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Some thoughts on the morphotectonic development of the Denizli region

Yiicel YILMAZ?

fstanbul Technical University, Mining Faculty, Maslak, Istanbul, Tiirkiye

Research Article

Keywords: ABSTRACT
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Graben, Denizli Basin.

The Denizli region is located to the east of the Buldan Horst. Although they follow the same trends
as the Biiyiik Menderes and Gediz Grabens, the Denizli region has undergone semi-independent

evolution during the Quaternary. The essential morphotectonic elements of the area are the Denizli

Basin and the surrounding Babadag and the Giizelpinar Horsts. The Babadag Horst is the most

distinct morphotectonic element of the region. It is bounded in the north by the Denizli fault, a listric
Received Date: 27.04.2022 normal fault, and possibly a major detachment fault. The Laodicea and Giizelpinar Horsts located
Accepted Date: 20.07.2022  within the downthrown block of the fault may be regarded as antithetic structures.

1. Introduction

A recent research project on the ancient rock
quarries of western Anatolia has allowed a closer look
at the major structures and morphotectonic features
of the Denizli region. This paper is based on the
data derived from the study. We hope that the views
presented initiate future research to test the model
proposed.

Essential morphotectonic elements of the Denizli
region are the Denizli basin and the surrounding
Babadag (2308 m) Horst and the Giizelpinar (Cokelez
Mt 1840 m) Horst (Figure 1a). The region is delimited
in the west by the Buldan Horst representing the
eastern end of the Bozdag Mountains (the Bozdag
Horst), which define a plunging anticline (Figures
la and 1b). The surrounding two large and actively
enlarging grabens of western Anatolia, the Biiyiik
Menderes graben and the Gediz graben (Ering, 1954;
McKenzie, 1978; Sengor, 1979; Sengdr and Yilmaz
1981; Yilmaz et al., 2000) converge to the east (Figure

la) (for detailed descriptions of the grabens, a reader
is referred to Sengdr, 1979; Sengdr and Yilmaz, 1981;
Seyitoglu and Scott, 1991, 1996; Yilmaz et al., 2000;
Bozkurt ve Sozbilir, 2004; Seyitoglu et al., 2004;
Yilmaz 2017a, b; Stimer et al., 2020). The grabens
fragmented the Menderes Massif, which is considered
to have been elevated as a core complex along a major
detachment-breakaway- fault (Sengdér and Yilmaz,
1981; Bozkurt and Park, 1994; Hetzel et al., 1995;
Emre and Sozbilir, 1997; Gesner et al., 2001; Lips et
al., 2001; Van Hinsbergen, 2010).

Two ridges dissect the eastward continuation of
the grabens. These are Kadikoy ridge in the north and
Gencelli ridge in the South (KR and GR; Figure 1a).
Further east, a 50 km long and 20 km wide Denizli
basin (Figures 1b and 2) (Westaway, 1993; Cakir,
1999) lies along with the grabens. There is a thin
NW-SE trending horst in the southeastern part of the
Denizli basin. The horst is located in the ancient city
of Laodicea. Therefore, I call it here the Laodicea
Horst (the Karakova horst of Hanger, 2013). The
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Figure 1- a) Morphotectonic map of the Bozdag Horst and the surroundings, the central-western Anatolia. The black square shows the location
of the map displayed in Figure 1b. Abbreviations for Figures la and 1b. GR: The Gencelli Ridge, YPD: The Yenicekent-Pamukkale
depression or the Ciiriiksu graben, SDD; The Saraykdy-Denizli depression, b) simplified geology map of the eastern part of the
Bozdag horst (modified after Bozcu, 2010). Blue arrow; easterly plunging anticline (horst), Black arrows; axes of the graben
depressions, red line with black hue; axis of the Neogene fold curving around eastern plunge of the Buldan anticline.

horst divides the Denizli basin into two unequal the Saraykoy-Denizli depression in the south (YDP
depressions; the Yenicekent-Pamukkale depression and SDD; Figures la and 2).

(the Ciiriiksu graben of Simsek, 1984) in the north and

Figure 2- Morphotectonic map of the study area showing the Giizelpmar (Cokelez Mountain), Babadag (Babadag Mountain) Horsts, and
the Denizli basin. The narrow Laodicea Horst (LH) divides the basin into unequal size depressions; the Yenicekoy-Pamukkale
depression (YPD) and the Saraykdy-Denizli depression (SDD). Abbreviations; settlements: Sr: Saraykdy, L: Laodicea antique city,
Co: Colossae antique city, Hy: Hierapolis antique city, D: depression, H: horsts, LH: Laodicea Horst, F: faults, DF: the Denizli fault
zone, PF: Pamukkale fault zone. The arcuate red lines are gravity faults. Straight red lines extending along boundaries of the grabens
and the Laodicea horst are oblique-slip faults with significant strike-slip displacement. Black lines with white hues are listric normal
faults, possibly a detachment fault that elevated the metamorphic rocks against the Neogene and Quaternary successions.
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2. Stratigraphy

In the Denizli region, four tectonostratigraphic
units separated by unconformities may be
distinguished (Bat1 et al., 1998; Yilmaz et al., 2000;
Senel, 1997, 2010; MTA, 2002 (Figures 1b and 3)).
These are; 1) basement associations consisting of two
rock groups, a) metamorphic rocks (M, ML; Figure 3),
and b) overlying weakly metamorphosed Mesozoic
limestone succession t2K, J2K; Figure 3). Some
limestones belong to the Lycian nappes (Yilmaz,
2017a). The metamorphic rocks represent parts of
the Menderes Massif that cover large areas in western
Anatolia, extending from the Taurus Mountains in the
south to the Izmir-Ankara suture zone in the north
(Yi1maz, 2017a, b). The basement rocks are mostly
exposed in the Babadag and the Buldan areas (Figures
2 and 3). 2) A Lower-Middle Miocene terrestrial coarse
to a fine clastic sedimentary sequence. Rock units of
the sequence are defined and described in the Buldan
area by Bozcu (2010). The sequence begins with thick
(<500 m) red conglomerates (Figure 1b), which transit
to fine-grained detrital rocks (Figure 3). 3) Lacustrine
marl, claystone, and limestone alternation of the Upper
Miocene (Simsek, 1984; Goktas, 1990; Taner, 2001;
Algicek, 2007; Algicek et al., 2013, 2019) - Lower

Pliocene (Taner, 2001; Algigek, 2010; Algicek et al.,
2019) age range. They overlie the underlying rocks
with a distinct angular unconformity in the Buldan
area (Figure la). The lacustrine sequence represents
western Anatolia's most extensive rock group (Y1ilmaz,
2017a) (Figure 3). 4) The Quaternary coarse clastic
rocks. They were developed as fanglomerates along
horst fronts and fluvial conglomerates deposited in
valleys (Hakyemez et al., 1999; Figure 3).

3. Structural Geology

The study area is situated around the eastern plunge
of the Bozdag Dome-Horst (Figure 1b; Bozcu, 2010)
(black square; Figure la) (for a detailed description
of the structural elements of the region, a reader is
referred to Hanger, 2013).

The Upper Miocene medium to coarse-grained red
clastic sediments wrapping around the plunge of the
dome (curvilinear red line in Figure 1b) rest on the
approximately N-S trending Early- Middle Miocene
graben fill with a distinct angular unconformity
(Figure 1b; Bozcu, 2010). The rise of the dome began
during the Late Miocene because it supplied clastic
materials to the surrounding lateral fans (Bozcu,
2010).

Figure 3- Geology map of the Denizli region (modified after Denizli sheet of the MTA geology map of Tiirkiye on the scale of 1/500.000).
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Two ridges separate the Gediz and Biiyiik
Menderes grabens from the depressions along with
their eastward extension (Figure 1a). Hanger (2013)
identified the northern ridge. However, the time and
mechanism of development of the ridges have long
remained unknown. They are morphologically distinct
and control the present drainage system (Figures la,
4a, 4b, and 4c). The geological and morphological
data also reveal that the ridges are bounded by strike-
slip faults, which displaced the basement rocks and
the overlying Neogene-Quaternary sedimentary
sequences, sinistrally in the North (Figures 4a and 4b,
and dextrally in the South (Figures 4a and 4c).

Between the two strike-slip fault zones of opposite
shear sense, the eastern region of the Bozdag dome
(BH; Figure 4a) appears to have been forced to rotate
in the anti-clockwise sense (Figure 4a). The motion
is in harmony with the southwesterly advance of the

Anatolia Plate (McKenzie, 1978; Sengdr and Yilmaz,
1981; McKenzie and Yilmaz, 1991; Mc Clasky et al.,
2000; Reilenger et al., 2006, 2010).

The morphotectonic panorama of the Denizli
region may be summarized as an NW-SE trending
depression, the Denizli basin (graben) surrounded
by the Babadag Horst in the south (Figure 2) and
the Gilizelpinar Horst in the north (Figures la and 2;
Hancer, 2019). The present landform of the Denizli
region is young (Ering, 1954), formed during the
Quaternary (Yilmaz et al., 2000; Sarica, 2000; Stimer
et al., 2013; Hanger, 2013; Yilmaz, 2017b, Algicek et
al., 2019; Ozpolat et al., 2020).

The Babadag Horst is the major morphotectonic
element of the region (Figure 2). The Denizli fault
(the Babadag-Honaz fault of Hanger, 2013) defines
its northern boundary (DF; Figure 2). It is a normal
fault having many branches, which may be traced

Figure 4- a) Google satellite image showing the Bozdag Mountains and the surrounding regions. Rectangles show the locations of Figures
4b and 4c. White arrows indicate the motion directions due to the southwesterly advance of the Anatolian Plate. The circler arrow

indicates the rotation of the block bounded by the strike-slip faults of opposite shear sense. The strike-slip faults (red lines); are left
lateral in the north and right lateral in the south. Abbreviations, GG: Gediz Graben, BMG: Biiyiik Menderes Graben., BzH; Bozdag
Horst, Blh; Buldan Horst., KR: Kadikdy Ridge, GR: Gencelli Ridge, BDH: Babadag Horst, GH: Giizelpinar Horst, LH: Laodicea
Horst, DB: Denizli Basin, YPD: Yenicekent-Pamukkale Depression, SDD: Saraykdy-Denizli Depression, red line with white hue;

major normal fault (detachment fault), b) Google satellite image of area 4b in Figure 4a, showing the strike-slip faults defining the
boundary of the Kadikdy ridge (the northern ridge) along which significant imprints of the left-lateral displacements are observed in
the morphology, ¢) the Google satellite image of the Gencelli ridge (the southern ridge; 4c in Figure 4a). The right-lateral offset along

the boundary faults is visible in the morphology.
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interruptedly more than 50 km from Babadag in the
west to Honaz in the east (Figures 2, 3, and 4a) (the
eastern part of the fault was previously described by
Bozkus, 2001 and Ozkaymak, 2015).

The fault plane of the Denizli fault is well exposed
around Denizli city (Figure 5). It displays a concave
map pattern, and the dip angle changes from about
75° to 40° (Figure 2), indicating that it is steeper near
the surface and flattens with depth (Figure 5). The
flattening manifests its listric normal fault character.
The rotational motion of the hanging wall along
the concave fault plane causes back tilting, which
generated side valleys trending sub-parallel to the
central depression (Figure 6).

The Denizli fault is active (Westaway, 1993;
Bozkus et al., 2001; Emre et al., 2018). One of the
western branches was reactivated around Denizli
city in 1965 (M= 5.7), and in 2008 earthquakes (the
Denizli earthquake 4.8) (Atabey et al., 1982; Tan et
al., 2008; Hanger, 2013).

The Denizli basin is subdivided into two semi-
independent depressions by the Laodicea Horst (LH;

Figure 6- Photo showing the listric normal fault in the south
of the Babadag town, which separates the basement
metamorphic rocks from the Neogene continental red
beds. Note the stream valley (green line) on the back-
tilted slope.

Figures 2, 7, 8, 9, and 10). The sequence elevated
above the Laodicea Horst is terrace deposits and fluvial
clastic sediments of the Quaternary age (Figure 9).
The data reveals that the Laodicea Horst is younger
than the Babadag Horst, which began to rise during
the late Miocene (Algicek et al., 2013; Hanger, 2019).

Figure 5- A view of Denizli city and the surroundings from the north. The fault plane of the steeply dipping major normal fault along which

the Denizli horst was elevated is clearly observed. The flat-lying erosional surface (the broken lines) may be noted above the horst. A

deeply carved lateral alluvial fan (defined by the broken green line) indicates that the rise of the horst is continuing.
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Figure 7- A panoramic view of the southern slope of the
Giizelpmar Horst and the Ciiriiksu river valley (the
Yenicekent-Pamukkale depression-graben). Steep slopes-
escarpments (thick red lines) correspond to fault planes
(thin red lines) of a series of sub-parallel gravity faults
formed in response to the rise of the horst. Backward
tilting of the downthrown blocks (black arrows) and a
progressive increase in the tilting angle toward the valley
reveal the listric character of the Pamukkale fault. The
green arrow indicates the north-tilted valley floor of
the Ciiriiksu river (Ciiriiksu R.) toward the Glizelpmar
Horst. The white unit on the horst block is the Pamukkale
travertine deposit near the Pamukkale town, the ancient
city of Hieropolis. The black broken lines are traces of the
fragmented erosional surface that remained on the horst
blocks. The erosional plains are on the Upper Miocene-
Lower Pliocene lacustrine units in the low land along the
horizon.

Figure 8- A northerly view from the Laodicea horst to Giizelpinar
horsts. On the horizon, the gradual elevation of the flat-
lying erosional plains may be noted from low land to the
hills.

The Laodicea Horst is bounded by many oblique-
slip faults with significant strike-slip coupled with
dip-slip components (Figure 2). The discoidal map
pattern of the faults (Figure 2) reveals that the horst
may also be defined as a tectonic wedge that wedged
into the depression (Figure 2).

The rise of the Laodicea Horst caused the
northward tilting of the Ciirliksu river valley (Figure
7). Consequently, the riverbed migrated toward the
Giizelpinar horst (Figures 7 and 8). The historical
and instrumentally recorded earthquakes reveal the
dynamic character of the faults associated with the
Laodicea Horst (Hanger, 2013).

The Giizelpinar Horst surrounding the Denizli
graben in the south is also represented by a set of
normal faults collectively known as the Pamukkale
fault (Figure 7) (Altunel and Hancock, 1993; Altunel
and Barka, 1996; Kogyigit, 2005; Kaymake¢1, 2006;
Dilsiz, 2006; Van Noten et al., 2013; Hanger, 2013;
Emre et al., 2018). Morphotectonic features in and
around the fault zone reveal its listric fault character
(Figure 7). Among the normal fault branches, oblique-
slip displacement with strike-slip and dip-slip offsets
are also common (Cakir, 1999; Van Noten et al., 2013).

Hot springs sipping along the faults of the
Pamukkale fault zone generated many travertine
deposits (Figure 7) (Simsek, 1984; Altunel and
Hancock, 1993; Altunel, 1996, 2000; Dilsiz, 2006; De
Filippis et al., 2012; Algigek et al., 2013). The antique
Roman city of Hierapolis was built on a back-tilted
hanging wall of one of these normal faults (Figure
7) (Altunel and Hancock, 1993; Simsek et al., 2000;
Ozkul et al., 2013; Alcicek, 2007; Kele et al., 2011;
Kaypak and Gokkaya, 2012; Algigek et al., 2013; Van
Noten et al., 2013).

Many other travertine deposits associated with the
young faults may also be observed in the Denizli region
(Ozkul et al., 2013; Van Noten et al., 2019; Aratman
et al., 2020 and the references therein) (for the various
geological features of the travertine deposits, a reader
is referred to as Altunel and Hancock (1993), Altunel
(2000), Ozkul et al. (2013), Kele et al. (2011), Van
Noten et al. (2013), Hanger (2013), Toker et al. (2015).

According to historical records, Hierapolis was
destroyed several times by earthquakes (Altunel and
Hancock, 1993; Altunel and Barka, 1996; Piccardi,
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Figure 9- Southerly view from the Laodicea horst to the Babadag Horst. The terrace deposits at the base of the ancient monument of the antique
city of Laodicea and the perfectly planar, flat-lying erosional surfaces on the Laodicea Horst (about 270 m) may also be noted above
the Babadag Mountains (< 2000 m). The graben boundary faults cut and dissect the continuity of the erosional surface during the

Quaternary.

Figure 10- A sketch geological cross-section across the Denizli region showing the Babadag Horst as a major listric normal fault (detachment
fault) and the Laodicea and the Giizelce Horsts as antithetic structures developed on the downthrown block. The horizontal distance
across the Denizli basin (DB) is about 7 km. Abbreviations. BH: Babadag Horst, SDD: Saraykdy-Denizli graben (depression), DF:
Denizli fault, LH: Laodicea Horst, YDP: Yenicekent-Pamukkale graben (depression), PF: Pamukkale fault, GH: Glizelpmar Horst.
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2007; Tan et al., 2008; Utku, 2009). A magnitude
six earthquake in BC 60 damaged the ancient city
severely (Atabey et al., 1982; Hanger, 2013 and the
references therein). The Denizli region's earthquakes
have relatively shallow focal depths ranging from 5
to 10 km (Aydan et al., 2005; Kaypak and Gokkaya,
2012).

4, Discussion

Back-arc extension of the Hellenic Trench
(McKenzie, 1978; Le Pichon and Angelier, 1979;
Meulenkamp et al., 1988) due to its southward retreat
and the consequent delamination are considered the
mechanisms responsible for the rapid extension
of western Anatolia (Wortel and Spakman, 2000;
Faccenna et al., 2004; Dilek and Altunkaynak, 2007,
Agostini et al., 2008; Jolivet et al., 2013; Philippon
et al., 2014; Ring et al., 2017; Yilmaz, 2017b and
the references therein). The N-S extension generated
detachment fault(s) and the associated metamorphic
core complexes. The Menderes Massif, one of the
good representatives of the core complexes, was partly
exposed before the Late Miocene. Evidence for this is
metamorphic rock clasts incorporated into the Upper
Miocene terrestrial sediments (Yilmaz et al., 2000).
The metamorphic rocks cropping out in the Babadag
horst may be regarded as the southeastern part of the
Menderes Massif (Yilmaz, 20175, Figure 2).

For the last five-six decades, geological research in
western Anatolia has enlightened various geological
aspects of the Neogene grabens and the surroundings
(Yi1maz, 2017a, b; Algigek et al., 2019 and the
references therein). However, comprehensive studies
correlating the basins along and across western
Anatolia are few (Yilmaz, 2000; Algicek, 2010;
Ersoy et al., 2011, 2014). The views on the time and
mechanism of the grabens having trends deviating
from E-W are also quite diverse (Sengor, 1987; Geng
and Yilmaz, 2000; Yilmaz et al., 2000; Geng et al.,
2001; Girer et al., 2001, 2009; Giirer and Yilmaz,
2002; Bozkurt, 2003, 2009; Seyitoglu et al., 2004;
Kaymakei, 2006; Kogyigit and Deveci, 2007; Ten
Veen et al., 2009; Giirer et al., 2009; Ersoy et al., 2011;
Ozburan and Giirer, 2012; Saroglu and Giirer, 2020;
Seyitoglu et al., 2022; Giirer, 2023).

On the enlargement of the west Anatolian grabens,
the views gradually changed through time. The earlier

views favored uninterrupted growth since they began
in the late Oligocene-early Miocene (Seyitoglu and
Scott, 1996; Bozkurt, 2000; Sozbilir, 2005). Later
studies support the development in pulses (Lips et
al., 2001; Purvis and Robertson, 2004; Bozkurt and
Rojay, 2005; Beccaletto and Steiner, 2005; Lacassine
et al., 2007; Emre and Sozbilir, 2007; Chatzaras et
al., 2011; Yilmaz, 2017a, b; Algigek et al., 2019). The
regional angular unconformities separating the three
rock groups of the Neogene-Quaternary age (Yilmaz,
1997; Kogyigit et al., 1999; Yilmaz et al., 2000;
Yilmaz, 2017b) favor interrupted extension.

The low energy lacustrine sequence reveals that
interconnected lakes cover the entire western Anatolia
during the late Miocene-Early Pliocene (Becker-
Platen, 1970; Benda, 1971; Benda et al., 1974, 1977;
Luttig and Stevens, 1976; Yilmaz, 20174, b; Algicek
et al., 2019). Algigek et al. (2019), based on the
detailed paleoenvironment analyses, show that the
lakes were dried out, and marsh-swamp deposits at
the top of the lacustrine succession remained till the
Pleistocene. The region suffered a severe erosional
stage during the same period, which generated a flat-
lying erosional plain above the lake deposits and
the underlying rocks. Both events reveal that the
region was relatively quiet during the late Miocene-
late Pliocene. The development of the present E-W
grabens followed the quiet period in the Pleistocene
(Angelier et al., 1981, 1982; Yilmaz, 1997; Yilmaz et
al., 1999; Sarica, 2000; Rojay et al., 2005; Westaway
et al., 2005; Bozkurt et al., 2011; Yilmaz, 2017a, b ;
Algigek et al., 2019; Maddy et al., 2020). Fragments
of the flat-lying erosional plains were then elevated
to different heights, which is also observed on the
horsts surrounding the Denizli Graben (Figures 5, 7,
8, and 9). This key stratigraphic horizon may be used
to differentiate the pre and post-erosional geological
events and give them a relative age.

In the Denizli region, however, the development
of the Babadag horst possibly began during the Late
Miocene (Algicek et al., 2019) or Early Pliocene
(Taner, 2001) when the interconnected lakes were
still covering the surrounding regions (MTA, 2002).
Evidence for this is the coarse terrestrial conglomerates
of the elevating Babadag horst interfingering with the
lacustrine sediments (Algigek, 2007). During this
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stage the Denizli basin may thus be regarded as a half-
graben (Algicek et al., 2019).

The Gediz and the Biiyilk Menderes grabens
were possibly extended to the Denizli region during
the initial stage of development because the infill
of the grabens in both areas shares a similar coeval
stratigraphy (Kogyigit, 2005; Ergin et al., 2007;
Algicek, 2007; Ciftci and Bozkurt, 2009, 2010;
Algicek et al., 2019). When the KR and GR ridges
formed, the grabens collapsed (Ocakoglu, 2020) and
were separated. From this period onward, the eastern
and the western grabens have experienced independent
evolutions.

The dominant morphotectonic element of the
Denizli region is the Babadag Horst (Ozpolat et al.,
2020). The Denizli fault delimits the horst in the North,
which may be regarded as a detachment-breakaway
fault along which the deeply buried metamorphic
rocks were elevated to the levels of the Neogene
and Quaternary successions. The fault may thus be
considered as a part of the major detachment fault
of western Anatolia (Bozkurt and Park, 1994; Hetzel
et al., 1995; Emre and So6zbilir, 1997; Gessner et al.,
2001, 2013; Sozbilir, 2005; Cemen et al., 2006; Oner
and Dilek, 2011, 2012; Buscher et al., 2013; Wolfler
et al., 2017; Heineke et al., 2019; Asti et al., 2019).
In the adjacent Biiyiik Menderes graben, the transition
from low to high-angle normal faulting was estimated
to have taken place during the latest Pliocene-early
Quaternary (Oner and Dilek, 2011; Siimer et al.,
2020). Future seismic studies will unravel tectonic
nature of the Denizli fault at deeper levels.

The Giizelpimnar and Laodicea Horsts are young
structures that were formed during the Quaternary
(Algigek, 2007; Hanger, 2013, 2019; Van Noten et
al., 2013, 2019, and the references therein). The
development of the Denizli fault appears to have
exerted substantial tectonic control in their formation
because they are located within the downtown block,
similar to many antithetic faults of varying sizes that
also formed during this period.

5. Results

The low-energy lacustrine sequence reveals
that interconnected lakes covered western Anatolia
throughout the late Miocene and Early Pliocene. A

regionwide erosional stage that formed a flat-lying
erosional plane accompanied this phase. The smooth
topography was fragmented when the E-W trending
major grabens began to open during the Pleistocene.
The eastern and western grabens of the Denizli region
were possibly united until this period. The Kadikdy
and Gencelli ridges, when formed, separated the
grabens during the Quaternary. Development of the
ridges may be the consequence of the southwesterly
motion of the Anatolian Plate, and the shear stress
originated from this rotation. From this time onward,
the Denizli Region has undergone a semi-independent
evolution.

