloji
Haritasi, Istanbul Paftasi. Maden Tetkik ve
Arama Genel Mudurliigi, Ankara.



* 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).

For example:

Ishihara, S. The granitoid and mineralization.
Economic Geology 75" Anniversary (in
press).

* Information downloaded from the Internet should be
given in the form of the name of the institution, its
web address, and the date on which the web address
was accessed. Turkish references should be given
directly in Turkish and should be written in Turkish
characters.

For example:

ERD (Earthquake Research Department of Turkiye).
http://www.afad.gov.tr. 3 March 2013.

» While citing the source, the original language should
be adhered to, and the title of the article should not
be translated.

6. lllustrations

« All of the drawings, photographs, plates and tables
used in the article are referred to as “illustrating”.

e [llustrations 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.

e 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

e 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- Thedistrictof Sandikl (Afyon);a) geological
map of the southwest, b) the general vertical
section of the study area (Seymen, 1981),
c) Turkiye’s most important neotectonic
structures (modified from Kogyigit, 1994).
 Drawings should be drawn in computer properly,
clean and with care.
e 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.

e 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.
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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.

e 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.

e 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, DSI).

* Abbreviations of geography aspects should be made
in English (N, S, E, W, NE and etc.).
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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
Nomenclature

Geochronologic

“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.

e 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



« 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.

e 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 11, 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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-Altinh (1972, 1976) defined the Bilecik sandstone in
detail.

It is known that the fold axes of the Devonian and
Carboniferous units around Istanbul are N-S trending
(Ketin, 1953, 1956; Altinli, 1999).

* Referring to a publication with two authors:

- The upper parts of the unit include Ilerdian fossils
(Sirel and Giindiiz, 1976; Keskin and Turhan, 1987,
1989).

» Referring to a publication with more than two
authors:

- According to Caner et al. (1975), the Alici 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 Cakraz (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; Yilmaz
A., 1983; Yilmaz, 1., 1983; Poisson et al., 1984 etc.).
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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.

e 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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