Major morphotectonic elements of the Denizli
region are the NW-SE trending Babadag and the
Giizelpinar horsts. They define the Denizli basin. There
is also a thin and narrow Laodicea horst in the basin's
southeastern part, dividing it into two depressions of
unequal size.

The most distinct morphotectonic entity of the
Denizli Region is the Babadag Horst. The Denizli fault
delimits the horst in the north and may be regarded
as an eastern extension of the detachment fault along
which the Menderes massif was exhumed.

The development of the Denizli fault has possibly
controlled the formation of the Laodicea and
Giizelpinar Horsts located within the downthrown
block. Partly coevally, many other antithetic faults of
varying sizes, genetically associated with the young
horsts, were also formed.
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ABSTRACT

In our days, slags are considered secondary resources due to the metals they contain. Copper slags
having economical operating grades in terms of Zn, Cu, Ce, Ni, Co, Mo, and V, have complex
mineralogy due to their thermal processing based formations. Methods of recovery for copper and
other precious metals from slags, have been studied, and for which, flotation plants in industrial
scale are operated. In cases where physical or physico-chemical mineral processing methods are not
sufficient, hydrometallurgical methods are applied. In this study, the flotation method was applied to
a copper slag with 0.9% Cu grade. Copper recovery and the concentration grade were determined to
be approximately 40 and 22.7% Cu, respectively. Metal extractions were examined through direct
leaching tests. Using H,SO, in the leaching, resulted in gel formation, leading to an investigation of
the leach parameters using HCI. Cu and Ce extractions of around 70-80% were attained as a result
of a test performed for 2 hours with the addition of 25 g/L H,0, at a rate of 20-25% solids and 300
g/L HCl concentration. An examination of the metal relations, indicated that the dissolution behavior
of Cu and Ce was quite similar to the Al dissolution (R?>=0.9).

1. Introduction

Production of copper in the present day is

as copper demonstrates a low level of dissolution
in aqueous mediums. In order; ore preparation,
processing, smelting/converting and purification are

performed based on methods such as oxidation in high
temperatures, namely the pyrometallurgical method
and dissolution through acidic or alkaline solutions,
known as the hydrometallurgical method. 80% of
the copper produced today are obtained through
the pyrometallurgical method with the remaining
20% being obtained through the hydrometallurgical
processes (Schlesinger et al., 2011).

Copper minerals, 80% of which contain sulphide,
are most prominently found as chalcopyrite
(CuFeS,), bornite (CusFeS,) and chalcosine (Cu,S).
The pyrometallurgical

method is preferred in

production of pure copper from sulphide minerals,

the steps followed in the pyrometallurgical method.
Hydrometallurgical methods on the other hand are
applied in cases of oxidized copper ores, low grade
sulphide containing copper ores, scrap metal or metal
recovery from waste. In order; leaching, purification
and electrolytic recovery are the steps to be followed
in hydrometallurgical methods (Bese, 2017).

In pyrometallurgical methods, a large quantity of
slag is produced as a byproduct of copper production.
For each ton of copper produced, approximately 2.5
tons of copper slag is obtained. Copper production
on a country basis amounts to 4 mt/y for the USA, 2
mt/y for Japan and 360.000, 244.000 and 60.000 t/p
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for Iran, Brazil and Oman, respectively (Najimi et al.,
2011).

Copper slags similar to run-of-mine copper ores in
terms of their chemical composition, can be used as
secondary copper resources. Slags are usually stored
in bulks near the smelter. They generally contain 30-
40% iron, 35-40% silicate, less than 10% alumina and
oxidized calcite and approximately 1% copper; which
makes them suitable in delivering the needs in their
usage areas (Sanchez and Sudbury, 2013). According
to the studies conducted on utilization of these slags,
new areas of use such as road metaling material,
casting raw material, cement additive and roofing
materials were discovered (Chen et al., 2011).

Due to economic reasons, slag waste is now a
necessity to be recovered with additional methods
as it produces 3% grade Cu when obtained with
pyrometallurgical methods and approximately %50
Cu in its flash matte (Uzkut and Tunger, 1981).

Inaddition to flotation, hydrometallurgical methods
are also preferred in utilization of copper slags. For
the process of flotation, cooled and solidified copper
slag is prepared after the size reduction processes. A
faster cooling process leads to larger copper crystals
whereas a slower cooling process results in finer
sizes, in which even when fine grinding is process
applied, sometimes liberation may never be observed.
Copper can be found in oxidized, sulfide containing
and metallic forms inside the slag. Thus, as the
collector material, various combinations may be used.

Table 1- Information about the copper slag flotation plants.

Collector reagents can be exemplified as xanthates,
thiocarbamates and dithiophosphates. Information
on certain plants performing copper slag flotation are
given in Table 1 (Y1ilmaz, 2018).

The core principle in hydrometallurgical methods
is the dissolution of valuable parts of the rock using
acidic or alkaline solution environments. Sulfuric
acid, nitric acid, hydrochloric and hydrofluoric acids
can be named as the most commonly used acidic
solubilizers. High consumptions of acidic solubilizers
are not sought after, therefore in cases where the usage
is high, alkaline solubilizers are preferred. Alkaline
solubilizers, although perform a more selective
dissolution, have relatively lower rates of efficiency in
metal dissolution. Most commonly used solubilizers
can be exemplified as sodium hydroxide, calcium
hydroxide, ammonium hydroxide, sodium carbonate,
ammonium carbonate, and sodium sulfide (Cakir
et al, 2016). Additionally, following sulfidation
roasting, water leaching helps move metallic valuables
to the solution. Parameters that can be considered
advantageous for the hydrometallurgical methods of
metal recovery from slags can be counted as follows:
1) prompt and basic process; 2) small amount of initial
investment and low operational costs; 3) obtaining
products with high added value; 4) flexible capacity
scaling (Yao et al., 2018)

Simultaneous dissolution of iron and silica can
occur in leaching copper slags with sulphuric acid.
Moreover, the dissolution of silica causes gelling in
the pulp. Iron-silicate bearing mineral phase inside the

Plant Saganoseki, Japan Toyo, Japan Pasar, The Philippines
Capacity, tpd 450 450 370

Feed Grade, % Cu 8.33 6.5 12.5
Concentrate Grade % Cu 21.80 28.00 29.0-33.0
Tailing Grade % Cu 0.65 0.4 0.5-0.6
Recovery, % 95.0 95.0 97.0-98.0
Crushing Circuit Jaw and 2 Cone Crusher Roll And 2 Cone Crusher Jaw and Cone Crusher
Grinding Circuit Ball Mill x2 Ball Mill Ball Mill x2
Flotation Particle Size, pm %50 - 44 pm %90 - 44 um %75 - 45 pm
Flotation Time, min 30 30 30

Collector SIPX, Thiocarbamate KAX, Thiocarbamate KAX, Dithiocarbamate
Frother Pine Oil, MF560 Pine Oil Pine Oil, NF183
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slag, reacts to sulphiric acid resulting in silicic acid.
The gel structure formed in this process not only affects
the metal dissolution efficiency but complicates the
solid-liquid separation following the leaching process
(Banza et al., 2002).

In studies conducted by Basir and Rabah (1999),
the dissolubility of metals Cu, Zn, and Pb using copper
slags in various acidic and alkaline environments were
investigated. In experiments performed using NH,OH,
81% Cu and 73% Cu dissolubility efficiencies were
obtained albeit a very high NH,OH concentration such
as 13 M was used to achieve such rates of efficiency.
This projects a very high level of consumption.
Although using ammonium hydroxide results in high
metal dissolubility efficiencies, reactive consumption
levels are also incremental.

Different size fraction flotation attributes of slag
wastes belonging to ETI Copper Smelting Plant
were examined by Yilmaz (2018). In accordance
with the working specifications of the plant, 45 and
150 micrometers were selected as fine and large
particle sizes for the flotation process, respectively.
In the mentioned study, a mixture obtained using
slag waste from two different furnace types, flash
and converter were used in the ratio of 4:1, in order.
For the selection of primary collector, kinetic tests
with xanthate type KAX and SIPX reagents in two
sizes were performed. For the larger particle size,
using SIPX, a concentration of 10.98% Cu was
obtained with 89.3% recovery efficiency whereas,
with KAX, 8.33% Cu concentration with 97.5%
recovery efficiency was observed. In support, flotation
tests using Mercaptobenzothioazole, R-Isobutyl
Dithiophosphate, and Modified Thiocarbamate
reagents. In flotation tests, for the larger particle size,
with a reagent combination of SIPX+DTP, 11.46%
Cu-containing concentrate was produced with 92.87%
Cu recovery efficiency. For the finer particle size,
on the other hand, 8.19% Cu-containing concentrate
was produced with 97.30% Cu recovery efficiency,
marking the best results.

The study conducted by Cakir et al. (2016) on
copper recovery from copper reffination slag flotation
wastes, was performed in two stages namely the
leaching process post-calcination of copper slag and
direct leaching. The copper slag was put through a

mechanical activation process in different duration
and rpm values. With direct leaching post-mechanical
activation process, low dissolution efficiencies of
10-12% were obtained. Subsequently in the study,
with the leaching process following the calcination
pre-treatment, relatively higher copper dissolution
values were obtained. Calcination processes were
performed at 600°C with a duration of 2 hours. During
the process, it was aimed to form sulfide-containing
structures by adding Na,SO, in different amounts. The
copper slag which was calcinated with 80% Na,SO,
by weight, was leached at 100 °C with a duration of 1
hour, resulting in %60 Cu dissolution efficiency.

In this study, the aim was to selectively dissolve
metals of Cu, Ce and Fe contained inside the selected
copper slag waste, targeting to obtain a leach solution
rich in Cu and Ce metals. At the outset, flotation
was considered and possibilities of obtaining a
concentration with sellable quality and efficiency
were researched. Subsequently, a dissolution attempt
was made with H,SO, leach resulting in gelling which
consequently led to HCI being used for the rest of
the study. In the dissolution process, the effects of
parameters such as reaction times, pulp temperature,
acid concentration, H,0O, concentration, and solid ratio
on metal dissolution were examined, the relation of
dissolution behaviors of the metals was researched.

2. Material and Method

In this chapter, information regarding the results of
chemical analyses of the sample, mineral composition,
methods such as leaching and flotation that are used in
the experiments are given.

2.1. Material

Within the scope of experimental studies on the
copper slag from the Balikesir region; following the
characterization examination, flotation and leaching
experiments were conducted. Mineralogical analyses
were performed with XRD (X-ray Diffractometer)
and chemical analyses were with ICP (Inductively
Coupled Plasma).

The XRD analysis was performed to determine the
mineral phases of the slag, peak values of delafossite,
a copper-iron oxide mineral, and olivine, known as a
slag regulator were observed (Figure 1).
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Table 2- Chemical analysis results.

Element % Element ppm

AlLO, 4.29 Ce 78.64

CaO 7.00 Co 100.64

Fe,0, 5729 | Ga 4522

CuO 1.13 Se 11.90

K,0 0.55 v 120.68

MgO 0.60 Mo 108.56

MnO 0.25 Au 0.10
Figure 1- XRD results for the copper slag (O1: Olivine, Del: Na,0 0.19
Delafossite). PbO 0.35
Sio, 27.86
According to the chemical analysis results (ICP), Fire Ignition 0.10

the copper slag contains approximately 40% Fe, 2.2%
Al, 5% Ca, 0.90% Cu and up to 78 ppm Ce. The results
of the analysis are presented in Table 2. An integrative
evaluation of both XRD and ICP results in points to
the dominance of metal-containing phases and the
remaining content being silicate minerals.

Sieving tests results and metal distributions of
various particle size are given in Table 3. According to
the cooling conditions of the slags, minerals can collect
on different size groups. Nevertheless, according to the
fractional analysis results no such event is observed
for Cu and SiO,. Irregular crystal structure formed in
rapid cooling can may be the reason.

2.2. Flotation Experiments

In the flotation experiments within the context of
processing tests, standard type bond mill was used
for grinding. All flotation tests were performed in -38
pum size fraction group using a Denver D-12 flotation
machine. Each experiment was conducted with 30%

Table 3- Sieving test and chemical analysis of run of mine copper slag.

solid ratio, using 2 kg of sample. In the flotation
experiments, KAX (potassium amyl xanthate)
and SIPX (sodium isopropyl xanthate), which are
commonly used amyl xanthate type collectors and
combinations of reagents A208, A238, A407 and A412
were used as supplementary materials. KAX and SIPX
being >96% pure, is of Chinese origin. Other reagents,
considered as supplementary materials, were procured
from Solvay.

2.3. Leaching Experiments

In the leaching experiments within the context
of chemical processing, tungsten disc mills from the
brand Retch were used for grinding. The material was
mixed in 500 ml glass beakers using magnetic mixers
with temperature control from the brand IKA. In the
leaching experiments, chemicals H,SO, (Merck, 97%)
and HCI (Merck, 37%) were used as solvent medium.
Dissolution efficiencies were followed up with
analysis performed on the solids as well.

Particle Size, Amount % Cu, % Fe, % Ce, ppm Si0,, %
mm Grade | Distribution | Grade | Distribution | Grade Distribution Grade Distribution
+4 3.9 0.75 33 39.16 4.0 78.92 3.9 26.70 3.7
443 14.9 0.79 13.1 39.72 15.6 68.92 13.0 26.30 14.0
342 17.0 0.93 17.6 39.09 17.6 80.86 17.5 26.60 16.2
-2+1 223 0.86 21.5 38.67 22.8 84.93 24.1 27.10 21.7
-140.5 13.9 0.81 12.7 38.11 14.0 56.99 10.1 27.90 14.0
-0.5 28.0 1.02 31.9 35.32 26.1 88.54 31.5 30.20 30.3
Total 100.0 0.90 100.0 37.90 100.0 78.74 100.0 27.86 100.0
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3. Mineral Processing

Detailed results of flotation and leaching
experiments are presented below.

3.1. Flotation Experiment Results

In flotation experiments, obtaining a concentrate
with high copper content was aimed. Xanthate type
collectors and supplementary materials were used
tandem in the process. The reason for choosing
Aecrofloat 208 and Aerofloat 238 reagents based
on dithiophosphate, A407 and A412 based on
mercaptobenzothiazole and dithiophosphate as
supplementary materials can be explained as these
reagents having common usage in flotation of oxidized

ores.

Grade and recovery values of the concentrate are
given in Table 4. According to the flotation test results,
the highest copper grade of 22.71% was obtained with
SIPX, A208 and A238 reagent combination whereas
the highest copper recovery of 43.7% was achieved
with KAX, SIPX and A407 reagents. Although in
concentrations Cu grades of 17-22% were reached,
lower than acceptable copper recovery efficiencies
were observed. Upon these results, due to the flotation
method being not suitable for metal recovery from
slag, rest of the study was continued with chemical
processing experiments.

3.2. Leaching Experiments
3.2.1. Effects of Duration and Temperature

In order to determine the dissolution behavior of the
metals such as Cu, Ce and Fe, a series of experiments
with variable temperature and duration values were
conducted. In the experiment the solid ratio of 10%
and pH value of 2.5 were kept as constants to examine
the effects of temperature and duration. (Figure 2)

Table 4- Copper slag flotation test results.

In the experiments examining the correlation
of duration and temperature on the dissolution,
temperature was observed to have no effect on copper
dissolution, whereas the highest Ce dissolution was
achieved at 25 °C. In terms of the duration, a decrease
in the pace of dissolution was observed by the end of a
2-hour period for Cu and Ce elements, which indicated
2 hours was the optimal reaction duration. (Figure 2)

3.2.2. Effects of Particle Size

Solvent-mineral contact is one of the most
important parameters. Thus, upon achieving adequate
particle liberation by applying various size reduction
processes, solvent-mineral contact was aimed to be
kept at maximum. The cooling conditions of the slag
is an important parameter in determining the liberation
particle size of the valuable metals contained within.
A slow cooling of the slag results in larger crystals
whereas with rapid cooling, mineral crystals are not
able to grow to sufficient proportions, occasionally
being trapped in other mineral matrixes, as inclusions.
Even with micronized grinding applied, particle
liberation is not achieved sufficiently.

In experiments examining the effects of particle
size on dissolution, the solid ratio, pH, duration
and temperature values were kept constant. In all
experiments, the effect of particle size on metal
dissolution efficiency was examined by keeping
25 °C, pH: 2.5, 10% solids ratio and 120 minutes
leaching time as constants (Figure 3).

These results clearly indicate the direct correlation
of decreasing particle size with increasing dissolution
efficiency. Decreasing the particle
micrometers does not lead to a considerable Cu

size to 38

dissolution efficiency whereas to an increase from
35.8% to 46.4% for Ce, and from 17.5% to 33% for Al
Following the fine grinding, due to its effects on the

c Cu Fe Si0, Ce

Collector Type oneentrate Grade | Effici Grade | Effici Grade | Effici Grade | Effici ;
Amount, % rade ciency rade ciency radae ciency rade ciency Veglm,

% % % % % % % % %

A407, SIPX, KAX 2.5 15.95 43.7 30.15 2.1 18.80 1.7 0.02 23 2.3

A208, A238, SIPX 1.6 22.71 40.4 20.99 0.9 18.30 1.0 0.03 1.8 1.8

SIPX, A412, A238 1.9 16.90 36.5 33.59 1.8 18.80 1.3 56.40 1.6 1.6

Feed 100.0 0.90 40.01 25.90 78.00

21




Bull. Min. Res. Exp. (2022) 169: 17-26

Figure 2- Correlation of duration and temperature on the dissolution efficiencies of Cu-Ce-Fe-Al, with constant solid ratio of 10% and pH

value of 2.5.

Figure 3- Effects of the particle size on dissolution rate.

Ce dissolution efficiency, the subsequent experiments
were conducted at 38 micrometers particle size as
constant.

3.2.3. Effects of Acid Concentration

In order to examine the effects of the acid
concentration, a series of experiments were conducted
using various acid concentrations with a duration of 2
hours at 25 °C. Results of these experiments are given
in Table 4.

Increasing the acid concentration from 100 g/L
to 200 g/L, an overall increase in metal dissolution

22

Figure 4- Effects of acid concentration on dissolution rate.

efficiencies was observed. Moreover, an increase
to 300 g/L resulted in a considerable increase in Cu
and Fe dissolution efficiencies while only causing a
mild increase for Al and Ce. Although the dissolution
efficiency for Al reached 69.8%, it was observed to
stay relatively lower in comparison to the other metals.
Dissolution efficiencies of Cu, Fe and Ce metals for
300 g/ were determined to be 89.5%, 88.7% and
85.6%, respectively (Figure 4).

Additionally, effects of high acid concentrations
such as 400 g/L and 500 g/L on metal dissolution
were examined. Gelling of the pulp post-leaching was
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observed and solid-liquid separation was not possible.
Therefore, although the curves were not straightened,
the most suitable acid concentration was selected as
300 g/L HCL

3.2.4. Effects of H,0, Concentration

In experiments conducted to recover valuable
metals from copper slag, sufficient dissolution
efficiencies for Cu and Ce metals at high acid
concentrations were obtained. In addition, it was
aimed to reach even higher efficiencies using a highly
oxidizing agent H,O,. Therefore, experiments were
performed using various H,O, concentrations. With the
results given in Figure 5, observations were made that
showed an additional 25 g/L, increased Cu dissolution
efficiency from 50% to 75%, Ce dissolution efficiency
from 46% to 70%, Fe dissolution efficiency from
25% to 67% and Al dissolution efficiency from 33%
to 60%. However, it must be noted that increasing
H,0, concentration to 50, 75 and 100 g/L results in
no considerable increase in the metal dissolution
efficiency as per Figure 2.

Dimitrijevic et al. (2017) demonstrated three
separate experimental setup strategies in recovery of
valuable metals from copper slags using hydrochloric
acid. By only adding hydrochloric acid, the first
experimental setup had only achieved 36% Cu
dissolution efficiency by the end of 2 hours. As per
their report, the second setup, a powerful oxidizer
3M H,O, was added inside the pulp in the beginning
of the experiment and 40% Cu dissolution rate was
achieved. In the third and the last experiment, H,O,

was continuously added throughout the duration of
the experiment and determined a dissolution rate of
73% was achieved by the end of the 2-hour period. In
the meantime, they reported that continuous addition
of H,O, prevented the dissolution of iron, dissolution
efficiency of which stood around 11%.

3.2.5. Effect of Solid Ratio

Experiments were conducted in order to examine
the effect of solid ratio on metal dissolution. For which,
solid ratios of 10, 20, 30, 40% were used along with
300 g/L HCI and constant 25 g/L H,O, concentration,
at room temperature. Results obtained are given in
Figure 6.

As it is seen in the Figure 7, increasing the
solid concentrations has negatively impacted the
dissolution of metals Fe, Cu and Ce. Fe was observed
to be the most affected. Although 80-90% Cu and
Ce dissolution efficiencies were reached, taking into
consideration the industrial conditions, achieving 70-
80% rate of dissolution seems feasible with 20-25%
solid ratios. The increase in the solid ratio resulted in
an observable decrease in Fe dissolution efficiency.
Additionally, an observation was made that a more
selective dissolution process occurred at 40% solid
ratio than 10%.

Another topic that distinguishes this research from
the rest of the works in literature is the amount and
type of solids used. In previous studies, following
sulfidation and chlorination leaching; dissolution
with water (Altundogan et al., 1997; Arslan and
Arslan, 2002; Altindogan ve Turan, 2012) or direct
H,SO, leaching with low solid ratios were used.
(Herreros et al., 1998; Altundogan et al., 2004;

Figure 5- Effects of H,O, concentration on dissolution rate.

Figure 6- Effects of solid ratio on dissolution rate.
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Figure 7- Correlation of Cu-Ce-Fe-Al dissolution rates.

Bese, 2007) However in this study, due to H,SO,
dissolution process being physically impossible, HCI
is alternatively used. Although Cu and Ce dissolution
rates reach their highest values with low solid ratios,
this method allows for acceptable rates of dissolution
(70-80%) of metals with 20-25% solid ratios.

4. Results

In this study, mineral processing possibilities of a
0.90% Cu and 78.74 ppm Ce containing copper slag
was examined with flotation and hydrometallurgical
methods. Based on the results obtained, the following
observations were made;

24

- Although a concentration at a threshold Cu
value can be obtained using different origin flotation
reagents as a combination, flotation rates were
determined to stay below acceptable levels,

- Temperature had no effect on the dissolution
efficiency and the value for Cu dissolution dropped
following the increase in temperature, 2 hours being
sufficient amount of time for the reaction,

- A considerable amount of increase is seen for the
Ce dissolution rate upon fine grinding process albeit
no considerable change in the Cu dissolution rate,
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- Increasing acid concentrations led to a substantial
increase in dissolution rates with 300 g/L acid addition
being determined as sufficient for Ce and Al metals
dissolution,

- Above 300 g/L HCI acid concentration led to
gelling and obstructs solid-liquid separation.

- H,0, amounts more than 25 g/L had no positive
effects on metal dissolution,

- Increasing solid ratios generally led to a decrease
in metal dissolution efficiencies, Fe being affected the
most,

- Examination among metal dissolution rates led
to the observation that Cu and Ce dissolution rates had
a strong correlation (R?>= 0.91) with Al, therefore these
metals were co-operating.

In conclusion, the highest Cu and Ce dissolution
rates (80.5% Cu and 84.1% Ce) were achieved with
leaching under the conditions of -38 um particle size
group, 300 g/L HCI concentration, 25 °C temperature,
10% solid ratio, 25 g/L H,0, addition and 2 hour
duration. However, it seems possible to achieve 70-80
percent dissolution rates with 20-25% solid ratios.

Additionally, although no detection was made in
the XRD analysis, an assumption can be made as to
Cu-Ce and Al being inside a similar mineral phase.
To support this assumption, detailed mineralogical
analyses must be made on run-of-mine and leach cake.

Moreover, with the flotation method, a concentrate
of 23% Cu can be obtained with approximately
40% efficiency. Although the concentrate obtained
is of sellable quality, low efficiency is the biggest
disadvantage. Alternatively, leaching on flotation
waste can be considered, which requires a detailed
investigation of leaching conditions on run-of-mine
samples.

Selective dissolution of metals, in comparison
to other methods, is one of the most important
advantages of chemical processing. At the same time,
with the dissolution method the relation of metals
with each other can be examined, which gives insight
into their mineralogical context. This is beneficial for
following the characterization on an elemental basis
since mineral detection in materials such as slag waste

is not possible due to the complex structures formed
by the thermal processing.

All results obtained from the leaching experiments
were shown as a figure. Upon examining the
dissolution rates of select metals, a strong correlation
is understood between the dissolution rates of Cu,
Ce and Al metals. The correlation value of Cu-Al is
determined to be 0.90 whereas Ce-Al is 0.91. Cu-
Fe and Ce-Fe correlation values are 0.82 and 0.79
respectively which brings an assumption that Cu
and Ce elements are probably with a Al containing
structure rather than Fe.

In addition, high iron concentration leads to the
suppression of peaks belonging to other structures
in the XRD analysis. Although no Al mineral was
detected during the XRD analysis, a statement about
copper and cerium elements being related to an Al-
containing mineral phase can be made due to the high
degrees of metal dissolution correlations.
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ABSTRACT

In this study, the usability of granite (magmatic) and recrystallized limestone (metamorphic) natural
stone wastes as alternative raw materials in ceramic tile production was investigated. Based on the
Ca0, SiO,, and Al,O, compounds found in waste powders, mixtures containing 65% granite and
35% recrystallized limestone (by mass) were prepared to obtain the ceramic phases of gehlenite,
wollastonite and anorthite as a result of thermal transformation. The grain size of both raw materials
is -149 pm (dy, = 110.957 um). The powder mixtures were moistened with 7% (by mass) water and
shaped in a steel mold with dimensions of 75x20x50 mm with a uniaxial press with a setting of 127
MPa. The first series samples were called as natural building stone (DYT), and the second series
samples, in which wood chips of 2% (by mass) -1 mm grain size are added to obtain porous material,
were called as natural building stone - porous (DYT-G). The samples belonging to both series was
applied heat treatment at 1.160°C. Phase analysis of samples obtained after heat treatment was
measured by X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM-EDS) methods,
and sintering properties were measured using water absorption coefficient, flexural strength,
modulus of elasticity, density-porosity and color measurement tests. Gehlenite and wollastonite
phases were detected in the heat treated samples, but no anorthite phase was observed. According to
the test results, it was determined that the flexural strength (22.64 MPa) of the DYT marked sample
was in accordance with the ceramic tile standards. In the DYT-G example, despite the decreasing
unit volume mass value, it was determined that the bending strength (16.50 MPa) was in the range
of ceramic tile strength values.

1. Introduction

Increasing pace of urban development and housing

and 1 billion m® of granite reserves. Annual natural
stone production of Turkiye is around 11.5 billion tons
with a total production capacity of plate manufacturing

parallel to industrialization in our country has led to
an increased usage of natural stones. To meet the
increasing demand, production capacities of factories
were improved and new natural stone deposits were
found. Tirkiye holds approximately 40% of the
planet’s natural stone reserves with 5.1 billion m® of
minable marble, 2.8 billion m® of minable travertine

factories being approximately 6.5 billion m2. Almost
all of the production is handled by the private sector
(Ministry of Trade, the Republic of Tlrkiye, 2014).

Block and plate productions reaching massive
volumes has led to large amounts of natural stone
waste which in return became an environmental issue.
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Due to the inability to reuse the waste in its entirety,
it has also caused economic losses. Erol and Pekdemir
(2018) has prepared mixtures consisting raw materials
of 5% pure aluminum oxide (Al,O;) powder, 35%
recrystallized limestone (metamorphic) and 60%
granite (magmatic). In the mentioned study, an
increase in the intensity of wollastonite and gehlenite
phases were observed for the samples with firing
temperature of 1.150 °C in contrast to samples that
were treated with 1.140 °C. An even further amount of
increase in these two phases were observed for 1.160
as well as an observation of an additional anorthite
phase. They stated that the occurrence of anorthite
phase greatly contributes to the resistance of the
sample. It was detected in the study that when the firing
temperature was increased from 1.150 °C to 1.160 °C,
the elasticity modulus and flexural strength values of
the samples increased by 2.4% and 28%, respectively.
In red ceramic ware production process, natural stone
wastes can be used as potential additive material.
(Gustavo, 2019). Geng et al. (2019) researched the
possibilities of usage of zeolitic tuffitites in wall tiles
and consequentially discovered them to be a usable
raw material in wall tiles ingredients. Pastor et al.
(2019) states that the natural stone industry produces
large amounts of industrial waste annually and that
these wastes could be used as binding ingredient to
decrease the negative environmental effects arising
from waste storage processes. In their study, they
respectively added 5, 10, 15, 20 and 25 percent
limestone by dry mass to the clay raw material and as
a result determined an increase in the endurance and
a decrease in deformation properties of the samples.

Stoichiometrically, wollastonite phase is calcium
meta-silicate (CaSiO,), a mineral visually white
in color and needle shaped. Properties related to its
alkali form and crystal structure ensures it to become
a commercially valuable product (Ciullo, 1996).
Wollastonite dissolves in strong inorganic acids
(such as HCI) and has a low level of dissolution in
organic acids (such as CH,COOH) (Kogel et al.,
2006). It could be used as a substitute material for raw
materials such as feldspar, calcite, quartz and dolomite
in ceramic industry in which it is used widely. It is
also used as a preventative material for deformation
due to its property of preventing thermal expansion.
Moreover, it increases the strength of the raw and fired
ceramic products as well as reducing drying times
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and energy costs while reducing ceramic firing times
(DPT, 2001).

On the other hand, stoichiometric gehlenite phase is
calcium aluminosilicate (Ca,AlSiO,). It is considered
to be a product of CaO and alumina silicate reaction.
(Sousa and Holanda, 2005). In the production of wall
tiles, marble powders, talc and dolomite are used as
calcium sources. Gehlenite and anorthite phases are
formed as a result of the reaction of metakaolin, which
is the transition phase of kaolinite in the tile, and CaO,
which is formed as a result of thermal decomposition
of calcium carbonate (Kara et al., 2006). The Gehlenite
phase (Ca,Al,SiO;) is formed by hydrated lime and
cement components that have been heat-treated at low
temperatures (<1.200 °C). Since the stable temperature
range of the Gehlenite phase is 900-1.150 °C, it
can form at low temperatures. The reason for the
absence of gehlenite in the cement is that the clinker
is heat treated above this temperature range. Calcium
alumina silicate compounds, which are more stable at
high temperatures, are formed in cement (Callebaut et
al., 2001).

In this study, it is aimed to bring an alternative
solution to the environmental pollution that occurs
with the economic revaluation of the large amount
of waste generated as a result of natural stone mining
activities.

2. Materials and Methods

2.1. Materials

The samples determined as granite and limestone
according to the XRD results in accordance with the
TS EN 12407 standards. Chemical composition of the
aforementioned samples determined as crystallized
limestone and granite by XRF (X-ray Fluorescence)
results in accordance with the TS EN 15309 are given
in Table 1. Granitoids are rocks of magmatic origin
rich in silica (SiO, > 66%) and alkalies (feldspars)
and poor in calcium, magnesium and iron (amphibole,
biotite etc.) contents. Granitoids are rich in range of
color starting with gray-white, gray, gray-green and
even brown-reddish tones. As a rock type they are also
quite durable against acids due to their formation and
chemical content. (Glindlz, 1995). The origin of the
granitoid rock used in the study is the Eskisehir district
and is granular in texture. Mineralogical composition
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Table 1- Chemical properties of the raw materials used in the study.

. . Al,O, MgO Na,O Fe,O, Lol Other
Raw Material SiO, (%) CaO (%)
(%) (%) (%) (%) (%) (%)
Granite (Magmatic) 65.9 17.0 0.9 3.8 4.6 3.0 0.5 4.3
Recrystallized Limestone (Metamorphic) 0.3 0.1 0.3 55.2 <0.1 0.1 43.70 0.2

Lol: Loss on Ignition.

of the rock is of plagioclase, quartz, biotite, alkali
feldspar and amphibole. Recrystallized limestones are
formed due to neomorphism under the effect of heat
and pressure. Essentially, they are made up of calcite
minerals and contain a minimum of 90% carbonate
(CaCo0,). Color range can differ due to the minerals
in their composition and are not durable against acids
(HCI, C{H;0,, HNO,, H,SO, etc.). The origin of the
limestones used in the study is the Bilecik district and
are massive fine grained in texture. Mineralogical
composition of this rock belonging to carbonate group
minerals (calcite) are intraclast, pellet and ooid and
houses fossilized shells.

2.2. Method

Appropriate  mixtures were prepared in
consideration of the wastes being used as replacement

material in production of floor and wall tiles in
accordance with the SiO,-Al,0,-Ca0 system
(Figure 1). In preparing the mixtures, 35%
recrystallized limestone (metamorphic)and 65%
percent granite (magmatic)raw materials were used,
respectively.

In the beginning of the study, mixtures prepared
with natural building stone samples ground to -149
pm (-100 mesh) are ball milled into homogeneity
for 30 minutes with a speed of 180 rpm and
subsequently dried at a temperature of 100 °C.
7% (6% carboxymethyl cellulose) forming water was
added to the mixture and small pellets were pressed
under 127 MPa pressure, in continuation of the study.
(Figure 2). Pellets were then fired at 1.140, 1.150 and
1.160 °C with an electric oven (Protherm Model PLF
160/15) at a temperature of 5°C/minute and kept in

Figure 1- CaO-SiO,-Al,O, phases and isotherms (Sletson and Reed, 1988).
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the last temperature for 1 minute. In the second study
conducted, (Figure 3), the first procedure was repeated
for samples ground to -74 um (-200 mesh).

In the continuation of the study, samples that
were fired in the oven were sent to XRD analysis.
According to the analysis results (Table 2), target
phases of wollastonite and gehlenite were determined
for all three separate temperature points. Considering
the endurance point to be higher due to results, firing
temperature and the mixture size of the samples were
determined to be 1.160 °C and 149 um, respectively.

Table 2- XRD analysis results of fired samples.

Heat, °C More Medium Less

1.140 Wollastonite | Gehlenite | Quartz, Akermanite

1.150 Wollastonite | Gehlenite | Quartz, Akermanite

1.160 Wollastonite Gehlenite

Quartz, Akermanite

Upon determining the process temperature and
grain size, raw material samples were ground to a size

Figure 2- -100 Mesh product samples.

Figure 3- -200 Mesh product samples.
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below -149 pm and then dry sieved. Using laser grain
size analyzer (Malvern Mastersizer 2000), operating
according to the TS ISO 13320 (Laser Radiation
Diffraction Method) standards, a suspension was
prepared for the mixture grain size distribution
analyses, and were analyzed using the device (Table
3). According to these results, 10% of the grain size of
the mixture is below 6.961 um, 50% is below 41.546
um, and 90% is below 110.957 pum.

Table 3- Particle size distribution of the mixing materials (%
distribution).

Mixture dgy (um)

110.957

d10 (um) dso (um)
Particle size 6.961 41.546

To obtain the DYT (Natural Building Block,
working code) product, samples of -149 pm were
mixed, the mixture was molded in a 75x20x50 mm steel
mold using 7% molding water (6% carboxymethyl
cellulose) and under 127 MPa pressure (Figure 4),
subsequently fired at 1.160 °C. Following the process,
1 mm wood chip additive material with a content of
2.1% was added to mixture for the DYT-G (Natural
Stone - Porous, working code) process to obtain a
more porous product and the process was repeated.

3. Research and Findings

3.1. Physical Tests

In the tests performed on the samples, results of
the Modulus of Elasticity experiment, performed
in accordance with the ASTM C1259-15 (2015)
standards and a three-point flexural strength test
device (Toni Technik Baustoffpriifsysteme GmbH,
Germany), as well as the apparent density analyses

Figure 4- Product image of DYT product sample.
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performed in accordance with the ASTM D5550-14
(2014) standards were given in Table 4. To determine
the water absorption rates of the fired samples, first
the samples were dried at 70 °C in the drying oven
and weighted 24 hours apart until there was no more
mass change. Dried samples were kept under water
for 48 hours in room temperature and then weighted
24 hours apart until they reached stable saturation
while still being kept underwater besides the weighing
process. Physical test results of the samples from the
1.C (first study) (Erol and Pekdemir, 2018) were given
in Table 4. While the flexural strength of the DYT
sample, its modulus of elasticity and apparent density
values in comparison to the values of DYT-G sample
were respectively, 37.2%, 15% and 4.8% higher, total-
open porosity and water absorption coefficient were
respectively, approximately 43.7% - 11.3% and 65.9%
lower. Flexural strength, the modulus of elasticity
and apparent density values of the DYT-G sample
in comparison to 1.C sample are respectively and
approximately 123%, 98.5% ve 21.2% higher, total-
open porosity and water absorption coefficient on the
other hand are respectively and approximately 56.7%
- 25.2% ve 67.6% lower.

3.2. Color Measurement Tests

L (white), a (green) and b (blue) color values
(Figure 4) of fired samples were made using a color
measurement device (Minolta CR300 Chromameter),
results of which from the DYT and DYT-G samples
are given in Table 5. For the L value representing the
whiteness degree, it was determined that the DYT
sample (58.37) had a lower value then the DYT-G
sample (61.40). For the remaining colors, it was
determined that DYT sample had lower amounts of
green a (1.50) and blue b (8.847) values in comparison
to DYT-G which respectively had values of a (0.98)
and b (7.830).

Table 4- Physical test results of fired samples.

Table 5- Color measurement results of fired samples.

Firing Temperature Parameters
1160 °C L a b
DYT 58.37 1.50 8.847
DYT-G 61.40 0.98 7.830

3.3. SEM-EDS Analyses

SEM and EDS analyses (Figure 5 and Table
6) are performed for the samples of DYT product.
According to the results, point of the image marked
as 1, unreacted calcium oxide (CaO) can be seen.
On point marked as 2, wollastonite (CaSiO,) and
gehlenite [Ca,Al(AlSiO,)] phases, on points marked
as 3, 4 and 5 silicon dioxide (SiO,) and on points 6
and 7, alkali-rich wollastonite (CaSiO,) and gehlenite
[Ca,AI(AISIO,)] phases were detected. On point 8,
porosity of approximately 150 nm can be seen, and
many micro, meso and macro porosities are found in
the structure. According to SEM imaging (Figure 6)
and the EDS analysis results (Table 7) of the DYT
sample, it is determined that wollastonite (CaSiO,) and
gehlenite [Ca,AlI(AISIO,)] phases started to crystallize
at points marked as 1-7.

According to the SEM imaging sample (Figure 7)
and EDS analyses of the DYT (Table 8), formation of
inert calcium oxide (CaO) phases can be seen on point
1. At points 2, alkaline-rich wollastonite (CaSiO,) and
gehlenite [Ca,Al(AlSiO,)] phases were formed and
the contact point was determined. Strength decreases
due to these contact points. SEM imaging belonging
to the DYT sample (Figure 8) porosity distribution is
determined to be quite homogeneous.

According to the SEM image (Figure 9) and EDS
analyses (Table 9) of the DYT-G sample, inert calcium
oxide (CaO) is seen in points marked as 9.2 and 7;
wollastonite (CaSiO;) and gehlenite [Ca,Al(AlSiO,)]

Sample Flexural Modul'u's of Yisible 'Real Open Porosity | Total Porosity | Water Absorption
Strength (MPa) | Elasticity | Density (g/cm®) | Density (g/cmd) (%) (%) Coefficient (%)

DYT 22.64 37.25 1.98 2.78 8.0 28.9 41

DYT-G 16.5 32.39 1.89 2.78 14.2 32.17 6.8

1.C* 7.40 16.32 1.56 2.75 32.8 43.0 21.0

1.C* (Erol and Pekdemir, 2018).
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Figure 5- SEM image of the DY T product sample.

Table 6- EDS analysis of DYT product sample.

Point | O(%) | Mg(%) | Al(%) | Si(%) | Ca(%) | Na(%) | K(%) | Fe(%) C (%) Ti (%)
1 23.65 015 0.33 1.35 74.53 - - - -
2 40.70 1.01 10.69 31.44 3.25 8.00 4.20 0.71 - -
3 45.80 - 54.20 - - - -
4 45.65 1.40 48.41 454 - - -
5 52.49 0.82 0.12 0.25 34.40 - 0.28 11.65 -
6 36.68 1.00 13.46 24.26 11.00 6.54 2.49 6.30 - -
7 23.65 0.15 0.33 1.35 74.53 - - - -

phases rich in alkali can be seen in points marked as
1, 3, 4, 5, 6 ve 8. On point marked as 10, porosity of
apporoximately 164 nm can be seen, in many micro,
meso and macro forms. According to the SEM image
of the DYT-G product sample (Figure 10) and EDS
analyses (Table 10), formation of inert calcium oxide
(CaO) at point marked as 3, wollastonite (CaSiO,)
and gehlenite [Ca,Al(AISiO,)] phases rich in alkali at
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points 1 and 2 can be observed as the contact points.
Strength decreases due to these contact points. The
porosity distribution of the DYT-G product sample
is determined to be quite homogeneous in the SEM
imaging (Figure 11). Additionally, it is determined
that the porosity ratio of the DYT-G product sample
is much higher than the DYT product sample, as
expected.
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Figure 6- SEM image of the DY T product sample.

Table 7- EDS analysis of DY T product sample.

Point 0 (%) Mg (%) Al (%) Si (%) Ca (%) Na (%) K (%) Fe (%) Ti (%)
1 35.57 0.94 5.72 22.26 26.08 3.58 1.86 3.42 0.58
2 37.44 0.81 11.51 27.47 8.04 7.05 3.73 3.65 0.31
3 4155 1.09 6.88 23.03 19.04 4.67 1.60 2.09 0.05
4 41.84 - 1.02 22.38 31.60 2.07 0.25 0.85
5 34.22 1.49 14.12 27.99 8.03 7.62 3.85 2.69
6 22.12 0.96 11.50 28.69 20.41 3.81 3.69 8.02 0.82
7 29.65 2.18 11.48 27.08 14.54 6.86 3.00 4.89 0.32

4. Discussion According to the results of the physical tests

In this study, only natural stone wastes were used
and mixtures were prepared using 35% recrystallized
limestone (metamorphic), 65% granite (magmatic)
raw materials. According to the XRD results obtained
by firing samples prepared at 1.140 - 1.150 - 1.160 °C,
target phases of wollastonite and gehlenite were
reached.

performed, comparing the samples of DYT and
DYT-G with wood chip added, the flexural strength,
modulus of elasticity and the apparent density of
DYT-G sample was determined to be lower. True
density of the samples was determined to be the same,
yet their total-open porosity and water absorption
values were higher. According to TS EN 14411 (Table
11) Ceramic Tile Standards, as the water absorption
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Figure 7- SEM image of the DYT product sample.

Table 8- EDS analysis of DYT product sample.

Point 0 (%) Mg (%) | Al (%) Si (%) Ca (%) Na (%) K (%) Fe (%) Ti (%)
1 39.56 0.28 0.08 061 59.47 - - - -
2 32.93 0.49 13.08 33.18 6.61 6.34 6.23 1.14 -

Figure 8- SEM image of the DYT product sample.
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Figure 9— SEM image of the DYT-G product sample.

Table 9- EDS analysis of DY T-G product sample.

Point 0 (%) Mg (%) | Al (%) Si (%) Ca(%) | Na(%) K (%) Fe (%) Ti (%)
1 43.05 0.68 0.27 0.77 55.23 - - - -
2 33.29 115 11.81 22.27 21.09 6.16 157 2.67 -
3 46.48 - 1.57 49.26 2.68 - - - -
4 36.34 1.33 12.10 25.07 7.70 7.65 3.62 5.65 0.53
5 39.49 2.29 10.72 19.71 17.68 7.15 1.02 1.94
6 42.10 071 117 24.36 29.06 155 0.42 0.63
7 36.38 0.72 12.64 24.75 13.91 7.12 3.06 1.42
8 55.44 - 1.03 42.66 0.87
9 31.05 - 14.61 26.21 12.40 6.33 452 4.88

rate DYT sample was determined to be 4.1%, in
accordance with the standards, it is classified to be in
the Blla group. As the flexural strength value (22.64
MPa) is higher than the limit value of the standard (22
MPa) and single sample (20 MPa) value, it is above
the values requested by the standards. According to
TS EN 14411 (Table 11) Ceramic Tile Standards, as

the water absorption rate of the DYT-G sample is
determined to be 6.8%, it is classified to be in the Bllb
group. Although the flexural strength value (16.5 MPa)
is slightly lower than the limit values of the standard
(18 MPa), as it is higher than the single sample (16
MPa) value, it is above the values determined by the
standards.
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Figure 10- SEM image of DYT-G product sample.

Table 10- EDS-2 analyzes of DYT-G product sample.

Point 0 (%) Mg (%) | Al (%) Si (%) Ca (%) Na (%) K (%) Fe (%) Ti (%)
1 44.18 055 0.15 0.56 54.56 - - - -
2 25.32 0.52 11.20 21.28 26.49 6.28 2.02 6.89 -
3 21.38 0.15 13.69 28.14 21.17 464 5.11 4.82 0.91

Figure 11- SEM image of the DYT-G product sample.
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Table 11- Limit values of TS EN 14411 standard.

Standard Water
. Flexural Strength (MPa)
Group Absorption (%)

Average at least 22
Blla 3<wW,<6

One sample at least 20

Average at least 18
Bllb B<W 10

One sample at least 16

5. Results

The aim of this research is to obtain similar
products to floor and wall tiles, completely from
natural stone wastes. As a result, it is observed that
anorthite, as the dominant phase in tiles, did not form
through pyrolysis of natural stone wastes. A large
volume of deformation is observed in the samples in
anorthite formation temperature due to the melting
effects of Na-feldspar and K-feldspar, contained in
granite. Thus, for the temperatures above 1.160°C, no
heat treatment was able to be performed. The glassy
phase with high viscosity formed due to the melting
effect prevented the diffusion of Al,O,. Therefore,
AlLLO, needed for the formation of anorthite did not
react. Flexural strength values of the seramics without
the formation of anorthite were 22.64 MPa for DYT
and 16.5 MPa for DYT-G. While it is undesirable for
floor tiles, porosity is desired for wall tiles to adhere
with mortar. Hence, porosity substance was made
using wood chip additives which resulted in partial
deformation in glassy phase samples of high volume
formed post-firing of ceramic samples. In the light of
all the aforementioned results, in contrast to producing
building material solely using natural stone wastes,
it is recommended only for the usage as an additive
material in production of ceramic tiles. In case it is
preferred to be used as a building material without
the aim of tile production, it was observed that the
polishing capacity of the fired samples is also good
and that they can be ready for use by applying the
polishing processes used in natural stones after firing.
In conclusion, itis observed to be useful in disposal and
re-introduction of large quantities of wastes resulting
from natural stone production to the economy.
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ABSTRACT

Seismic waves carry all the geological and geotechnical characteristics of the units they pass along
the route they travel on. Therefore, seismic waves can be called the signature of the route it passes
through. If the blasting point is considered as source, blast-induced seismic waves measured at a
certain distance from the source can be revealed and this form can be integrated into the dynamic
numerical model, the effects that will occur at any point of the model can be predicted. In this
study, seismic waves induced from single-hole blast and a group blast consisting of holes with the
same characteristics as a pilot blast hole were obtained using particle velocity data obtained from
seismographs at certain distances and integrated into the numerical model. The data processing
technique used is to estimate the theoretical group blasting data from the pilot data according to
the linear superposition principle and compare with the real group blasting data to determine the
nonlinear behavior effect on the blast source from the difference. When the results were examined,
it was observed that the numerical model results and field measurements coincided. The results of
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this study will make a significant contribution to the science of rock engineering.

1. Introduction

Especially in large scale mining activities,
controlling seismic waves caused by blasts is of great
importance. These waves not only negatively impact
the stability of the benches in open pits but could
damage the structures in underground mining as well.
In both fields of mining and in tunneling, group blasts
are performed in frequent intervals, nearly up to 3
times per day. Such blasts tire the rock mass over time
and cause to reduce its strength. These could lead to
landslides and caved zones. Research aimed to create
full scale modelling of blast vibrations were limited
due to the inclusions of many parameters. Most
important of these is the number of discontinuity sets,
their slope and slope direction. Sing and Narendrula

(2004) have calculated the peak particle velocity
(PPV) of single discontinuity set in small scale blast
experiments. According to their research, the lowest
PPV was determined to be 113.3 mm/s with 45° as
the discontinuity slope orientation and the highest
PPV was obtained at 90° which indicates the vibration
transmission occurs parallel to the discontinuity set.
Simangunsong and Wahyidi (2015), in addition to
obtaining similar results in vibration determinations
of discontinuities with different orientations and
intervals, they reported a decrease in vibrations with
increasing discontinuity. Zhou (2016) obtained similar
results in the modeling study. Zou and Gong (2017)
have reported an increase in PPV with increasing
slope in bedded rocks, which correlate with the current
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results in literature. The greatest contribution to the
estimation of blast vibrations were made by Blair
(2020). Blair (2020) first examines the seismic wave
propagation with the dynamic finite elements methods
and subsequently developed the wave model with the
Monte Carlo Waveform Superposition method which
takes the effects of rock anisotrophy into consideration.
Although in this study, no deformation module for the
materials were not given; such module, the charge
transport of the selected material and its ductility affect
the wave propagation. To simulate the blast, load was
applied to the middle of the model and with the results
obtained from 4x4 m single and double discontinuity,
Monte Carlo Waveform Model was created. Upon
examining the normalized model, even in the 4x4 m
model, an increased distance from the middle of the
model results in a decrease in similarity of the wave
propagation patterns between the AFEM and the polar
approach results. Although blasts being performed
in considerably larger areas poses a challenge in
application of Blair’s aforementioned study, it is a
very valuable contribution to the literature.

Biggest disadvantages of such modelling studies
is the challenges faced in representing the field of
the full scale blast as the number, slope, direction
and orientation of discontinuities are never constant.
Furthermore, stress in nature is three dimensional.
Blast induced seismic waves propagate in different
directions in different rates. In other words, seismic
waves caused by a blast, due to varying attributions
different parts of a rock mass has, propagate and are
absorbed in different directions and rates. Additional,
it is known that rock environment shows non-linear
characteristics in regions close to blasting (Uyar
and Aksoy, 2019). Meaning, there are behavioral
differences in measurements of the waveforms, taken
from a closer and further point of distance to the blast.
In closer distances, occurrences of plastic deformation
(fracturing) are observed whereas in further distances
these events do not occur and only elastic deformation
are observed.

The main aim of this study is to estimate seismic
vibrations induced by blasts from a selected distance
using three dimensional dynamic finite elements
method in order to overcome challenges in full field
modelling. Critically, it is important to have a correct
estimation of the energy in the source in order to give
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correct input parameters to the numerical model.
To achieve this, a nonlinear response signal is used,
which is obtained by proportioning the seismic waves
in the spectral media resulting from the pilot blast and
the group blasting of holes, each of which is prepared
as a pilot blast hole. Details of the method are given
in the following chapter. Field studies to develop the
method were performed in a gold mine. The model is
solved by integrating the waveform at the zero point
(source) obtained using the pilot and group blasts
data into the 3D dynamic numerical model. Then,
using the pilot blast signal, group blast was designed
using the method we recommended that minimalizes
the vibrations with the most suitable delay (Uyar and
Ecevitoglu, 2008). The group blast done, the velocities
of the particles that were caused by the blast induced
seismic waves were calculated at desired distances
and compared to the findings of the numerical model.
The results are highly coherent. Therefore, by the
results of this study, using the numerical modelling it
is possible to estimate the propagation of group blast
induced seismic waves and their vibrations related to
the distance.

2. Calculation of Blast Induced Seismic Energy in
the Source and Target Point

There are two ways of input for the blast induced
seismic energy to the 3D dynamic model;

i) as peak particle velocity or acceleration rate,
ii) as seismic waveform.

With the results obtained from the experiments
of underground and ground blasts conducted for our
TUBITAK project finalized in 2017 (Aksoy and Uyar,
2014), seismic energy of the source was produced for
both cases. Studies conducted in those days aiming
to realistically input the dynamic effects of the blasts
performed in stability analyses of the mining slopes
created using numerical models, through time, has
transformed into estimating, if the energy in the blast
source is known, the effects of desired distances to
the blast using the 3D dynamic numerical modelling
method. This means the demolishing the paradigm
of using empirical equation related to the PPV - SD
(peak particle velocity, scaled distance) which does
not go any further than reinforcing the convention
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of its usage since 1960’s. Below are both methods of
estimating seismic energy at the blast source and an
exemplary comparative study performed with one.

2.1. Estimating Explosive Acceleration (or Particle
\elocity) at the Source and Target Points

Steps of the process to be followed are given below
(Aksoy and Uyar, 2014):

1. Sample explosive is placed upon the blast
point.

2. A seismograph is placed on a relatively safe
and close distance. The top of the seismograph could
be covered (without the cover touching the device) to
avoid damage inflicted by the flying debris.

3. Blast is performed and the acceleration of the
closest particle to the blast zone A, is calculated.

4. Using Equation 1, the scale coefficient K is
calculated.

5. Particle-acceleration at the target point B, is
calculated.

6. Using Equation 2, absorption coefficient a is
calculated.

7. Using Equation 3, particle-acceleration of the
actual explosive at the blast point, A, is calculated.

8. Using Equation 4, particle-acceleration of the
actual explosive at the target point, B, is calculated.

Using Equation 5, limit mass of the actual
explosive is calculated.

@)

@)

©)
(4)
)

(6)

In these equations the components are as follows;
k: calculated scale coefficient (g2 kg?), A, particle
acceleration measured at the blast point of the sample
explosive (g), m,: mass of sample explosive (kg), a:
calculated absorption coefficient (m™), B, particle
acceleration (g) of the sample explosive measured at
the target point, X,: the distance between explosion
point and sample explosion target point (m), A: particle
acceleration(g), calculated atthe blastpoint of the actual
explosive, m: mass of actual explosive (kg) (probably
m > m,), B: calculated particle-acceleration (g) of the
original explosive at the target point, x: distance (m)
between the blast point and the actual blast target point
(probably x > x,), Ax: distance between near and far
stations (m), a, : effective absorption coefficient (m?),
n, i: number of measurements, m,,..: the limit mass of
the actual explosive (kg), B, selected limit particle
acceleration of the actual explosive at the target point

(9).

Calculating o, in the Equation 6 at once, for far
distances the energy produced by blasting induced
for seismic source cannot reach is not possible. It
is necessary to stay within the Ax spacing to record
seismic signals. Due to the field conditions, Ax s could
have spacing in between, overlap or go beyond the
line. In that case, partial measurements are made,
using the Equation 2, mean values of « are calculated.
a, effective absorption coefficient is calculated
from the distance-weighted average of the o mean
absorption coefficients with the help of Equation 3.
In other words, a, is the distance weighted average of
absorption coefficiencies of Ax spacing. In this study,
the reason for calculating a (absorption coefficient)
is the separate calculations of Ax efficiencies. a,
is used as the ultimate value. These equations were
tried on a study, application parameters of which are
given in Table 1. The study was conducted using the
blast acceleration parameters obtained from a blast
performed in imbat underground coal mine in 2016.
A total of 28.8 kg of explosives were used for the
aforementioned blast.
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Table 1- Acceleration - distance table of blasting at Imbat
underground coal mine.

Geophone Distance (m) Acceleration (g)
13638 315 1.564
12270 42.0 0.835
12269 52.5 0.742
14465 63.0 0.517

Using the blast data with the formula, the results
obtained can be interpreted as the following: When
the explosive amount m=100 kg, an acceleration of
2.9138 g is caused at the blast point. From a x=63 m
distance to the blast point, an acceleration of
B = 0.2067 g is caused. To obtain a 0.1 g acceleration,
the amount of explosives must be reduced to 23.4 kg.

2.2. Estimation of Seismic Waves at the Source and
Target Points

To estimate the seismic waves at the source
parametrically, it is necessary to gather seismic wave
data using two seismographs, one placed at the closest
distance (e.g. 10 m) with the possibility of saturation
in the pilot blast field, the other placed in a distance to
the first seismograph on the same line of path. Then,
group blast routinely performed in the field for the
excavation works, and measurements are repeated.
Using the energy of the pilot blast, the energy that
would be created by the amount of desired explosives
is theoretically calculated, meaning the total seismic
energy arising from the group blast is theoretically
calculated. Energy caused by the actual group blast is
also calculated and its ratio to the theoretical values
are taken. This demonstrates how much of the energy
is lesser than it is supposed to be, which represents
the part measured with the seismograph, the elastic
part. The remaining energy is the plastic energy used
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in rock fracturing, the energy that is used as the source
data in the numerical model. Therefore, for that field,
the plastic energy for the desired amount of explosives
and the elastic energy in the target point desired is
calculated. In a change of environment, pilot blast
must be repeated and the data must be reconstructed.

3. Field Study Using the Recommended Method

The field study is conducted on a gold mine.
Prominent rocks in the field are volcanic, metamorphic
and intrusive rocks. Volcanic rocks can be found in the
blast zone. These data is gathered from the field.

3.1. Calculation of Seismic Energy in the Source

Seismic waves caused by the group blast
performed on 13.01.2021 at locations titled SV-GRUP
and SV-PILOT in the Figure 1 were recorded by 4
seismographs. Seismograph locations were shown
in Figure 1 with each device named after its serial
number (13638, 12269, 12270 and 14465).

Design information related to the group and pilot
blasts are given in Table 2, blast induced vibration,
frequencies and duration data are given in Table 3.

To input a time-sequence of the blast for the
numerical model, time sequences were created using
the data obtained from group and pilot explosions and
saves as an asci.txt file. In the practical part of the
study, two ascii.txt files were used, both of which were
seismic records obtained from the gold mine, from a
10 m distance to the source. First file, is the seismic
signal in which the explosive amount is 20 kg (pilot
hole). Second file is the data sheet for the group blast
consisting of 84 holes. Each hole in the group blast is
filled with 20 kg of explosive material, same as the
pilot hole.

The pilot blast is situated nearby the group blast.
First, the seismic signal resulting from the pilot blast
was gathered 84 times and the total signal created
by the blast of the 84x20 kg explosive with a delay
between the holes was produced, and then compared
with the actual group blast signal. Using the difference
between, theoretical signal that the desired amount of
explosives would generate from the pilot blast signal.
The Energy.EXE program that occurs when the
program is run asks 3 questions:
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Figure 1- 13.01.2021 Group and pilot blasting and seismograph locations.

Table 2- Blasting pattern of group and pilot blasts.

Blasting | Blasting | Rock | Drill Hole | Drill Hole | Number of | Drill Hole

Area Type Mass | Diameter | Geometry | Drill Hole | Length Q Delay

20 kg Anfo, 0.5 kg primer | 42 ms delay between holes;

Pilot 102mm | 3mx3.5m ! 56m dynamite 67 ms delay between rows
sV Volcanic -
Group 102mm |3 mx35m 84 5.6m 20 kg Anfo, 0.5_ kg primer | 42 ms delay between holes;
dynamite 67 ms delay between rows
Q: Explosive amount per delay
Table 3- Blasting induced measured vibration, frequency and duration data.
. Distance Transversal Vertical Longitudinal Vector Sum Frequency Duration
Seismograph
m mm/s mm/s mm/s mm/s Hz second
Pilot:5 183.1 180.1 217.6 260.8 2 0.2
12270
Group:10 90.68 63.50 49.40 96.02 22 05
13638 Pilot:10 24.26 38.86 42.80 48.65 21 0.2
Group:15 40.51 65.02 31.37 66.67 22 1
12269 Pilot:20 23.75 36.83 41.02 54.27 35 0.2
Group:30 19.30 36.96 31.62 44.84 24 1.2
14465 Pilot:40 11.81 38.86 12.70 39.08 30 0.5
Group:45 18.54 35.18 19.30 39.21 24 1.2
Pilot:261 0.875 1.324 1.915 2.317 75 1
Micro
Group:303 2.514 3.003 3.153 3.927 12 15
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1) Big-charge filename (no TXT):
For example: 12270-G

2) Small-charge filename (no TXT) :
For example: 12270-P

3) Multiplication factor :
For example: 84

Figure 2, shows this screen.

Energy.EXE creates 3 new files:

1) maxi file

For example: source_maxi.dat

The PPV in the 12270-P.TXT file synchronized with
the PPV (96.02 mm/s) in the 12270-G.dat file.

2) multi file

For example: source_maxi.dat

The PPV in the 12270-P.TXT file multiplied by the
Multiplication Factor (84).

3) Rapor. TXT file

Big-charge energy: Transversal Vertical Longitudinal

Small-charge energy: Transversal Vertical
Longitudinal

Maximum energy: Transversal Vertical Longitudinal
Multiplier energy: Transversal Vertical Longitudinal

From the above energy levels, what percentage of
the energy would be spent on elastic wave propagation
and what percentage would be spent on plastic
deformation can be calculated (Uyar et al., 2014).

Wave form represented by red in Figure 3 is the
theoretical transversal component particle velocity
data gather from the pilot blast being summed for
84 times (with delay between holes). Blue is the
theoretical transversal component particle velocity
data normalized to the highest PPV observed in the
group blast. The amplitude expansion being only 4,7
times (96 mm/s x 84) / (1680 mm/s), rather than 84,
indicates the prominence of a non-linear behavior in
the environment. A majority of the energy is spent
for the plastic deformation. Source energy calculated
this way is integrable into the 3D dynamic numerical
model as asci.txt file.

3.2. Three Dimensional (3D) Numerical Modelling
Phase of the Study

Pilot blast, group blast and seismographic data, the
locations of which were given in Figure 1 are defined
in Plaxis 3D as seen in Figure 4.

The study area consists of volcanic rocks. Rock
parameters used in the 3D model are given in Table 4.

Figure 2- Screenshot of running the Energy.EXE program.
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Figure 3- Seismic energy at zero point: The (red) seismic waveform
obtained by linear summation of the pilot signal and
calculated according to the non-linear behavior (blue).
The accepted one is the blue one.

Table 4- Rock parameters used in numerical modeling.

Figure 4- Group and pilot blast and seismograph locations defined

in the model. No:1 blast location; No: 2, 3, 4, 5, 6, 7
seismograph locations.

Rock Type Deformation Cohesion Internal Friction Angle | Unit Volume Weight Poisson
P Modulus (MPa) (kPa) © (KN/m?) Ratio
Volcanic Rock 553.2 667 24.34 24 0.25

Distances of seismographs to the blast area are
given below;

-Seismograph 2. 10 meters; Seismograph 3. 15 meters
-Seismograph 4. 30 meters; Seismograph 5. 45 meters

-Seismograph 6. 100 meters; Seismograph 7. 200
meters

The seismic wave velocities obtained by
integrating the blast source data at the blast point into
the numerical model are compatible with the actual
blast induced seismic waves in all components (lateral,
vertical and longitudinal). This compatibility is shown
in Figures 5, 6 and 7.

This was verified by testing with another source
data, nevertheless, only the comparison from the gold
mine was examined in this study as to save space.
Upon the observation of the mentioned correlation,
predictions of the numerical model at distances of 20,

30 and 40 m were given below, compared to the actual
blast data (Figure 8, Figure 9 and Figure 10).

In the numerical model, total deformation amount
that varies according to the distance is also shown.
As seen in Figure 11, blast induced deformations are
zero. The change in seismic quality factors of the
blast induced seismic waves, calculated using the
10 and 40 m distanced seismograph data must also
be noted (calculation of seismic quality factor using
blast waves was published by us in 2020) (Aksoy
and Aksoy, 2020). A variation of 0.43-0.85 in seismic
quality factor is observed for the first 40 meters which
subsequently increases to 3.12 past 40 meters. The
capability to determine the zero deformation point by
the numerical model, this point being coherent to the
seismic quality factor calculations, the fact that the
non-linear behavior displayed by the blast is within 40
m leads us to understand that the seismic waves past
this distance display linear behavior.
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Figure 5- Comparison of the actual blast transversal component
source signal and the predicted signal by numerical
modeling (light blue real data vs dark blue numerical
modeling data).

Figure 7- Comparison of actual blast longitudinal component
source signal and predicted signal with numerical
modeling (green true-blue numerical modeling)

4. Results

In certain periods, one or more of the hypothesis
explaining a specific event take their place in the
world as Dominant Paradigm (Yazgan, 2016). Studies
contrary to such paradigms or studies that examine
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Figure 6- Comparison of the actual blast vertical component source
signal and the predicted signal with numerical modeling
(purple real data vs blue numerical modeling data).

Figure 8- Numerical model predicted (red) and actual blast data
(blue) (20 m from the blast).

the views against such paradigms do not necessarily
get many compliments. Studies conforming to such
paradigms often reap the benefits of their adherence
that acts as a reinforcement of conformity. These
benefits could range from being published in an
esteemed publication to receiving financial aid.
Particle velocity-scaled distance hypothesis that
was first put forward in the 1960s is one of such
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Figure 9- Numerical model predicted (red) and actual blast data
(blue) (30 m from the blast).

Figure 10- Numerical model predicted (red) and actual blast data
(blue) (40 m from the blast).

Figure 11- Total deformation amounts vary with distance in the numerical model. The x-axis shows the dynamic
time (s), the y-axis shows the amount of deformation (m).

paradigms. Although it has been 60 years, since this
paradigm becoming obsolete would cause chaos by
disrupting the current order, empirical formulas based
on explosive restraint are still used in minimizing and
estimating blast-induced vibrations.

This study is very important in terms of;

- Obtaining the seismic signature caused by the
seismic wave due to the pilot blast, depending on the
geotechnical parameters of the study area, such as the

number of discontinuity sets, orientation, direction,
groundwater and dealing with this signature,

- Obtaining the seismic energy formed in the
middle of the blast, also known as the point zero, from
the pilot and group blast signals.

- Feeding this signal into the 3D dynamic
numerical model and estimating vibrations in the
target point using defined blast parameters,
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- Determining the plastic deformation area of
the blast in which the blast does not display linear
behavior using both numerical and seismic quality
factor calculation,

- Being able to input actual blast effects into
slope stability analyses in the planning stage, through
estimation of dynamic blast effects.

- Allowing blast and geotechnical engineers to
produce more sensitive designs.

and aims to demolish the current paradigm.
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In the northern margin of Uludag Massif in northwest Anatolia, the Bursa Detachment having top-to-
the north, northeast normal sense of shear separates the lower plate high-grade metamorphic rocks of
Series-A (Uludag Group) from the upper plate low-grade metamorphic rocks of Series-B (Karakaya

Complex). The deeper section of Uludag Massif is represented by the Oligocene metagranites at the

southern parts of the massif that is exposed due to the youngest high-angle Sogukpinar normal fault.

The massif is a typical extensional metamorphic core complex similar to the counterparts in the west
Received Date: 20.04.2027 and northwest Anatolia such as the Menderes, Kazdag, and Cataldag core complexes due to close
Accepted Date: 22.11.202] timing of exhumation and a similar sense of shearing.

1. Introduction

The Uludag Massif and the mountain is an NW-
SE trending prominent geological/geomorphological
feature in the southern Marmara region in NW
Tiirkiye (Figure 1). There is a 2442 meters elevation
difference between the peak of Uludag Mountain and
the adjacent Bursa plain. The massif was mapped and
the rock units were differentiated by Ketin (1947).
The high-grade metamorphic rocks (Series-A) are
composed of gneiss, amphibolite, and marbles. The
low-grade metamorphic rocks (Series-B) comprise
mica schist, phyllite, and marbles. Additionally, the
Detritic Series after Ketin (1947) is composed of
clastic units and limestones. As a result of further
field observations, Ketin (1984) concluded that a
thrust contact exists between Series-A and B, and
then revised the geological map of the Uludag Massif
accordingly. Later, a nappe movement from SE to NW
between Series-A and B rock units was proposed for
the Uludag massif (Sengdr and Cin, 1988).

Imbach (1997) provided a more detailed
description of the rock units in the Uludag massif. The
equivalent of Series-A is composed of muscovite and
biotite gneiss, garnet-bearing quartzite, amphibolite,
muscovite-bearing calcite-marble at the summit,
and dolomite-marble with layers of kyanite-bearing
tremolite schist at the northern margin of the Uludag
Massif. He also reported a post-Ordovician coral
fossil. The low-grade rocks, equivalent to the Series-B,
are composed of mica schist, phyllite, calcite-marble,
epidote and glaucophane schist, serpentinite, and
greenschist (Imbach, 1997).

Okay et al. (2008) dated the Series-A rocks from
the Uludag Group by single-zircon step-wise Pb-
evaporation. Ages of gneisses in Series-A scatter
strongly between Cambrian and Jurassic (Okay et
al., 2008). Rocks of Series-B are differentiated as the
Permian-Triassic lower and Triassic upper Karakaya
Complex. Okay et al. (2008) also dated syn- and post-
kinematic granites: The syn-kinematic granite called
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Figure 1- a) Location map of the study area in the southern Marmara region, b) geological map of Bursa and surroundings (Tiirkecan and

Yurtsever, 2002) (fault lines are from Seyitoglu et al., 2020). The digital elevation model was obtained from the 3-arc-second
SRTM data. The circles represent the equal area lower hemisphere spherical projection of the fault planes and slickenlines. Gray
(contractional) and white (extensional) areas and blue circles belong to the fault plane solution obtained by kinematic analysis of
the fault data using FaultKin software (Marrett and Allmendinger, 1990; Allmendinger et al., 2012). The 1, 2, and 3 indicate the
orientation of kinematic (strain) axes. See Table 1 for numerical data. EFZ (black lines): Eskisehir Fault Zone; YDF: Yildirim Fault
and GZF: Gozede Fault of North Anatolian Fault Zone, ¢) Simplified geological cross-section of the Uludag Metamorphic Core

Complex. For location see Figure 1b.

the South Uludag Metagranite provides Rb/Sr ages of
34.7 £ 0.5 - 27.9 £ 0.5 Ma from muscovite and 29.5
+ 0.4 - 27.4 £ 0.3 Ma from biotite. 2°Pb/?*8U zircon
ages from the South Uludag Metagranite are 38.8 -
30.4 Ma. The post-kinematic Central Uludag Granite
provides Rb/Sr ages of 27.2 = 0.3 Ma and 27.5 = 0.5
Ma from biotite and muscovite, respectively. Apatite
fission-track (AFT) ages range from 28.9 + 3.7 Ma
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to 9.2 + 1.8 Ma (Okay et al., 2008). By using these
age data and field observations, Okay et al. (2008) and
Topuz and Okay (2017) claim that the Uludag Massif
represents an exhumed Oligocene ductile right-lateral
shear zone of the Eskisehir Fault. On the other hand,
Yurdagiil (2004), Yaltirak and Ceyhan (2011) and
Yilmaz (2017) interpret that the Uludag Massif is an
extensional metamorphic core complex.
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Similar to the different views on the exhumation
mechanisms of the Uludag Massif, there are also
diverse views about the strike-slip shear zones in
the region. Although there is no agreement about
the number of branches of the North Anatolian Fault
Zone (NAFZ) in the southern Marmara region (see
Seyitoglu et al., 2016 for an evaluation), most of the
classical studies accept that the Bursa area is under
the influence of the NAFZ (Sengér, 1979; Sengdr et
al., 1985; Barka and Kadinsky Cade, 1988; Barka,
1992). However, recent studies suggest that the NE-
SW trending fault zones in the Biga peninsula create
an arc shape toward the east by turning to the NW-SE
direction, as seen particularly by the Bursa, Inegél,
and Oylat normal faults, implying they belong to the
Eskisehir Fault Zone (EFZ) (Emre et al., 2013, 2018).

In this paper, our preliminary field observations
from north and south of the Uludag massif support
the interpretation that the massif is an extensional
core complex, and we discuss its relationship with the
NAFZ and EFZ.

2. Field Observations

The Bursa Fault (BF) (Emre et al., 2011a) is
mapped as a single structure and is responsible for the
topographical difference between Uludag Mountain
and Bursa plain. However, our field observations
indicate that the BF in the north of Uludag Massif can
be divided into two sections.

The western sector of BF at the west of Yildirim
Fault (YDF) in the south of Bursa city centre is a high-
angle normal fault that cuts low-angle schistosity/
shear surfaces of the dolomite-marbles determined
by Imbach (1997). These high-angle normal faults
are developed as a normal faulted margin of the pull-
apart basin under the influence of NAFZ. The NE-
SW trending NAFZ, the youngest structure in the
region, creates Yenisehir, eastern Bursa, and western
Bursa pull-apart basins (Yilmaz and Koral, 2007;
Selim and Tiiysiiz, 2013; Seyitoglu et al., 2020). The
western part of BF is reactivated as part of the Bursa
Detachment (see below) because its surface relicts are
still recognizable (Figure 1).

In the eastern sector of the BF at the east of
Saitabad, the low-angle (25-30°) normal fault surfaces

are exposed where the uppermost lithology of Series-A
(Ketin, 1947), the dolomite-marbles determined by
Imbach (1997) create triangular facets (Figures 1, 2a
and 2b).

The slicken-lines plunge down-dip and indicate
a top-to-the north/northeast normal sense of shear
(Figures 2c, 2d, and 3; Table 1) suggesting the
eastern sector of BF is a detachment fault separating
from the high-grade metamorphic rocks of Series-A
(Uludag Group) in the footwall to the low-grade
metamorphic rocks of Series-B (Karakaya Complex)
in the hanging wall (see also Yildirim et al., 2005).
The large outcrops of the Bursa Detachment Fault can
be seen in the south of Alagam village and Saitabad
(Figures 2 and 4). This is a common feature seen in
the Menderes (Bozkurt and Park, 1994; Ring et al.,
2003; Seyitoglu et al., 2004), Cataldag (Kamaci1 and
Altunkaynak, 2019), and Kazdag (Yaltirak, 2003;
Kurt et al., 2010) core complexes in western Tiirkiye.
Therefore, Bursa Detachment Fault can be regarded
as the first sign that the Uludag Massif is a typical
extensional metamorphic core complex.

The deeper section of the Uludag Massif (hereafter
the Uludag Metamorphic Core Complex - UMCC) is
represented by metagranites exposed in the southern
part. The final exposure of this deeper section is due
to the younger south-dipping high-angle Sogukpinar
Fault (SF) which is a normal fault with negligible left-
lateral component (Figures 1 and 5; Table 1).

The metagranites showing the youngest AFT
data (9.2 £ 1.8 Ma: Okay et al., 2008) are located
on the uplifted footwall of the SF. The distinct
morphological feature of the SF and the absence of
strike-slip displacements on the valleys perpendicular
to the fault support our field observations that the SF
has a normal character. Moreover, the counterparts of
SF in the west, separated by the left-lateral transfer
faults, provide additional structural data that the SF
is a major normal fault structure controlling step-like
topography (Figure 1b). In the footwall of the SF, well-
developed synthetic faults and fractures may create a
misperception of near-vertical contact between the
calcite-marbles and underlying metagranites (Figure
6).

51



Bull. Min. Res. Exp. (2022) 169: 49-61

Figure 2- The Bursa detachment fault; a) its main outcrop at the south of Alagam village, b) low angle nature of the Bursa detachment, c) the

slicken-lines on the Bursa detachment and d) the slicken-lines indicating pure normal fault character. For location see Figure 1b.

Figure 3- Oriented thin section photo from immediately under the Bursa detachment surface viewed in crossed polars; a) uninterpreted thin
section (Qz: quartz, Ca: calcite, Do: dolomite), b) the overall shear zone is marked with red lines. In detail, the shear band type

fragmented porphyroclast (i.e., displaced calcite porphyroclast -blue lines- interpreted after Passchier and Trouw, 2005; Figure 5.44),
overprint the sigma type asymmetric porphyroclast (fuchia colour dotted lines) probably inherited from the earlier ductile stage.

In fact, the schistosity of the calcite-marble is
tilted to the NE with a 30° dip angle (Figures 6 and 7).
This slight NE dipping is observable throughout the
southern UMCC and the contact with the underlying
metagranite is nearly parallel to this schistosity
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(Figures 5a, 6, and 7). An oriented sample from the
metagranite indicates a top-to-the northeast sense of
shear. This might represent a granite intrusion into
the ductile shear zone (Figure 8). The cross-section
of the UMCC indicates that the deeper part of the



Bull. Min. Res. Exp. (2022) 169: 49-61

Figure 4- a) The Bursa detachment fault in the SE of Alagam village. Insets show the oblique normal
fault character of the detachment, b) the Bursa detachment in Saitabad village at Selale
location. Note that the angle of the detachment surface is getting lower towards the up. For
locations, see Figure 1b. Inset indicates a close-up view of the pure normal sense of slip.

complex shows ductile shearing (metagranites) while
the uppermost part shows brittle shearing along
with the Bursa Detachment (Figure 1c). This overall
structure strongly suggests that the Uludag massif is
an extensional metamorphic core complex (Figure 1c).

In the east of the UMCC, the Inegél Neogene
half-graben (Kaymakgei, 1991) contains several active
faults. According to Emre et al. (2011a, b), the inegél

and Oylat normal faults combined with the SF were
considered as the elements of the EFZ by Okay et al.
(2008) and Emre et al. (2018).

Our field observations, however, demonstrate
that the NW-SE trending active fault segments in the
Inegdl basin are nearly pure right-lateral strike-slip
faults evidenced by kinematic data from the fault
surfaces (Table 1).
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Figure 5- a) Morphological expression of the Sogukpinar normal fault. Red arrows indicate its location.
The background of the photo shows the contact of calcite-marble and metagranite which is
nearly parallel to the schistosities of calcite-marble dipping to NE. See Figure 1b for location,
b) structural data shows normal fault character of the SF. Inset is the close-up view of the fault

surface developed on metagranite.

For example, the Oylat-1 segment of the EFZ has a
topographically distinct fault surface displaying right-
lateral strike-slip kinematics data the entrance of the
Oylat cave (Figures 1 and 9a).

The Doganyurdu segment cuts the Neogene
sedimentary units indicating that the EFZ post-dates
the deposits of the Neogene Inegol basin (Figures
1 and 9b). The Cerrah segments are located west of
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Inegdl and exhibit well-developed fault surfaces
displaying nearly pure strike-slip kinematics (Figures
1 and 9c). The Babasultan segment passes close to
the Bursa Detachment and provides a significant
fault surface NE of Sayfiye indicating its right-lateral
strike-slip character (Figures 1 and 9d). The overall
position of the EFZ is composed of the NW-SE
trending en-echelon right-lateral strike-slip segments
that reach the north of the UMCC. In other words, the
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Table 1- Fault kinematic data obtained from the field. Kinematic axes have been determined by using FaultKin software (Marrett and
Allmendinger, 1990; Allmendinger et al.,, 2012). N: Normal, RL: Right lateral, LL: Left lateral. See Figure 1b for graphical

representations.
Field data Kinematic (strain) axes
Fault plane Striae S1 S2 S3
# Latitude | Longitude Slip
(°N) (°E) Strike Dip | Trend | Plunge Trend PI. Trend PI. Trend PI.
© © © © © © © © © ©
290 30 20 30 N
275 32 12 32 N
| 40.11214 | 29.28819 195 15 285 3 24 75
279 29 16 29 N
280 30 18 30 N
240 26 13 20 N
1 40.11334 | 29.30464 250 30 19 24 N 180 19 277 19 49 63
238 37 14 27 N
Il | 40.14619 | 29.23621 305 53 7 49 N 22 6 114 14 269 74
IV | 40.14817 | 29.22592 295 30 25 30 N 205 15 295 0 25 75
104 89 106 67 N
115 88 118 60 N
V | 40.06108 | 29.17085 174 36 290 31 49 39
110 88 113 53 N
115 88 118 54 N
290 85 109 13 RL
105 80 110 27 RL
105 72 116 30 RL
VI | 39.94315 | 29.59160 95 71 108 33 RL 64 17 274 71 157 9
290 81 109 8 RL
115 79 117 8 RL
300 87 119 10 RL
300 78 118 10 RL
VIl | 40.06526 | 29.44241 300 65 300 0 RL 198 1 107 44 290 46
334 81 153 8 RL
VI | 40.11444 | 29.34139 305 77 120 19 RL 77 4 337 66 169 23
330 42 345 13 RL
283 87 287 50 RL
IX | 39.98197 | 29.45140 275 33 83 57 181 5
315 57 322 10 RL
320 67 326 14 RL
278 35 350 34 N
X | 40.17048 | 29.11797 198 9 107 3 2 80
305 35 41 35 N
277 75 87 34 N
XI | 40.16811 | 29.09215 29 3 297 39 123 51
250 50 37 33 N
73 78 248 22 N
X1l | 40.17882 | 29.04836 57 85 59 17 N 13 9 245 76 104 11
225 88 43 45 N
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Table 1- Continued.

310 55 82 47 N
X1 | 40.18644 | 29.04205 233 9 324 5 84 79
306 20 39 20 N
139 82 143 25 LL
143 82 146 20 LL
160 65 331 18 LL
145 63 311 25 LL
XIV | 40.11200 | 29.07727 16 1 284 70 107 20
160 58 332 13 LL
148 80 196 71 LL
160 75 168 29 LL
155 80 159 20 LL
XV | 40.10759 | 29.07618 120 51 210 51 N 210 6 300 0 30 84
105 55 165 51 N
XVI | 40.13230 | 29.02794 171 19 268 21 43 62
95 80 112 59 N
100 75 236 69 N
98 80 252 68 N
115 63 236 59 N
110 68 244 61 N
XVII | 40.13995 | 29.02483 219 15 124 18 346 66
135 45 260 39 N
165 55 262 55 N
60 60 169 59 N
115 53 254 41 N
150 61 324 10 LL
XVII| 40.10912 | 29.01376 145 57 321 7 LL 9 28 216 59 105 12
155 66 328 15 LL
50 55 80 35 N
83 52 176 52 N
XIX | 40.10754 | 29.00333 70 65 162 65 N 151 10 242 6 2 79
60 45 150 45 N
65 53 160 53 N

EFZ around Inegdl has a strike-slip character and there
is no genetic relationship with the SF in the south of
UMCC.

These observations also confirm the strike-slip
kinematics of the EFZ at its northwestern edge as also
demonstrated previously in the Eskisehir settlement
and its southeastern edge (Seyitoglu et al., 2015; Esat
et al., 2016).
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3. Discussion

Although further studies are needed to demonstrate
ductile to brittle transition along with the Bursa
Detachment in detail, available field observations
presented above allow determination of the Uludag
Massif as an extensional metamorphic core complex.

In the north of UMMC, the spectacular outcrops
of the Bursa detachment fault indicate top-to-the
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Figure 6- a) Southern margin of Uludag and the position of Sogukpinar normal fault (red arrows). Broken red lines indicate synthetic fractures
of the SF which creates a misperception of the vertical contact between calcite-marble and metagranite. Yellow rectangle shows the
location of Figure 6b. For information about the location, see Figure 1b, b) a panoramic close-up view of calcite-marble indicating
its schistosity slightly dipping to NE (yellow lines) and synthetic fractures of the Sogukpinar normal fault (red lines) in the footwall.
The blue dashed line is the contact between Central Uludag Granite and calcite-marble. For the location, see Figure 6a.

Figure 7- In the south of Uludag, NE dipping schistosity of the calcite-marble (yellow lines) and the contact with the metagranite which is

nearly parallel to the schistosity (blue and white dashed lines); a) a view from the Aras Dere valley to Zirve Tepe and b) a view from
Kalemlik to Kusaklikaya Tepe. For locations, see Figure 1b.
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Figure 8- Oriented thin section photos from the meta-granite viewed on crossed polars; a) main minerals are quartz (Qz), orthoclase (Or),
muscovite (Ms), biotite (Bi), and microcline (Mc) and b) muscovites indicate top-to-the NE sense of shear. For the location of the
sample, see Figure 1b.

Figure 9- a) The close-up view of the fault surface having slicken-lines in the Oylat-1 segment of Eskisehir Fault Zone near the entrance of
Oylat cave, b) panoramic view of the Doganyurdu segment of Eskisehir Fault Zone. The Doganyurdu segment is an NW- SE trending
right-lateral strike-slip fault that clearly cuts the Neogene inegol basin. Yellow lines are the bedding of sedimentary unit, c) nearly
pure right-lateral strike-slip data obtained from the fault surface in the NW-SE trending Cerrah-1 segment of Eskisehir Fault Zone at
the SW of Cerrah village and d) close-up view of the fault surface indicating right-lateral strike-slip movement in the northwestern
edge of the Eskisehir Fault Zone, the Babasultan segment at the NE of Sayfiye village. See Figure 1b for locations.
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north/northeast normal sense of shear which were
previously evaluated as thrust (Ketin, 1984; Sengor
and Cin, 1988). Except for one sample, the AFT ages
of Okay et al. (2008) are getting younger towards
the detachment surface that supports the extensional
nature of the Bursa Detachment Fault.

In the south of UMMC, the SF and its western
counterparts are normal faults and there is no fault
attributable to the right-lateral strike-slip EFZ.
Moreover, the near-vertical contact between calcite-
marbles and underlying metagranite is a misperception
(Okay et al., 2008; Topuz and Okay, 2017) due to the
well-developed synthetic faults and fractures in the
footwall of a normal fault SF, thus the claim of an
Oligocene ductile shear zone exhumation related to
the right-lateral EFZ (Okay et al., 2008) is doubtful.
Instead, a granitic intrusion might have intruded the
extensional ductile shear zone creating the metagranite
of the UMCC while the upper crust was under
brittle conditions when the Bursa Detachment was
active between the rocks of Series-A and Series-B.
Available isotopic dating provided by Okay et al.
(2008) indicates that extensional ductile shear must be
around 38-27 Ma and this should be ceased around
27 Ma as demonstrated by the age of post-kinematic
Central Uludag Granite. It is not clear, however,
whether the movement on the Bursa Detachment Fault
is continuing after 27 Ma. The published AFT ages
(Okay et al., 2008) indicate that Uludag continues
to uplift until 9 Ma, but this could be related to the
other younger tectonic events around UMCC. Further
systematic sampling and isotopic dating are necessary
to clarify the uplift history of UMCC. In this stage,
under the light of our field observations, it can be said
that the extensional exhumation model proposed in
this paper is a more convincing explanation compared
to the model of Okay et al. (2008) since other
extensional core complexes exist around the UMCC
(see Seyitoglu and Isik, 2015; Figure 5). One of them
is the Kazdag Core Complex which was first exhumed
along with the Selale Detachment with a top-to-the-
north sense of shear and followed by top-to-the-south
movements of Yesilyurt Detachment controlling
the accumulation of the Neogene sediments (Kurt
et al., 2010). Another example is the Cataldag Core
Complex (Kamaci and Altunkaynak, 2019) exhumed
along with the Cataldag Detachment with a top-to-

the-north sense of shear. All these features and close
isotopic ages indicate that the asymmetric Menderes
Core Complex (Seyitoglu et al., 2004; Seyitoglu and
Isik, 2015), as well as the other core complexes in
NW Anatolia (the Kazdag, Cataldag, and Uludag), are
genetically linked. This allows for further speculation
that the NW continuation of the Bursa Detachment can
be seen the north of Marmara Island (Aksoy, 1996)
where a low-angle detachment is visible in seismic
reflection sections under the Marmara Sea (Okay et
al., 1999; Figure 10). If this assumption is correct,
then the Thrace basin could be classified as a supra-
detachment basin.

4. Results

The Bursa Fault is a low-angle normal fault and
shows a detachment character developed on the
dolomite-marble which is the uppermost rock unit of
the Series-A (Uludag Group). The upper plate rocks of
the Bursa Detachment are composed of mica schist,
phyllite, calcite-marble, epidote and glaucophane
schist, serpentinite, and greenschist of the Series-B
(Karakaya Complex). Spectacular outcrops of the
Bursa Detachment located on the northern margin
of the UMCC occur south of Alagam village and
Saitabad. They provide kinematic data of the top-to-
the north/northeast sense of shear. The deeper sections
are represented by the Oligocene metagranite at the
southern UMCC interpreted as a syntectonic granite
entering a ductile shear zone which is slightly dipping
to the north below the calcite-marble at the Uludag
peak. All these features indicate that the UMCC is
a typical metamorphic core complex similar to the
Menderes, Kazdag, and Cataldag core complexes.
The deeper sections of the UMCC are exposed due
to the younger high-angle normal fault to the south
of the UMCC. The normal SF cannot be attributed to
the right-lateral EFZ because all segments of the EFZ
to the east of the UMCC show a strike-slip character
and run towards the north of the UMCC. Therefore,
the interpretation of Okay et al. (2008) explaining the
exhumation of the UMCC along the ductile shear zone
of the EFZ should be re-examined. This paper presents
an interpretation based on field observations regarding
the nature of UMCC, further studies are necessary to
clarify conflicting arguments.
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ABSTRACT

Magmatic processes that emerged with the evolution of the Neotethys ocean and associated
lithospheric plates caused the formation of significant mineralization in the Tethys belt. The Eastern
Pontides, which are located in the northeast of Tiirkiye and are a part of the Tethys metallogenic belt,
are particularly rich in porphyry-type mineralization and represent an important region for Cu-Mo
exploration. A large number of Cu, Pb and Zn anomalies have been determined in a large region
including the Giizelyayla Cu-Mo field by stream sediment sampling. The Giizelyayla occurrence
is Cu-Mo mineralization associated with andesitic/basaltic volcanic rocks and intrusive dacites
crosscutting these rocks. The Giizelyayla Cu-Mo mineralization developed in the stockwork and
fault-controlled silicified zones. Homogenization temperature values vary between 324 °C and
420 °C (average 374 °C). Salinity values range between 2.2 and 18.6% NaCl (average 9.1% NaCl).
A concentric alteration zoning surrounding the potassic alteration indicates a gradual change in
the physicochemical properties of the solutions forming the mineralization. The Giizelyayla
mineralization was formed in the Eocene (50.7 & 1.0 million years) period in the Upper Cretaceous
volcanic rocks in relation to post-collisional processes in the magmatic arc environment. Contrary
to previous studies, estimation zone models were created and an estimated 54.2 million tons of
extracted/potential mineral resource with an average grade of 0.20% Cu and 0.014% Mo (0.26% Cu
equivalent grade) was made in the Giizelyayla field.

1. Introduction

The Pontides, which were formed as a result of the

with the Anatolide-Tauride platform in the Cenozoic
period (Sengor and Yilmaz, 1981). As a result of these
successive tectonic processes, numerous volcanogenic

subduction of the Neotethys Ocean along the Eurasian massive sulfide (VMS), porphyry and epithermal type
continental margin in the Mesozoic period, collided mineralizations associated with calc-alkaline and
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adakitic magmatism were formed in the Pontides.
It was aimed to search for VMS and epithermal
type mineralizations in the Pontides (Cagatay and
Boyle, 1977; Pejatovic, 1979; Cagatay, 1993; JICA,
1998; Yigit et al., 2000; Aslan, 2011; Karakaya et
al.,, 2012; Akaryali and Tiiysiiz, 2013; Eyiiboglu
et al., 2014; Bilir, 2015; Revan et al., 2014, 2016,
2017, 2019; Revan, 2021). Scientific studies on the
origins and geological environments of porphyry-type
mineralization have been very limited (Dogan, 1980;
Yalcinalp, 1992; Soylu, 1999; Delibas et al., 2016,
2019; Kuscu et al., 2019). To understand the geological
events that control the formation and timing of the
porphyry-type mineralization in the region, more
detailed geological and geochemical studies at the
deposit scale are required. Regional-scale geochemical
prospecting data is an important and decisive method
in the exploration of mineral resources. In particular,
it plays an important role in the selection of priority
target areas in explorations. A detailed geochemical
sampling study (stream sediment, rock and soil) to be
carried out after the selection of the target areas sheds
light on the type of possible ore system in the region
(Reimann et al., 2002; Zheng et al., 2014). The type
of mineralization system also directly influences the
selection of exploration strategies. The presence of
metal anomalies and metal association is interpreted
as a part of the mineralization system from which it
originated and indicates target mineralization areas.
The statistical analysis of the numerical data obtained
from the target areas, on the other hand, has an
important place in the determination or re-evaluation
of mineral resources. In this context, the latest study
by the General Directorate of Mineral Research and
Exploration (MTA) on the Giizelyayla porphyry type
mineralization in the eastern part of the Pontides and
the data obtained in previous studies were examined
together. The Giizelyayla mineralization is the first
porphyry type occurrence discovered in the Eastern
Pontides with regional prospecting geochemistry
in terms of Cu and Mo resources (Nebioglu, 1983;
JICA, 1986; Giiner and Giig, 1990). A large number
of Cu, Pb, Zn and Au anomalies and associations
have been determined as a result of geochemical
sampling (stream sediment) in a large area where
the Giizelyayla Cu-Mo field is located. It has been
observed that some of these anomalies match exactly
with the Giizelyayla mineralization area known in the
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region. The existence of potential in the field has been
demonstrated numerically with statistical methods
prepared by creating a large number of descriptive
statistical parameters of the obtained data.

The Giizelyayla Cu-Mo mineralization, which
was determined as the target areas for porphyry
type systems, was found as a result of the detailed
geochemical sampling study carried out in the past.
Also, the importance of such systematic and detailed
geochemical studies in revealing the mineral resources
was also emphasized in this study. The data presented
in this article will be the basis for understanding the
porphyry type mineralization in the region and will
increase the interest in similar regions. In addition,
this study has once again confirmed how important
geostatistical methods are in the determination of
mineralization and their possible potentials.

2. Geological Setting

Giizelyayla Cu-Mo mineralization is located
within the Eastern Pontides volcanic belt (Figure 1).
The Eastern Pontide volcanic belt is located in the
northeastern part of the Anatolian Peninsula, which
is a part of the Alpine-Himalayan metallogenic belt.
Ketin (1966) divided the Anatolian Peninsula into four
main tectonic units, aligned from north to south, as
the Pontides, Anatolides, Taurides, and Border Folds,
based on the orogenic development of Tiirkiye. Each
tectonic unit has characteristic sedimentary, volcanic,
plutonic, and metamorphic patterns that are related
to its orogenic development. Located in the north
of the northern branch of the Neotethys ocean, the
Pontides are a morphological entity extending from
the Gulf of Edremit in the west to the Caucasus in the
east. Okay and Tiiysiliz (1999), who rearranged the
tectonic units of the Anatolian Peninsula, named the
east of the Sakarya Zone and the north of the Ankara-
Erzincan Suture, as the Eastern Pontides. The Eastern
Pontides is a volcanic belt consisting of Jurassic-
Neogene volcanic and sedimentary rocks, ~600 km
long and ~150 km wide, extending along the Eastern
Black Sea coast. Due to its lithological differences,
the Eastern Pontide belt is divided into two zones,
generally north and south (Gedikoglu et al., 1979;
Ozsayar et al., 1981; Bektas et al., 1995; Okay and
Sahintiirk, 1997; Eyiiboglu et al., 2014; Liu et al.,
2018). While the northern zone is mostly composed
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Figure 1- The locations of some important mineral deposits in Northeast Anatolia and the Giizelyayla porphyry type mineralization on the

simplified regional geological map. Tectonic units of Anatolia (Ketin, 1966) are given in the upper inset.

of Late Cretaceous and Middle Eocene volcanic and
volcaniclastics, the southern zone is mainly composed
of pre-Late Cretaceous ophiolitic, sedimentary and
lesser igneous rocks (Okay and Sahintiirk, 1997).
This region is restricted in the south by the Ankara-
Erzincan Neotethys suture zone.

The Late Cretaceous period is represented by a
volcanic arc in the Eastern Pontides (Peccerillo and
Taylor, 1975; Pejatovic, 1979; Sengér and Yilmaz,
1981; Sengor et al., 1985; Robinson et al., 1995; Okay
and Sahintiirk, 1997; Kandemir et al., 2019). The
geological evolution of the eastern Pontides during
the Late Cretaceous period is related to the magmatic
activity resulting from the subduction of the northern
Neotethys lithosphere under the Eurasian continent.
The direction and timing of the subduction are still
vigorously debated. Many researchers agree that
the geological evolution of the Eastern Pontides is
originally related to the northward subduction of the
Neotethys ocean in the Late Mesozoic period (Sengor
et al., 1980; Ustadmer and Robertson, 1995; Okay
and Sahintiirk, 1997; Yilmaz et al., 1997; Rice et al.,
2009; Dilek et al., 2010; Kandemir et al., 2019; Aydin
et al., 2020). The view that the Paleotethys oceanic
lithosphere was formed by southward subduction
from Paleozoic to Eocene has recently gained support

(Dewey et al., 1973; Chorowicz et al., 1998; Bektas et
al., 1999; Eyiiboglu, 2010; Eyiiboglu et al., 20114, b,
2014; Liu et al., 2018).

The Eastern Pontide volcanic belt consists of
Mesozoic and Cenozoic rocks overlying a crystalline
basement. The crystalline basement is a part of
the Hercynian orogeny and consists of Paleozoic
metamorphic rocks and Hercynian granitic intrusives
in this region (Schultze-Westrum, 1961; Zankl, 1962;
Yilmaz, 1976; Moore et al., 1980; Topuz et al., 2004,
Kaygusuz et al., 2016). These basement rocks are
overlain by a volcano-sedimentary succession ranging
from Early Jurassic to Eocene (Okay and Sahintiirk,
1997; Yilmaz and Korkmaz, 1999; Kandemir et
al., 2019). Plutonic rocks of different ages and
compositions, as well as various dykes and sills cut
the entire succession. The ages of the plutonic rocks
range from Carboniferous to Neogene (Delaloye et
al., 1972; Okay and Sahintiirk, 1997; Yilmaz et al.,
1997; Kaygusuz, 2000; Arslan et al., 2004; Aydingakir
and Sen, 2013; Delibas et al., 2016; Eyiiboglu et al.,
2017, 2019; Liu et al., 2018). Plutonic rocks have a
wide compositional range and are largely composed
of tholeiitic and calc-alkaline granitoids and alkaline
syenite/monzonites (Yilmaz and Boztug, 1996).
The emplacement of the plutonic rocks is related to
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subduction and post-collisional rifting events (Y1lmaz
and Boztug, 1996; Topuz et al., 2005; Karsh et al.,
2007; Boztug and Harlavan, 2008; Delibas et al.,
2016; Eyiiboglu et al., 2017, 2019; Liu et al., 2018).

3. Material and Method

After the macro structure and textural descriptions
of the samples taken for petrographic purposes to
represent the mineralizations were made, the rock
cutting, etching, polishing and thin-section making
and petrographic examinations were carried out in
the laboratories of the MTA, Department of Mineral
Analysis and Technology (MAT).

MAT of MTA was used for fluid inclusion
analyses. Linkam MDSG 600 (motorized) heating
and cooling system are used for fluid inclusion studies
in MTA laboratories. The heating-cooling table is
mounted on the Leica DM 2500 M model microscope.
Objectives with 20x and 50x magnification were used
for the examinations. Linkam MDSG 600 (motorized)
is a fully automatic and programmable system. To be
programmed, a software called Linksys32 is used in
the computer environment. The temperature ranges
of the Linkam table range from -196 °C to 600 °C.
Heating and cooling rates increase from 0.1 °C/
minute to 150 °C/minute. Liquid nitrogen (N,) is used
in cooling processes. PL-A662 model PIXELINK
camera is used while examining transparent samples.

Rock and sediment geochemistry was carried out
in the laboratories of the Mineral Analysis Technology
Department of MTA. Each rock sample was ground
and sieved through 80 mesh size and turned into a
50-gram powder sample. ICP-MS instrument for gold
(Au), AAS instrument for silver (Ag), and ICP-OES
instrument for 10 other elements (As, Bi, Co, Cu,
Mo, Ni, Pb, Sb, V, Zn) were used. For the analysis of
Au (10 grams) and Ag (1 gram), the solving process
was applied using the aqua regia method. For other
elements (As, Bi, Co, Cu, Mo, Ni, Pb, Sb, V, Zn),
l-gram sample was weighed and dissolved in three
acids (HNO, - HC1 - HCIO,).

4. Findings

4.1. Research History

Giizelyayla Cu-Mo mineralization is located at
2.5 km southeast of Giizelyayla village in Magka
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district, ~30 km south of Trabzon Province. The Cu-
Mo anomaly was determined in the mineralization
area during the stream sediment geochemistry
studies carried out in the region within the scope of
the United Nations Development Project in 1973.
In the following period, detailed prospecting, soil
geochemistry and geological mapping studies were
carried out in the field (Nebioglu, 1983; Cinar and
Yazici, 1985; Giilibrahimoglu, 1985). Between 1985
and 1987, Japan International Cooperation Agency
(JICA) conducted geophysical and 4969 meters of
drilling in 17 locations in total (JICA, 1985, 1986,
1987). As a result of the drilling studies, 186.2 million
tons of probable and proved reserves with an average
grade of 0.3% Cu and 0.014% Mo were determined
(JICA, 1987). To investigate the possible spread of
mineralization in the northeast direction, a total of
1191 meters of drilling was carried out by MTA in
four different locations from 1987 to 1990 (Giiner and
Giig, 1990). The data obtained about the geological
settlement and geochemistry of the mineralization
was examined within the scope of his doctoral study
(Yalginalp, 1992). Recent research in the field of
mineralization was carried out by MTA from 2017 to
2019 within the scope of this study.

4.2. Geology and Structure of Mineralized Area

Jurassic (Dogger) basalts are the oldest rocks in the
mineralization area (Figure 2). Intense silicification
and epidotization are typical in massive and locally
amygdaloidal basalts. Late Jurassic-Early Cretaceous
crystallized limestones (Giilibrahimoglu, 1985) are in
the form of blocks within the Late Cretaceous basaltic-
andesitic volcanic rocks. These platform limestones
belonging to the Berdiga Formation are semi-
crystalline with the effect of intrusive rocks and faults
and have turned into marble in places. Basalt-andesites
and pyroclastics of the Catak Formation, one of the
host rocks of the porphyry type mineralization, crop
out in large areas in the map area. The primary texture
of the minerals in the basaltic-andesitic rocks has
been obliterated by intense alteration. Chloritization
and epidotization are common in basaltic-andesitic
rocks close to felsic intrusives. Sediment deposits
composed of siltstone, limestone and micritic
mudstone are in the form of irregular lenses in the
formation (Nebioglu, 1983; Cimar and Yazici, 1985).
Microscopically, the andesitic/dacitic rocks are
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Figure 2- Geological map of the Giizelyayla Cu-Mo mineralization and distribution of important lithologies
(modified from Cinar and Yazici, 1985 and JICA, 1986).

composed mostly of euhedral plagioclase, to lesser
extent quartz phenocrysts filling interstices between
other minerals. It is cut by quartz veins in place. The
plagioclases are in the form of long laths and are
located in the groundmass in argillized and sericitized
forms. Mafic minerals are generally composed of
weathered pyroxenes. The age of the Catak Formation
is Late Cretaceous (JICA, 1986; Giiner and Giig,
1990). All these rock lithologies are intruded by Late
Cretaceous porphyritic dacites and granites (Aydin,
2014; Delibas et al., 2016). Porphyritic dacite has

a more fractured/jointed structure compared to the
other plutonic rocks in the area, and their primary
textures have largely been obliterated. The weathering
products are generally sericitization, silicification,
argillization and, to a lesser extent, epidotization
and chloritization. This felsic intrusion is generally
composed of quartz and plagioclase phenocrysts.
Their plagioclase is argillized and mafic minerals are
weathered. It is considered that the porphyritic dacite
intrusion intruded in the form of a vertical body (JICA,
1986). Most of the mineralization in the field is in this
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unit. The age data of 81 + 1.1 million years (Upper
Cretaceous) were obtained from porphyritic dacites
by the LA-ICP-MS U-Pb zircon method (Delibas et
al., 2016). Porphyritic granite is the largest intrusive
mass outcropping in the Giizelyayla area. Porphyritic
granite is commonly composed of plagioclase and
quartz crystals. The mineralization is not observed
in the porphyritic granite and the alteration is very
weak. The mafic minerals are slightly chloritized
and epidotized. Porphyritic granite cuts the volcanic
and sedimentary units of the Late Cretaceous Catak
Formation in the map area. The contact relationship
with the porphyritic dacite is uncertain due to the
dense vegetation. However, porphyritic granite was
interpreted as younger than porphyritic dacite due to
the low degree of alteration (JICA, 1985). There is
no radiometric age data for porphyritic granite. Age
data of 78 £ 0.73 million years (Upper Cretaceous)
were obtained using the LA-ICP-MS, U-Pb zircon
method around Turnagdl area in the northeastern
part of the granitic unit (Kaygusuz et al., 2013).
The latest magmatic phase is represented by Eocene
granodioritic-tonalitic porphyritic dykes and andesitic
dykes. Porphyritic and andesitic dykes crosscut
Late Cretaceous volcanic rocks and porphyritic
granite. The age of a subvolcanic porphyritic dyke
representing the late-stage magmatic intrusion in the
area was determined as 53.55 + 0.34 and 51.34 +
0.27 (“°Ar/**Ar - hornblende) million years (Eocene)
(Karslt et al., 2011). Andesitic dyke has a porphyritic
texture and contains plagioclase, hornblende and
pyroxene.

The mineralized area is located on the limb of
an approximately N-S/NE-SW oriented anticline
structure. The location of the porphyritic intrusions
has caused some structural discontinuities (fault, fold,
etc.) to form in the area. The positions of the faults
are roughly parallel to each other and in the ~N45E
direction. The Madendere fault, on the other hand,
represents a roughly NW-SE trending fracture system.
Local small faults in NE-SW direction cutting these
faults were determined. It is thought that the granitic
rocks in the area were emplaced along these tectonic
lines. In some studies, using aerial photographs (Giiner
and Giig, 1990; Yalginalp, 1992), it has been accepted
that the Giizelyayla porphyry Cu-Mo mineralization is
within the circular depression area.
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4.3. Mineralization

Giizelyayla Cu-Mo mineralization was formed
within Late Cretaceous porphyritic dacite and
andesitic/basaltic volcanic rocks. The mineralization
concentrated in the region between the Mat Dere
and Hasan Dere has developed mostly in porphyritic
dacites (Figure 2). The mineralization in andesitic/
basaltic volcanic rocks intruded by porphyritic dacites
is less developed and represents the outer parts of
the mineralization center. Geochemical anomalies,
distribution of alteration minerals, geophysical
and drilling studies (JICA, 1986; Giiner and Giig,
1990; Yalcinalp, 1992) support such a lithological
distribution of the mineralization (Figure 3). In
addition, skarn zones have developed at the limestone
contacts with porphyritic dacite intrusions. Magnetite,
chalcopyrite and pyrite enrichments are observed in
these small sized skarn zones in order of abundance.

In the Giizelyayla porphyry Cu-Mo field, three
types of mineralization are observed: stockwork
(Figure 4a, b), disseminated (Figure 4c) and late-
stage quartz veins (Figure 4d, ¢). The stockwork
type quartz veins that crosscut the volcanic rocks
with the Late Cretaceous porphyritic dacite intrusion
typically contain chalcopyrite, pyrite, pyrrhotite, rutile
and very rare molybdenite, while the disseminated
mineralizations in the silicified zones of the porphyritic
dacites are characterized by chalcopyrite, magnetite
and pyrite. Covellite, chalcocite and digenite minerals
observed in disseminated mineralization were
interpreted as secondary minerals associated with
local supergene enrichment (Delibas et al., 2016).
Late-stage quartz veins are a few centimeters thick and
contain pyrite, chalcopyrite, molybdenite and sericite.
Molybdenite is enriched in these late-stage quartz
veins, which crosscut mostly porphyritic dacites and
volcanic rocks.

Pyrite, chalcopyrite, magnetite, molybdenite,
sphalerite, hematite, galena, pyrrhotite, gold, bornite,
chalcocite, covellite and native copper are the ore
minerals identified in the Glizelyayla porphyry Cu-Mo
mineralization. Pyrite is disseminated all over the field,
especially in the propylitic and sericitic zones, and in
the form of infilling in quartz veins. Early and late stage
phases were determined in pyrites. Magnetite is in the
form of veins and disseminations in the propylitic
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Figure 3- The main geological units and the distribution of some important related ore and gangue minerals

in the representative drillings of the Giizelyayla Cu-Mo mineralization.

and potassic zone and is accompanied by very small
amounts of hematite. Chalcopyrite increases towards
the center of the mineralization. Molybdenite presents
a distribution from the potassic zone to the propylitic
zone. Sphalerite was observed in the potassic zone in
the drillings. Pyrrhotite was identified as inclusions
in chalcopyrites. Gold (3-7 microns in size) was
identified in quartz. In microscopic examinations,
it was observed that pyrite and chalcopyrite cut
magnetite in many samples. Therefore, magnetite
has been interpreted as one of the first minerals to
form (JICA, 1986). Chalcocite, covellite and native
copper were defined as secondary enrichments in the
phyllic zone. Sulfate veins consisting of anhydrite
and gypsum are commonly observed in the potassic

zone and represent end-stage mineralization. The

relationship between paragenesis and succession of
porphyry Cu-Mo mineralization is given in Figure 5.

While carbonates

are common in the near-surface sections of the

(calcite and dolomite)
mineralization, the abundance of sulfate (gypsum
and anhydrite) veins is remarkable, especially in the
deep (>400m) sections. The source of abundant sulfur
in porphyry deposits is problematic because of the
relatively low solubility of sulfur in felsic magmas
compared to mafic magmas (Sinclair, 2007). The role
of mafic melts in the contribution of excess sulfur to
felsic magmas has been suggested (Hattori and Keith,
2001). It was also suggested that aqueous magmas
might contain abundant oxidized sulfur dissolved as
sulfate (or anhydrite) (Strect and Dilles, 1998).
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Figure 4- Mineralization types in the Glizelyayla Cu-Mo deposit; a) and b) quartz-pyrite-chalcopyrite stockwork zone developed in Late
Cretaceous andesitic/basaltic volcanic rocks, ¢) disseminated sulfide (pyrite and chalcopyrite) and silicified mesh like sulfide
(molybdenite) veins in the stockwork zones of porphyritic dacites, d) and ¢) late stage silicified sulfide (chalcopyrite and molybdenite)

veins in porphyritic dacites. kuv-quartz; mo-molybdenite; pr-pyrite; kpr-chalcopyrite.

Figure 5- Paragenesis and succession relationship of the Giizelyayla
Cu-Mo mineralization.
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Alteration minerals are largely composed
of sericite, chlorite, kaolinite, pyrophyllite, and
montmorillonite. Sericite-rich rocks are defined as
phyllic zone, chlorite-rich rocks as propylitic zone,
and rocks containing K-feldspar and biotite as potassic
zone (JICA, 1987). The alteration area covers an area

of 1.8 km x 1.8 km (Figure 6).

The central parts of the porphyritic dacite have been
affected by potassic alteration. In the potassic zone,
where thin quartz veins are common, disseminated
magnetite and biotite veins and a small amount of
K-feldspar are observed. The potassic zone is cut by
thin quartz and sericite veins. Anhydrite is abundant
in the potassic zone (Figure 7a, b). The minerals of
sericitic alteration overprint porphyritic dacite and
volcanic rocks. Sericitic alteration is remarkable
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Figure 6- Alteration distribution map defined in the lithologies of the Giizelyayla Cu-Mo mineralization

(modified from JICA, 1987).

with quartz, pyrite, sericite, and molybdenite veinlets
(Figure 7c, d). The outermost propylitic alteration is
more common in volcanic rocks. The propylitic zone
contains chlorite, epidote, and magnetite. Pyritic
quartz veins are common in the propylitic zone (Figure
7e, f). The argillic zone, which is characterized by
kaolinite and montmorillonite, was observed only
in the outer parts of the sericitic alteration zone in
drillings. This alteration zoning pattern determined
in the Giizelyayla Cu-Mo field is consistent with the
potassic-phyllic-propylitic (from the center to the
outer parts) concentric zoning adapted by Lowell
and Guilbert (1970) for porphyry systems. Alteration
zoning varying from the central potassic alteration to
the propylitic alteration in the outer parts indicates

that the physicochemical properties of the solutions
constituting the Giizelyayla mineralization have
changed gradually. The interaction of deep seated
origin magmatic-hydrothermal solutions with host
rocks of different permeability by rising and a decrease
in the temperature and pressure of the solution are
the determining features in the gradual change in the
physical chemistry of ore solutions (Seedorff et al.,
2005; John et al., 2010).

The geochronological (Re-Os) age of molybdenite
in a quartz vein representing the stockwork zone in
porphyritic dacites to reveal the formation age of the
Giizelyayla porphyry system, was determined as 50.7
+ 1.0 million years (Delibas et al., 2019).
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Figure 7- Some examples of alteration types identified in the Giizelyayla Cu-Mo mineralization; a), b) thin quartz and sericite veins that cut

through the potassic alteration zone in porphyritic dacite, ¢), d) phyllic zone with veinlets of quartz, sericite, pyrite, and molybdenite

in porphyritic dacite, ) ,and f) pyritic quartz veins observed widely as distributed in the propylitic zone of basaltic/andesitic volcanic

rocks. kuv-quartz; mo-molybdenite; pr-pyrite; kpr-chalcopyrite; kar-carbonate.

4.4. Fluid Inclusion Studies

To determine the homogenization temperatures of
the solutions, which are effective in the formation of
the Giizelyayla Cu-Mo mineralization, fluid inclusion
studies were carried out in two quartz veins containing
sulfide representing the stockwork zones in the ore-
bearing intrusive rocks. A fluid inclusion study was
carried out on quartz crystals. Primary two-phase
(liquid and gas) inclusions were determined in these
crystals. Inclusions are generally rod-like, polygonal
and irregular in shape, and their size varies between
2 and 60 microns. Most inclusions are smaller than
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20 microns. The homogenization temperatures
(Th °C) obtained as a result of microthermometric
measurements made in two-phase inclusions are
presented as histograms (Figure 8a). Homogenization
temperature values range from 324 °C to 420 °C
(average 374 °C). Salinity values vary between 2.2
and 18.6% NaCl equivalent (average 9.1% NaCl)
(Figure 8b). A total of 1004 fluid inclusions were
measured from 50 samples collected from quartz
veins and quartz phenocrysts in porphyritic granites
and dacites and andesite/basalts in fluid inclusion
studies conducted within the scope of JICA-MTA
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cooperation (JICA, 1986). The majority (90%) of the
measurement results are clustered between 350 °C and
450 °C. Salinity values vary between 4.8 and 20.6%
NaCl equivalent. Yal¢inalp (1992) made a total of 209
measurements from 37 samples taken from porphyry
dacite and andesitic/basaltic rocks in his doctorate
study. It is observed that most of the measurement
results (more than 90%) are clustered between 280 °C
and 460 °C. It is observed that the fluid inclusions
(homogenization temperatures and salinity) values
obtained from this and previous studies are quite
compatible. The formation temperatures of the
Giizelyayla mineralization indicate a porphyry type
formation. When a large number of fluid inclusion
microthermometric measurement data compiled from
porphyry systems on a global scale were examined, it
was concluded that the homogenization temperatures
and salinity values of ore solutions were concentrated
in three fields (Titley, 1993). Condensation fields are
observed to vary from high salinity magmatic waters
(Type 1) to low temperature and salinity solutions
diluted with meteoric waters (Type II and Type III).
Hypersaline solutions with more than 30% NaCl
equivalent salinity and homogenization temperature
greater than 650 °C are defined as Type 1. High salinity
solutions with homogenization temperature between
350 °C and 550 °C are defined as Type II, and dilute
solutions with less than 20% NaCl equivalent salinity
and temperatures below 450 °C are defined as Type
III (Figure 8b). It can be said that these fluid inclusion
data compiled on a global scale are compatible with
a scenario where the porphyry system includes
solutions diluted by meteoric waters as it cools. When
the homogenization temperatures and limited salinity
values of Giizelyayla mineralization are examined, we
can say that the solutions forming the mineralization
are composed of dilute solutions (Type III) at relatively
low temperatures. The available data indicate that the
contents of ore solutions are not entirely of magmatic
composition and that meteoric waters are involved.

4.5. Geostatistical Evaluation of Numerical Data of the
Giizelyayla Porphyry Cu-Mo Mineralization

Geostatistics  constitutes the whole of the
methods used in the arrangement, presentation and
interpretation of the obtained numerical data. The main
task of geostatistics is to organize the counting and
measurement results in an easily understandable way

Figure 8- a) Homogenization temperature (°C) diagrams of fluid
inclusions in two representative quartz samples compiled
from the ore-bearing zones of the Giizelyayla Cu-Mo
deposit and b) comparative presentation of the Giizelyayla
Cu-Mo mineralization fluid inclusion data in the diagram
(modified from Titley, 1993 and Bodnar et al., 2014) of
hydrothermal solution type formed from homogenization
temperatures and salinity values compiled from porphyry
type deposits. Areas I, II and III correspond to areas
where homogenization temperatures and salinity values
are concentrated, compiled from porphyry systems on a
global scale by Titley (1993).

and to extract information about the mass by making
use of the variability in the common features of the
objects that constitute a mass (Tiysiliz and Yaylal,
2005; Tiitek and Glimiisoglu, 2008). Statistically, the
most useful data is the normal distribution, where the
data distribution is symmetrically distributed around
the arithmetic mean. However, ideal distributions are
not always achieved although many methods are used
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to approximate the normal distribution of values. This
is one of the most common problems for geochemistry
data. In such a case, appropriate and practical methods
are used in calculating the threshold value to reduce
the effect of extreme values.

4.5.1. Geochemical Prospection

Geochemical sampling studies were carried out
to reveal the existence and distribution of metal
mineralizations in a wide area including Giizelyayla
mineralization. In the region with a size of
approximately 114 km?, a total of 160 stream sediment
samples were taken and analyzed, with 1 sample per
0.7 km? area. In the analysis, the detection limit was
determined as 3 ppm for Cu (copper) and Zn (zinc)
elements and 5 ppm for Pb (lead). Obtained results
were subjected to descriptive statistics. The table of
descriptive statistics parameters of Cu, Pb and Zn
elements is presented below (Table 1).

The obtained data should conform to or be close
to the normal distribution (Hawkes and Webb, 1962).
It was visually and mathematically tested whether
the distribution of the data conformed to the normal
distribution.  Descriptive parameters
(mean, median, maximum, minimum, etc. values)

statistical

were created for mathematical tests, and histograms,
line and box plots were created for visual tests. In

the descriptive statistics table, the mean, median,
maximum, minimum and standard deviation values of
each element of the samples were given in the 95%
confidence interval. Other descriptive statistical data
in the table are measures of skewness and kurtosis.
These values are decisive in evaluating whether the
data show a normal distribution or not. In an ideal
normal distribution, the mean and median should
be equal, and the skewness and kurtosis coefficients
should be zero. If the mean skewness coefficient of
the elements is in the range of 2, the distribution is
considered to be normal. If the mean is greater than
the median, the distribution of the data is skewed to
the right (positive), and the distribution of the data is
skewed to the left (negative) if the mean is less than
the median (Tiysiiz and Yaylali, 2005; Giiris and
Astar, 2015). The data are skewed to the right since the
mean of the elements in the area where the Giizelyayla
mineralization is located is greater than the median,
and they do not present a normal distribution as the
skewness coefficients are outside the range of +2
(Figure 9a). Kurtosis, on the other hand, is a parameter
that shows how steep or flat the curve is in a normal
distribution. In normal distribution, the kurtosis
coefficient is zero. If the kurtosis coefficient is positive,
the curve is steeper than the normal and flatter than
normal if it is negative (Tiiysiiz and Yaylali, 2005;
Giiris and Astar, 2015). Since the kurtosis coefficient

Table 1- Descriptive statistical parameters of Cu-Pb-Zn elements in the stream sand samples collected from the Giizelyayla Cu-Mo

mineralization and its immediate surroundings.

Element Cu Pb Zn
Number of Sample 155 155 155
Minimum 7.0 5.00 21.00
Maximum 986.00 164.00 501.00
Mean 67.76 27.16 100.64
Median 42.00 20.00 90.00
Standard Deviation (SD) 102.35 19.42 56.78
Coefficient of Variation 0.14 0.71 0.56
Skewness 6.19 2.76 3.01
Kurtosis 47.95 14.91 16.03
Mean+2SD 272.47 66.00 214.22
Median+2MMS 138.60 103.92 71.40
% 25 (weighed average) 30.00 14.00 69.00
% 75 (weighed average) 84.00 40.00 123.00
% 95 (weighed average) 172.00 60.00 204.00

AMD: Absolute Median Deviation.
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Figure 9- Visual tests of descriptive statistical data of Cu-Pb-Zn elements in the stream sand samples collected from the Giizelyayla Cu-Mo

mineralization and its immediate surroundings; a) log normal distribution histograms for Cu, Pb and Zn elements, b) Q-Q diagrams

for Cu, Pb and Zn elements, and c) log normal box plots for Cu, Pb and Zn elements.

of the data in the region is positive, the curve is steeper
than normal.

It was also observed visually with the help
of graphics whether the data set conforms to the
normal distribution or not. Visual evaluation of the
distributions of the samples, histograms (normal,
log normal) and Q-Q (normal, log normal) and box
(normal, log normal) diagrams of Cu, Pb and Zn
elements subjected to descriptive statistics within
95% confidence interval were made. However, since
the normal histograms of the elements do not show
a normal distribution, log normal histograms, Q-Q
lines and box diagrams were used to approximate the
data to the normal distribution in this study. When the
histogram diagrams created by taking the logarithmic
values of the data belonging to Cu, Pb and Zn elements
were examined, it was seen that the right-skewed data
mostly approached the normal distribution, but they
did not form an ideal normal ensemble (Figure 9b). A
normal probability graph is also used while performing

normality analysis of data. If the samples are taken
from a normally distributed stack, the values should
be collected on or around a line (Kalayci, 2006). In
the log normal Q-Q diagrams of the field data, it was
observed that the values of the sample populations
were mostly gathered on or around a line, but did not
form an ideal normal community.

Another convenient way to graphically represent
groups of numerical data across their quartiles is box
plots (Tukey, 1977). Box plots are used to summarize
the distribution pattern of the data set, its central
tendency, level of dispersion, kurtosis and skewness,
and to identify outliers. With the help of this chart,
the asymmetry, clustering and extreme values of
the data are also easily defined (Tiiysiiz and Yaylali,
2005). The line passing through the middle of the box
represents the median value. The bottom of the box is
the first quartile (Q1) and the top is the third quartile
(Q3). The first quarter part in the box covers 25% of
the data, the second quarter part covers 50% (median)
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and the third quarter part covers 75% of the data. The
lines drawn out of the box at the top and bottom of
the box are created by extending the data up to 1.5
times the minimum (smallest value without extreme
or outlier) and maximum (highest value without
extreme or outlier) values (Reimann et al., 2005). It
was investigated whether the data groups presented a
normal distribution by creating log normal box plots of
the elements subjected to descriptive statistics (Figure
9¢). When the log normal box plots of the data of Cu,
Pb and Zn elements are examined, it is observed that
the data is skewed to the right because the line passing
through the median values of the elements is closer to
the minimum values of the elements, except for the
log normal Zn boxplot in the log normal box plots of
the elements of the log normal raw data. In the log
normal box diagram, the values of Cu (2 samples),
Pb (1 sample) and Zn (1 sample) elements fell to the
outlier region above the maximum values, and the Zn
(1 sample) element fell to the outlier region below the
minimum value.

In summary, element distribution maps for Cu,
Pb and Zn were created in the relevant region and
anomalies were determined with the data obtained by
evaluating the data sets created with the geostatistical
method with the results of the stream sediment analysis
of an area including the Giizelyayla mineralization
(Figures 10, 11, 12). Element distribution maps are
the most common and final data evaluation step in the
evaluation of data in mineral exploration studies. In
the creation of element distribution maps, the Inverse
Distance Weighting (IDW) interpolation method of
deterministic models was used. IDW is the inverse
weighting of the distance between the anchor points
and the point to be estimated. This method is the easiest
deterministic interpolation method. To estimate the
value at any unmeasured point, the IDW uses measured
values near the point to be estimated. The effect of the
measured values closest to the point whose value is
desired to be found is more effective than the ones far
from the investigated point. Therefore, it was aimed to
obtain large weights from points that are close to each

Figure 10- Cu metal anomaly map of the Gilizelyayla mineralization and its surroundings, created by stream

sediment geochemistry.
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Figure 11- Pb metal anomaly map of Giizelyayla mineralization and its surroundings, created by stream
sediment geochemistry.

Figure 12- Zn metal anomaly map of Giizelyayla mineralization and its surroundings, created by stream
sediment geochemistry.
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other and to obtain small weights from points that are
far from each other.

4.5.2. Mineral Resource Estimation

Geological and analytical data of core drillings
were used in mineral resource estimation studies of
the Macka-Giizelyayla field. Within the scope of
this study, mine resource estimation studies using
data compiled from 16 core drillings (Table 2) made
in previous years are based on 3D block modeling
principles. While the majority of the cores belonging to
the drillings carried out within the scope of this study
were sampled as 1 meter, sample intervals of 3 meters
were preferred for the drillings of previous years and
the intervals considered to be without ore were not
sampled. Alphanumeric data entries (< detection limit
value) denoting ranges with a grade lower than the
detection limits are assigned as half of the detection
limits. The summary statistical parameters prepared
for the raw data collected from the Giizelyayla field
and obtained as a result of the detailed search studies
are given in Table 3.

The linear correlation coefficients prepared by
considering the analysis data of 12 elements in the

Giizelyayla field drilling database are given in the
linear correlation matrix in Table 4. In the correlation
matrix, a weak to moderate positive correlation was
observed between lead-zinc (r: 0.43), silver-zinc (r:
0.36), nickel-cobalt (r: 0.61), antimony-arsenic (r:
0.56), silver-antimony (r: 0.37) and vanadium-nickel
(r: 0.56). A weak positive correlation was observed
between the other elements.

Analytical data to be taken as a basis in modeling
were obtained by creating a composite sample
from the raw data of the field. While forming the
composite sample, the sample length was determined
as 2.5 meters, taking into account the vertical block
size determined for the planned block model. Step
compositing algorithm was used in the composite
sample process and geological contacts were taken
into account. Summary statistics for target metals
(Mo and Cu) of 3023 composite samples created by
this method are shown on the histograms presented
in Figure 13, along with relative frequency graphs.
Similar to raw data statistics, the histograms of
shared composite data for Cu and Mo elements show
rightward (positive) skewness. Grade distribution
observed in composite and raw data is frequently
encountered in porphyry type mineralizations.

Table 2- The summary presentation of the information about the drillings made in the Giizelyayla Cu-Mo deposit is given together with the

analysis numbers used in the mine resource estimation studies.

Drilling no Drilling year saNr:nl;)I::grv;)efll Total Depth Sample number
Mo Cu Ag, As, Au, Bi, Co, Ni, Pb, Sb, Zn, V
MGS MTA ;ti(()ilf)g (this 7 4909 4909 4909 4909
MGT MTA - 1990 4 3653 369 369 -
MIT JICA - 1986 5 2508 504 504 -
Total 16 11070 5782 5782 4909

Table 3- Summary statistics of raw data obtained from Giizelyayla Cu-Mo deposit.

Element Ag As Au Bi Co Cu Mo Ni Pb Sb \% Zn Cu,,
Sample Number 4909 | 4909 4909| 4909 | 4909 | 5782| 5782| 4909| 4909 4909| 4909 | 4909| 5782
Minimum 0.5 1.5 10.0 2.5 25 1.5 0.0 25 25 2.5 2.5 1.5 4.0
Maximum 31| le4l 300 100 78| 15683 | 10800 109| 7276 156 182 | 4458 48531
Median 0.5 1.5 10 2.5 8.0 443.0| 18.0 6.0 6.0 25| 18.0| 550| 564.2
Mean 0.6 6.1 109 55| 10.1| 578.8| 439| 125 239 33| 27.3| 1336| 7722
Standard Deviation 09| 321 8.9 9.0 6.7 591.1| 260.4| 17.1| 1379 51| 25.7| 263.5|1320.7
Coefficient of variation 1.33| 5.27| 0381 1.62| 0.66| 1.02| 593| 137 577| 152 094 197 171
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Table 4- Correlation matrix of 12 elements in drillhole database of the Giizelyayla Cu-Mo prospect.

Element Ag As Au Bi Co Cu Mo Ni Pb Sb \% Zn
Ag 1 0.26 0.15 0.07 0.08 0.24 -0.01 -0.04 0.23 0.37 -0.03 0.36
As 1 0.05 0.02 -0.02 0.22 0.02 -0.04 0.02 0.56 -0.08 0.11
Au 1 0.02 0.06 0.23 0.00 -0.01 0.09 0.04 -0.04 0.07
Bi 1 -0.03 -0.01 0.02 -0.11 0.02 0.06 -0.10 0.08
Co 1 0.35 0.02 0.61 -0.03 0.01 0.66 0.01
Cu 0.05 0.15 -0.02 0.13 0.10 0.03
Mo 1 0.04 -0.01 0.02 0.00 -0.04
Ni 1 -0.05 0.00 0.56 -0.06
Pb 1 0.01 -0.06 0.43
Sh 1 -0.06 0.02
\Y% 1 -0.01
Zn 1

Figure 13- Composite data statistics for copper (Cu) and molybdenite
(Mo) metals in the Giizelyayla mineralization.

For mineral resource estimation, 3D estimation
zone models were created and by the price and
metallurgical recovery assumptions made for the
target metals, the copper equivalent formulation was
determined as [Cu equivalent grade (%) = Cu (%) +
(4.4 x Mo (%))]. In the NW-SE directional sections
determined by considering the distribution of the
boreholes and the ore geometry, Cu equivalent grades

equal to or higher than 0.15% were digitized. For the
specified component of the Giizelyayla mineralization
with the expectation of final economic extraction,
the open pit boundaries determined by the Lerch-
Grossman algorithm and the economic limit grade in
copper equivalent (0.15% Cu equivalent grade) were
taken into account.

As a result, 54.2 million tons of deduced/potential
mineral resources with an average grade of 0.2% Cu
and 0.014% Mo (0.26% Cu equivalent grade) were
estimated in the Giizelyayla field by creating predictive
zone models.

5. Results

The mineral deposit types associated with the
closure of the Tethys oceanic basins are volcanogenic
massive sulfide deposits, porphyry type CuzMozAu
deposits and epithermal type Au+Cu deposits. These
deposits were formed as a result of subduction, collision
and post-collision events, and the characteristics of the
magmas with which they are associated are important
in determining these processes. Among these deposits,
especially porphyry type deposits are decisive in the
explanation of the tectonomagmatic processes specific
to the environment in which they were formed.
Porphyry type formations in Tethys orogen were
formed in four periods; Early Mesozoic (Triassic-
Jurassic), Late Mesozoic (Cretaceous), Paleogene and
Neogene periods (Richards, 2014). Except for a few
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deposits, no significant porphyry type mineralization
associated with the Paleozoic subduction is known. Its
absence during the Paleozoic period can be explained
by a later erosional removal of the deposits formed
early. A large number of porphyry and associated
epithermal deposits were described in the Cretaceous
period. The most productive period throughout
the generation is the Paleogene period. Porphyry
deposits of the Paleogene period are associated
with subduction (like Tiirkiye and Iran) or collision
(Balkans, Carpathians and Tibet). Neogene deposits
formed in the belt (Romania, Greece, Tiirkiye, Iran
and Tibet) have been associated with post-subduction
processes (Richards, 2014). Porphyry Cu-Mo systems
in the Eastern Pontides, which are part of the Tethys
belt, are typically interpreted as Early Cretaceous—
Eocene (Soylu, 1999; Yigit, 2009; Kuscu et al.,
2019; Delibas et al., 2019). Recent studies (Kuscu et
al., 2019; Delibas et al., 2019) indicate that the host
rocks, including porphyry type mineralizations in the
Eastern Pontides, were formed in an arc environment
shaped by the subduction of the Neotethys ocean
during the Cretaceous period. The ore formation ages
of these deposits largely correspond to the Cretaceous
period, except for the Giizelyayla mineralization.
In the Giizelyayla area, the mineralization-related
intrusions have been interpreted as the products of arc
magmatism associated with the northward subduction
of Neotethys subducting under the Eurasian plate
(Delibas et al., 2019). The age of the porphyritic
dacites (LA-ICP-MS U-Pb zircon age 81.4 + 1.1
million years) and andesitic/basaltic volcanic rocks
in which the Cu-Mo mineralization in Giizelyayla
is found was determined as Late Cretaceous (Giiner
and Giig, 1990; Delibas et al., 2016). However, the
hydrothermal system in the Giizelyayla field was
formed later from Late Cretaceous porphyritic dacite
host rocks, unlike other porphyry-type deposits in
the region, and corresponds to the Eocene period
(molybdenite Re-Os age 50.7 + 0.3 million years)
(Delibas et al., 2019). Although the porphyry type
mineralization formed during the Eocene period in
the Tethys orogeny was considered to be associated
with subduction and collision processes (Richards,
2014), the Giizelyayla mineralization was accepted to
be associated with post-collisional processes in recent
studies (Delibas et al., 2019). In addition, it has been
suggested that the Giizelyayla hydrothermal system
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was formed in a tectonic environment that offers
a transition from compressional to the extensional
regime in a magmatic arc environment (Delibas et al.,
2019).

A large number of hydrothermal activities
accompanied the Cretaceous and Eocene magmatism,
which emerged with the geodynamic evolution
processes of the region, and caused the formation
of important mineralizations. The Giizelyayla Cu-
Mo mineralization, which represents one of these
mineralizations, is a part of a polycentric Cu-Mo
system. The mineralization is Cu-Mo mineralization
associated with andesitic/basaltic volcanic rocks
and porphyritic dacite intrusives cutting these rocks.
The Giizelyayla Cu-Mo occurrence is mineralization
developed in the stockwork and fault-controlled
silicified zones. When the ore types were examined
structurally and texturally, it was evaluated that the
mineralization developed in roughly three main
phases. The first mineralization stage is represented
by copper - magnetite - (molybdenite) - containing
dissemination, veinlet and brecciated zones and is
associated with intense silicifications accompanied by
potassic alteration. The second stage of mineralization
is Cu-Mo-(+Zn-Pb) containing veins and associated
with potassic and phyllic alterations. The last stage is
represented by late stage sulfate veins that cut through
the whole system and is common in areas with potassic
alteration. Mineral contents indicate that solutions at
high temperatures initially decrease in temperature
over time. When the country rock lithology, alteration
features, metal content, mineralization stages and
solution temperatures are evaluated together, the
Giizelyayla mineralization is a porphyry Cu-Mo type
formation. Itwould notbe wrong to say that the solutions
forming the Giizelyayla mineralization are composed
of dilute solutions at relatively lower temperatures
when compared to their global counterparts. The
Giizelyayla occurrence is mineralization formed in
the Upper Cretaceous volcanic rocks during the Eocene
(50.7 £ 1.0 million years) period. This age value is
not compatible with the LA-ICP-MS U-Pb zircon age
(81.4 £ 1.1 million years) of the porphyritic dacites
in which the mineralization occurs. This indicates that
the Giizelyayla porphyry Cu-Mo mineralization was
formed much later than the host rocks in which it was
formed.
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Metal anomaly maps, created with systematic
and detailed stream sediment geochemistry data,
have been a decisive method in determining the type
of ore system in the region and the selection of the
Giizelyayla Cu-Mo occurrence and mineralizations in
its vicinity as target sites.

The existence of potential in the field has been
demonstrated numerically with statistical methods
prepared by creating a large number of descriptive
statistical parameters of the obtained data. Contrary to
previous studies, estimation zone models were created
and an estimated 54.2 million tons of extracted/
potential mineral resource with an average grade of
0.20% Cu and 0.014% Mo (0.26% Cu equivalent
grade) was made in the Giizelyayla field. These
determining grade and source values are in the range
of values predicted for porphyry systems.

Acknowledgements

This article includes the studies carried out within
the scope of the project (project no: 2017/2018/2019-
32-13-12) titled Giimiishane ve Cevresi Metalik
Maden Aramalari (Gilimiishane and Surrounding
Metallic Mineral Explorations) by MTA. We would
like to thank the geological engineers Abdullah
DURSUN and Arif Cagr1 SUBASI who accompanied
us in the field studies carried out within the scope of
the project.

References

Akaryali, E., Tiysiiz, N. 2013. The genesis of the slab

window-related Arzular low-sulfidation
epithermal gold mineralization (eastern Pontides,

NE Turkey). Geoscience Frontiers 4, 409-421.

Arslan, M., Kolayli, H., Temizel, I. 2004. Petrographical,
geochemical and petrological characteristics of the
Giire (Giresun, NE Turkey) Granitoid. Bulletin of
Earth Sciences Application and Research Centre
of Hacettepe University 30, 1-21.

Aslan, N. 2011. Mastra (Giimiishane) Yatagi’nin jeolojik,
mineralojik ve jeokimyasal o&zellikleri. MSc
Thesis, Karadeniz Teknik Universitesi, Fen
Bilimleri Enstitiisii, Trabzon, 190 (unpublished).

Aydin, F. 2014. Geochronology, geochemistry, and
petrogenesis of the Magka subvolcanic intrusions:
implications for the Late Cretaceous magmatic
and geodynamic evolution of the eastern part

of the Sakarya zone, northeastern Turkey.
International Geology Review 56, 1246-1275.

Aydm, F., Saka, S. O., Sen, C., Dokuz, A., Aiglsperger, T.,
Uysal, 1., Kandemir, R., Karsli, O., Sar1, B., Baser,
R. 2020. Temporal, geochemical and geodynamic
evolution of the Late Cretaceous subduction
zone volcanism in the eastern Sakarya Zone, NE
Turkey: Implications for mantle-crust interaction
in an arc setting. Journal of Asian Earth Sciences
192.

Aydingakir, E., Sen, C. 2013. Petrogenesis of the post-
collisional volcanic rocks from the Borgka
(Artvin) area: Implications for the evolution of the
Eocene magmatism in the Eastern Pontides (NE
Turkey). Lithos 172-173, 98-117.

Bektas, O., Sen, C., Atici, Y., Kopriibasi, N. 1999. Migration
of the wupper Cretaceous subduction-related
volcanism towards the back-arc basin of the
eastern Pontide magmatic arc (NE Turkey).
Geological Journal 34, 95-106.

Bektas, O., Yilmaz, C., Tash, K., Akdag, K., Ozgiir, S.
1995. Cretaceous rifting of the eastern Pontides
carbonate platform (NE Turkey): the formation of
the carbonate breccias and turbidites as evidence
of a drowned platform. Giarnale di Geologica 57,
233-244.

Bilir, M. E. 2015. Geochemical and geochronological
characterization of the Early-Middle Eocene
magmatism and related epithermal systems
of the Eastern Pontides, Turkey. MSc Thesis,
Mugla Sitk1 Kogman Universitesi, Fen Bilimleri
Enstitiisii, Mugla, 138 (unpublished).

Bodnar, R. J., Lecumberri-Sanchez, P., Moncada, D.,
Steele-Maclnnis, M. 2014. Fluid inclusions
in hydrothermal ore deposits. Holland, H. D.,
Turekian, K. K. (Ed.). Treatise on Geochemistry,
Second Edition, Elsevier 13, 119-142.

Boztug, D., Harlavan, Y. 2008. K-Ar ages of granitoids
unravel the stages of Neo-Tethyan convergence in
the eastern Pontides and central Anatolia, Turkey.
International Journal of Earth Sciences 97, 585-
599.

Chorowicz, J., Dhont, D., Adiyaman, O. 1998. Black Sea
Pontides relationship: interpretation in terms
of subduction. International Third International
Turkish Geology Symposium, Middle East
Technical University, Ankara, Turkey.

Cagatay, M. N. 1993. Hydrothermal alteration associated
with volcanogenic massive sulfide deposits:
examples from Turkey. Economic Geology 88,
606-621.

81



Bull. Min. Res. Exp. (2022) 169: 63-85

Cagatay, M. N., Boyle, D. R. 1977. Geochemical prospecting
for volcanogenic sulfide deposits, eastern black
sea region, Turkey. Journal of Geochemical
Exploration 8(1-2), 49-71.

Cmar, S., Yazici, E. N. 1985. Trabzon-Magka-Giizelyayla
Koyli Cu-Mo zuhuru ve civarmna ait 1/5000
olgekli jeoloji raporu, Maden Tetkik ve Arama
Genel Midirliigi, Rapor No: 8025, Ankara
(unpublished).

Delaloye, M., Cogulu, E., Chessex, R. 1972. Etude
geochronometrique des massifs cristallins de Rize
et de Giimiishane, Pontides orientales (Turquie).
C. R. des Seances, SPHN, Geneve 7, 43-52.

Delibas, O., Moritz, R., Selby, D., Gég, D., Revan, M. K.
2019. Multiple Porphyry Cu-Mo Events in the
Eastern Pontides Metallogenic Belt, Turkey:
From Early Cretaceous Subduction To Eocene
Post-Collision Evolution. Economic Geology
114(7), 1285-1300.

Delibas, O., Moritz, R., Ulianov, A., Chiaradia, M., Sarag,
C., Revan, M. K., Go¢, D. 2016. Cretaceous
subduction-related magmatism and associated
porphyry-type Cu-Mo prospects in the Eastern
Pontides, Turkey: New constraints from
geochronology  and
248(251), 119-137.

geochemistry.  Lithos

Dewey, J. F., Pitman, W. C., Ryan, W. B. F., Bonnin, J. 1973.
Plate Tectonics and the Evolution of the Alpine
System. Geological Society of America Bulletin
84,3137-3180.

Dilek, Y., Imamverdiyev, N., Altunkaynak, $. 2010.
Geochemistry and tectonics of Cenozoic
volcanism in the Lesser Caucasus (Azerbaijan)
and the peri-Arabian region: collision-induced
mantle dynamics and its magmatic fingerprint.
International Geology Review 52, 536-578.

Dogan, R. 1980. The granitic rocks and related molybdenite
mineralization of the Emeksen area, Espiye, NE
Turkey. PhD Thesis, Durham University, Durham,
UK, 334.

Eyiiboglu, Y. 2010. Late Cretaceous high-K volcanism
in the eastern Pontides orogenic belt, and its
implications for the geodynamic evolution of NE
Turkey. International Geology Review 52, 142-
186.

Eyiiboglu, Y., Chung, S. L., Santosh, M., Dudas, F. O.,
Akaryali, E. 2011a. Transition from shoshonitic
to adakitic magmatism in the eastern Pontides, NE
Turkey: Implications for slab window melting.
Gondwana Research 19, 413-429.

82

Eyiiboglu, Y., Santosh, M., Dudas, F.O., Chung, S.L.,
Akaryali, E. 2011b. Migrating magmatism in
a continental arc: Geodynamics of the Eastern
Mediterranean revisited. Journal of Geodynamics
52, 2-15.

Eyiiboglu, Y., Dudas, F. O., Thorkelson, D., Zhu, D. C., Liu,
Z. Chatterjee, N., Keewook, Y., Santosh, M. 2017.
Eocene granitoids of northern Turkey: Polybaric
magmatism in an evolving arc—slab window
system. Gondwana Research 50, 311-345.

Eyiiboglu, Y., Dudas, F. O., Zhu, D. C., Liu, Z. 2019.
Late Cretaceous I- and A-type magmas in
eastern Turkey: Magmatic response to double-
sided subduction of Paleo and Neo-Tethyan
lithospheres. Lithos 326-327, 39-70.

Eyiiboglu, Y., Santosh, M., Yi, K., Tiiysiiz, N., Korkmaz,
S., Akaryali, E., Dudas, F. O., Bektas, O. 2014.
The Eastern Black Sea-type volcanogenic
massive sulfide deposits: Geochemistry, zircon
U-Pb geochronology and an overview of the
geodynamics of ore genesis. Ore Geology
Reviews 59, 29-54.

Gedikoglu, A., Pelin, S., Ozsayar, T. 1979.Tectonic evolution
of the Eastern Pontides in Mezosoic. Geocome-I
Abstracts, 68-87.

Giilibrahimoglu, I. 1985. Trabzon-Magka giineyi y&resinin
jeoloji raporu. Maden Tetkik ve Arama Genel
Midirliigli, Rapor No: 383, 54, Trabzon
(unpublished).

Giiner, S., Giig, A. R. 1990. Trabzon-Magka-Giizelyayla
yoresindeki porfiri tip Cu-Mo yatagmin maden
jeolojisi raporu. Maden Tetkik ve Arama Genel
Midirliigii, Rapor No: 9191, 32, Ankara
(unpublished).

Giiris, S., Astar, M. 2015. Istatistik. Der Yayinlar1, Istanbul,
421.

Hattori, K., Keith, J. D. 2001. Contribution of mafic melt
to porphyry copper mineralization: evidence
from Mount Pinatubo, Philippines, and Bingham
Canyon, Utah, USA. Mineralium Deposita 36,
799-806.

Hawkes, H. E., Webb, J. S. 1962. Geochemistry in Mineral
Exploration. Harper and Row 7, New York.

JICA. 1985. Report on the cooperative mineral exploration
of Gilimiishane area, phase 1. Bulletin of the
Mineral Research and Exploration Publications
7800, 72, Ankara (unpublished).

JICA. 1986. Report on the cooperative mineral exploration
of Giimiishane area, phase 3. Bulletin of the



Bull. Min. Res. Exp. (2022) 169: 63-85

Mineral Research and Exploration Publications
7934, 199, Ankara (unpublished).

JICA. 1987. Report on the cooperative mineral exploration
of Glimiishane area, follow-up report. . Bulletin
of the Mineral Research and Exploration
Publications 8298, 92, Ankara (unpublished).

JICA. 1998. Report on the mineral exploration in the Espiye
Area, The Republic of Turkey, Summary Report.
Bulletin of the Mineral Research and Exploration
Publications 10067, 119, Ankara (unpublished).

John, D. A., Ayuso, R. A., Barton, M. D., Blakely, R.J.,
Bodnar, R. J., Dilles, J. H., Gray, F., Graybeal, F.
T., Mars, J. C., McPhee, D. K., Seal, R. R., Taylor,
R. D., Vikre, P. G. 2010. Porphyry copper deposit
model, chapter B of Mineral deposit models for
resource assessment. U.S. Geological Survey
Scientific Investigations, Report No: 2010-5070—
B, 169.

Kalayci, S. 2006. Faktdr Analizi, SPSS Uygulamali Cok
Degiskenli Istatistik Teknikleri. Asil Yaym
Dagitim, Ankara.

Kandemir, O., Akbayram, K., Cobankaya, M., Kanar, F.,
Pehlivan, S., Tok, T., Hakyemez, A., Ekmekgi, E.,
Danaci, F., Temiz, U. 2019. From arc evolution
to arc-continent collision: Late Cretaceous-
middle Eocene geology of the Eastern Pontides,
northeastern Turkey. The Geological Society of
America 131, 1889-1906.

Karakaya, M. C., Karakaya, N., Kiipeli, $., Yavuz, F. 2012.
Mineralogy and geochemical behavior of trace
elements of hydrothermal alteration types in
the volcanogenic massive sulfide deposits, NE
Turkey. Ore Geology Reviews 48, 197-224.

Karsli, O., Chen, B., Aydin, F., Sen, C. 2007. Geochemical
and Sr-Nd-Pb isotopic compositions of the
Eocene Dolek and Sarigigek plutons, Eastern
Turkey: Implications for magma interaction in
the genesis of high-K calc-alkaline granitoids in
a post-collision extensional setting. Lithos 98, 67-
96.

Karsli, O., Ketenci, M., Uysal, 1., Dokuz, A., Aydn, F., Chen,
B., Kandemir, R., Wijbrans, J. 2011. Adakite-like
granitoid porphyries in the eastern Pontides, NE
Turkey: potential parental melts and geodynamic
implications. Lithos 127, 354-372.

Kaygusuz, A. 2000. Torul ve g¢evresinde yiizeyleyen
kayaclarm  petrografik  ve  jeokimyasal
incelenmesi. Doktora Tezi, Karadeniz Teknik
Universitesi, Fen Bilimleri Enstitiisii, Trabzon,
250.

Kaygusuz, A., Arslan, M., Sipahi, F., Temizel, 1. 2016.
U-Pb zircon chronology and petrogenesis of
Carboniferous plutons in the northern part of the
Eastern Pontides, NE Turkey: Constraints for
Paleozoic magmatism and geodynamic evolution.
Gondwana Research 39, 327-346.

Kaygusuz, A., Sipahi, F., ilbeyli, N., Arslan, M., Chen,
B., Aydingakir, E. 2013.Petrogenesis of the late
Cretaceous Turnagdl intrusion in the eastern
Pontides: Implications for magma genesis in the
arc setting. Geoscience Frontiers 4, 423-438.

Ketin, 1. 1966. Tectonic units of Anatolia. Bulletion of the
Mineral Research and Exploration 66, 20-34.

Kuscu, 1., Tosdal, R. M., Gengalioglu-Kuscu, G. 2019.
Episodic porphyry Cu (-Mo-Au) formation and
associated magmatic evolution in Turkish Tethyan
collage. Ore Geology Reviews 107, 119-154.

Liu, Z., Zhu, D., Wang, Q., Eyiipoglu, Y., Zhao, Z.D., Liu,
S., Xu, L. 2018. Transition from Low-K to High-K
Calc-Alkaline Magmatism at Approximately
84 Ma In The Eastern Pontides (NE Turkey):
Magmatic Response to Slab Rollback of The
Black Sea. Journal of Geophysical Research-
Solid Earth 123, 7604-7628.

Lowell, J. D., Guilbert, J. M. 1970. Lateral and vertical
alteration-mineralization zoning in porphyry ore
deposits. Economic Geology 65, 373-408.

Moore, W. J., McKee, E. H., Akinci, O. 1980. Chemistry
and chronology of plutonic rocks in the Pontide
Mountains, northern Turkey. European Copper
Deposits, 209-216.

Nebioglu, T. D. 1983. Trabzon-Macka-Giizelyayla koyii
civarindaki porfiri tip Cu-Mo zuhuruna ait 6n
rapor. Maden Tetkik ve Arama Genel Mudiirliigi,
Rapor No: 7817, Trabzon (unpublished).

Okay, A. L, Sahintiirk, O. 1997. Geology of the eastern
Pontides. Robinson, A. G. (Ed.). Regional
and Petroleum Geology of the Black Sea and
Surrounding Regions. American Association of
Petroleum Geologist Memoirs 68, 291-311.

Okay, A. 1, Tiiysiiz, O. 1999. Tethyan sutures of northern
Turkey. Durand, B., Jolivet, L., Horvath, F.,
Séranne, M. (Ed.). The Mediterranean Basins:
Tertiary Extension within the Alpine Orogen.
Geological Society of London, Special Publication
156, 475-515.

Ozsayar, T., Pelin, S., Gedikoglu, A. 1981.Cretaceous in the
eastern Pontides. Black Sea Technical University
Earth Science Bulletin 1(2), 65-114.

83



Bull. Min. Res. Exp. (2022) 169: 63-85

Peccerillo, A., Taylor, S. R. 1975. Geochemistry of upper
cretaceous volcanic rocks from the pontic chain,
northern turkey. Bulletin of Volcanology 39, 57-
569.

Pejatovig, S. 1979. Metallogeny of The Pontide-Type
Massive Sulfide Deposits. Maden Tetkik ve
Arama Genel Miidiirliigii Yaynlar1 177, Ankara,
100.

Reimann, C., Filzmoser, P., Garret, R. G. 2002. Factor
analysis applied to regional geochemical data:
problems and possibilities. Applied Geochemistry
17, 185-206

Reimann, C., Filzmoser, P., Garrett, R G., 2005. Background
and threshold: critical comparison of methods of

determination. Science of the Total Environment
346, 1-16.

Revan, M. K. 2021. A review of Late Cretaceous
volcanogenic massive sulfide mineralization in
the Eastern Pontides, NE Turkey. Turkish Journal
of Earth Sciences 29, 1125-1153.

Revan, M. K., Geng, Y., Delibag, O., Maslennikov, V. V.,
Nuriya, R. A., Zimitoglu, O. 2019. Mineralogy
and geochemistry of metalliferous sedimentary
rocks from the Upper Cretaceous VMS deposits
of the Eastern Pontides (NE Turkey). Turkish
Journal of Earth Sciences 28, 299-327.

Revan, M. K., Geng, Y., Maslennikov, V. V., Maslennikova,
S. P, Large, R. R., Danyuhevsky, L. V. 2014.
Mineralogy and trace-element geochemistry
of sulfide minerals in hydrothermal chimneys
from the Upper-Cretaceous VMS deposits of the
castern Pontide orogenic belt (NE Turkey). Ore
Geology Reviews 63, 129-149.

Revan, M. K., Hisatani, K., Miyamoto, H., Delibas, O.,
Hanilgi, N., Aysal, N., Ozkan, M., Colak, T.,
Karsh, S., Peytcheva, 1. 2017. Geology, U-Pb
geochronology, and stable isotope geochemistry
of the tunca semi-massive sulfide mineralization,
NE Turkey: implications for ore genesis. Ore
Geology Reviews 89, 369-389.

Revan, M. K., Maslennikov, V. V., Geng, Y., Delibas, O.,
Maslennikova, S. P., Sadykov, S. A. 2016. Sulfur
isotope study of the vent chimneys from the Upper
Cretaceous VMS deposits of the eastern Pontide
metallogenic belt, NE Turkey. Turkish Journal of
Earth Sciences 25, 227-241.

Rice, S. P, Robertson, A. H. F., Ustadmer, T., inan, N.,
Tasli, K. 2009. Late Cretaceous-Early Eocene
tectonic development of the Tethyan suture zone

84

in the Erzincan area, Eastern Pontides, Turkey.
Geological Magazine 146(4), 567-590.

Richards, J. P. 2014. A review of tectonics and metallogeny
of the Tethyan orogen. Acta Geologica Sinica 88,
923-925.

Robinson, A. G., Banks, C. J., Rutherford, M. M., Hirst, J. P.
P. 1995. Stratigraphic and structural development
of the Eastern Pontides, Turkey. Journal of the
Geological Society 152, 861-872.

Schultze-Westrum, H. H. 1961. Giresun civarindaki Aksu
deresinin jeolojik profili; Kuzeydogu Anadolu’da,
Dogu Pontus cevher ve mineral bdlgesinin
jeolojisi ve maden yataklar ile ilgili miitalaalar.
Bulletin of the Mineral Research and Exploration
57, 63-71.

Seedorff, E., Dilles, J. H., Proffett, J. M., Jr., Einaudi, M.
T., Zurcher, L., Stavast, W. J. A., Johnson, D.
A., Barton, M. D. 2005. Porphyry deposits:
characteristics and origin of hypogene features.
Hedenquist, J. W., Thompson, J. F. G., Golfarb,
R. J., Richards, J. R. (Ed.). Society of Economic
Geologists, Economic Geology 100th Anniversary
1905-2005, 251-298.

Sinclair, W. D. 2007.Porphyry deposits. Goodfellow, W. D.
(Ed). Mineral Deposits of Canada: A Synthesis
of Major Deposit-Types, District Metallogeny,
the Evolution of Geological Provinces, and
Exploration Methods. Geological Association
of Canada, Mineral Deposits Division, Special
Publication 5, 223-243.

Soylu, M. 1999. Modeling of porphyry copper mineralization
of the Eastern Pontides. PhD Thesis, Middle East
Technical University, Ankara, 127.

Streck, M. J., Dilles, J. H. 1998. Sulfur evolution of oxidized
arc magmas as recorded in apatite from a porphyry
copper batholith. Geology 26, 523-526.

Sengor, A. M. C., Yilmaz, Y. 1981. Tethyan Evolution of
Turkey: A plate tectonic approach. Tectonophysics
75, 181-241.

Sengdr, A. M. C., Yilmaz, Y., Ketin, I. 1980. Remnants of
a pre-Late Jurassic ocean in Northern Turkey:
fragments of a Permian-Triassic Paleo-Tethys.
Geological Society of America Bulletin 91, 599-
609.

Sengor, A. M. C., Goriir, N., Saroglu, F. 1985. Strike slip
faulting and related basin formation in zones of
tectonic escape: Turkey as a case study. Biddle,
T. R., Christie-Blick, N. (Ed.). Strike-slip
deformation, basin formation and sedimetantion.



Bull. Min. Res. Exp. (2022) 169: 63-85

Society of Economic Paleontologists and
Mineralogists, Special Publication 37, 227-264.

Titley, S. R. 1993. Characteristics of porphyry copper
occurrence in the American Southwest. Geological
Association of Canada Special Paper 40, 433-464.

Topuz, G., Altherr, R., Kalt, A., Satir, M., Werner, O.,
Schwarz, W. H.
from the Pulur Complex, NE Turkey: a case of

2004. Aluminous granulites

partial melting, efficient melt extraction and
crystallisation. Lithos 72, 183-207.

Topuz, G., Altherr, R., Schwarz, W. H., Siebel, W., Satr,
M., Dokuz, A. 2005. Post-collisional plutonism
with adakite-like signatures: the Eocene Saraycik

granodiorite  (Eastern  Pontides,  Turkey).
Contributions to Mineralogy and Petrology 150,
441-455.

Tukey, J. W. 1977. Exploratory Data Analysis.Reading 7,
Addison-Wesley.

Tiitek, H., Giimiisoglu, S. 2008. Isletme Istatistigi. Beta
Basim Yayim Dagitim AS, Istanbul.

Tiiystiz, N., Yaylali, G. 2005. Jeoistatistik Kavramlar
ve Bilgisayar Uygulamalari. KTU Matbaas,
Trabzon.

Ustaémer, T., Robertson, A. H. F. 1995. Paleotethyan
tectonic evolution of the north Tethyan margin
in the central Pontides, N Turkey. Erler, A.,
Ercan, T., Bingdl, E., Orgen, S. (Ed.). Geology
of the Black Sea region. Procceedings of the
International Symposium on the Geology of the
Black Sea Region, Ankara, Turkey,24-33.

Yalgmalp, B. 1992. Giizelyayla (Magka-Trabzon) porfiri
Cu-Mo cevherlesmelerinin jeolojik yerlesimi
ve jeokimyasi. Doktora Tezi, Karadeniz Teknik
Universitesi, Fen Bilimleri Enstitiisii, Trabzon,
181.

Yilmaz, C., Korkmaz, S. 1999. Basin development in
the ecastern Pontides, Jurassic to Cretaceous,
NE Turkey. Zentralblatt fur Geologie und
Palaontologie. Teil I H10-12, 1485-1494.

Yilmaz, S., Boztug, D. 1996. Space and time relations of
three plutonic phase in the Eastern Pontides,
Turkey. International Geology Review 38,.935-
956.

Yimaz, Y. 1976. Geology of the Giimiishane granite
(petrography).  Istanbul  Universitesi, Fen
Fakiiltesi Dergisi B(39), 157-172.

Yilmaz, Y., Tiysliz, O., Yigitbas, E., Geng, $. C., Sengor,
A. M. C. 1997. Geology and tectonic evolution
of the Pontides. Robinson, A. G. (Ed.). Regional
and petroluem geology of the Black Sea and
surrounding regions. American Association
Petroleum Geologist, Memoir 68, 183-226.

Yigit, O. 2009. Mineral deposits of Turkey in relation to
Tethyan metallogeny: implications for future
mineral exploration. Economic Geology 104, 19-
51.

Yigit, O., Nelson, E. P., Hitzman, M. W. 2000. Early Tertiary
epitherrmal gold mineralization, Bahcecik
prospect, northeastern Turkey. Mineralium
Deposita 35, 689-696.

Zankl, H. 1962. Magmatismus und Bauplan des
Ostpontischen Gebirges im Querprofil des Harsit-
Tales, NE Anatolien.Geologische Rundschau 51,
218-239.

Zheng, Y., Sun, X., Gao, S., Wang, C., Zhao, Z., Wu, S.,
Li, J., Wu, X. 2014. Analysis of stream sediment
data for exploring the Zhunuo porphyry Cu
deposit, southern Tibet. Journal of Geochemical
Exploration 143, 19-30.

85






Bull. Min. Res. Exp. (2022) 169: 87-104

LETIN OF THE
L RESEARCH AND EXPLORATION

Bulletin of the Mineral
Research and Exploration

http://bulletin.mta.gov.tr

Evaluation of potential rock falls with three-dimensional analysis: Example of Oltanbey
and Hasanbey districts (Giimiishane city center)

Selguk ALEMDAG®®, Rasim Taylan KARAP® and Hasan Tahsin BOSTANCI®

aGiimiighane University, Faculty of Engineering and Natural Sciences, Department of Geological Engineering, Giimiishane, Tiirkiye
bGeneral Directorate of Mineral Research and Exploration, Giimiishane and Its Surroundings Metallic Mineral Explorations Camp,
Giimiishane, Tiirkiye

*Giimiighane University, Faculty of Engineering and Natural Sciences, Department of Geomatics Engineering, Giimiishane, Tiirkiye

Research Article

Keywords: ABSTRACT
Steel Barrier, Rockfall The central district campus of Giimiishane, located on the Trabzon-Erzurum Highway, has a steep
Inventory Map,

topography, and because of the effect of climatic and morphological structure, frequent rockfall
events can cause loss of life and property from time to time. For these reasons, the slopes in some
parts of the Oltanbey and Hasanbey districts of the central district of Giimiishane, which pose a great
threat in terms of rockfall potential, were chosen as the study area. In this study, three-dimensional
rockfall analyzes were carried out using the RocPro3D program on the lines determined in the rockfall
source zones with a high probability of rockfall. As a result of the analysis, it was determined that
the rock blocks rolled from the O1, O2 and H1 source rock lines determined at the upper elevations
of the study area threaten the settlements and road networks in Oltanbey and Hasanbey districts.
With the 3D rockfall analysis, steel barrier was applied as a precautionary structure in the areas
determined to be under the risk of rockfall, and the analyzes were carried out again considering the
Received Date: 05.05.2021 precautionary structures. By examining the results of the analyzes, the safest and most economical
Accepted Date: 01.08.2021  different barrier types have been proposed to eliminate the danger of rockfall.

Rocpro3D, Three
Dimensional Rockfall
Analysis.

1. Introduction Glimiishane were examined and a rockfall inventory
Due fo it logical and hological map was created according to the locations of the fallen
ue 1o 1is geological and  geomorphologica blocks. Three-dimensional rockfall analyses were
features, our country has many rockfall events, ) )
. . . W . carried out using RocPro3D (2014) computer program
especially in the Black Sea Region. Glimiishane city ) L . L
. in areas with high rockfall probability considering the
center (Figure 1), located on the Trabzon-Erzurum dentified « ded di .
Highway in the Eastern Black Sea Region and located identified source rock areas, suspended discontinuity-

in the southern zone of the Eastern Pontide belt, is one
of the places where rockfall events occur frequently.

In this study, rock masses on free, suspended or
high steep slopes that threaten some parts of Oltanbey
and Hasanbey districts in the central district of

controlled rock masses and rockfall inventory map.
According to the data obtained; rolling trajectories
of rock blocks, optimum steel barrier design was
made considering the maximum span distances and
kinetic energies of the rolling blocks, and barrier
types were determined, and precautionary structures
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Figure 1- Location map of the study area.

were proposed considering the European Technical
Approved Guide for Rockfall Prevention Kits (ETAG
27).

Many rockfall cases have been encountered in the
study area so far. Although there have been loss of
life and property due to rockfalls in Giimiishane city
center in the past, rockfall inventory map of Oltanbey
and Hasanbey districts in Gilimiishane city center has
been produced for the first time in this study, and
three-dimensional rockfall analysis have been made
and precautionary structures in potentially dangerous
areas have been proposed.

88

In the region, which includes the study area, many
engineering geology-based studies have been carried
out so far (Tiides, 2001; Alemdag vd., 2011; Tiides
vd., 2012; Alemdag vd., 2014; Giirocak vd., 2017).

Tiides (2001), in his PhD thesis study in the city
center of Gilimiishane, examined the engineering
properties of the rocks spreading in the settlement
area. The researcher transferred parameters such as
classification of rock masses, excavability, bearing
capacity, seismicity of residential areas, flood
assessments to the Geographical Information Systems
(GIS) environment. He prepared the relevant maps in
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the GIS environment and evaluated the suitability of
the study area for settlement.

Alemdag et al. (2011), the excavability properties
of the Late Carboniferous aged Giimiishane Granitoid
cropping out in Giimiighane, and its vicinity were
examined and classified in terms of excavability.
According to the classifications made, it was
determined that moderately weathered rock masses
were removable, while highly weathered rock masses
were excavated. In the excavations carried out in
the study areas, it was determined that moderately
weathered rock masses were removed using a
hydraulic breaker, while highly weathered rock
masses were excavated using a shovel.

Tiides et al. (2012), in their study in Giimiishane

city center, are considering the engineering
characteristics of the rock masses outcropping in the
study area and the seismicity and flooding conditions
at the regional scale, they prepared a suitability map
for the city center to assist the planners in site selection
and the decisions to be taken regarding land use and

emphasized the importance of creating a database.

Alemdag et al. (2014) produced a solution by using
different failure methods for the formation mechanism
and rehabilitation of the landslide that occurred in the
Giimiishane Granitoid located in the Mordut region of
Gilimiigshane city center.

Giirocak et al. (2017), to determine the possible
instability mechanism due to discontinuities in the
rock mass in the area where the Giimiishane Granitoid
Complex spans, by kinematic analysis method and for
the subsequent instability models, the creation of GIS-
based maps in ArcGIS program and by using fuzzy
interpretation method, the final instability map for the
study area was produced.

Three-dimensional studies on rockfall analysis
have started to increase in the last ten years in the
literature, and some of these studies are summarized
below.

Tonini and Abellan (2014), in the study titled
the use of three-dimensional (3D) point clouds in
geological hazards, obtained digital elevation models
with point cloud data and evaluated the importance

of these high-resolution data for the detection of
geological hazards. In Lato and Voge (2012), by using
automatic mapping of rock discontinuities in 3D lidar
and photogrammetry models, fracture and fracture
systems of rocks and their mapping were provided.
Topal et al. (2012), in their study, determined the
spreading areas of the rocks that are likely to fall by
performing two-dimensional (2D) RocFall analysis
to determine the rockfall risk areas on the 17 profile
lines selected around Kastamonu Castle (Tiirkiye). In
Keskin (2013), the kinetic energy of the falling rocks,
the distance they can travel, the jump height and speed
were determined by modelling the cross-section lines
created in the areas that are ruptured and in danger of
rupture in the steep cliffs in the Bogazici (Erzincan,
Tiirkiye) region, by modelling in the RocFall
computer program. In Sarro et al. (2014), in the Son
Poc rockfall (Mallorca, Spain) study, the geometry
and parameters of the blocks in the existing rockfall
area were revealed, all coefficients were calculated
by back analysis method, and the areas at risk as a
result of new rockfall events that may occur with 3D
simulation were revealed. In Riquelme et al. (2015),
by using 3D data, characterization of rock slopes with
slope mass grading was revealed by numerical data of
point clouds. In Yakar et al. (2015), they created three-
dimensional, digital terrain model, orthophoto and
vector maps of rockfall regions with Unmanned Aerial
Vehicle (UAV) photogrammetry. As a result of the
study, they have seen that high accuracy and precision
data can be obtained with UAVs, they can be used for
imaging hard-to-reach areas and measurements can be
made in a short time. Therefore, they say that UAVs
can be used in rockfall events and will play an active
role in producing the necessary data for modelling the
terrain. Wang et al. (2017), for automatic exposure
fracture extraction from a 3D point cloud, developed
different algorithms in the light of the data obtained
from the lidar images and determined the areas of
rockfalls that occurred or could occur. In Akin et al.
(2019), in the study of evaluating the rock holding
trench performance with 3D rockfall analysis; for the
digital surface model, point cloud data obtained from
photogrammetric images taken with an unmanned
aerial vehicle created and 3D rockfall analysis
were performed in RocPro3D software. It has been
revealed that in general, the falling blocks were held
by the trench excavated between the source zone

&9
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and the settlement, but in some parts these blocks
could continue to roll past the rock holding trench.
Sener (2019), according to the results of GIS-based
3D modelling of possible rockfalls using unmanned
acrial vehicles around Kasimlar Village (Isparta),
determined the maximum kinetic energy, maximum
jump height and maximum fall speeds in possible
rockfalls and prepared the base data for the design of
engineering structures to prevent possible rockfalls
or to minimize their effects. In Alptekin and Yakar
(2020), in their study of obtaining the 3D point cloud
of rock blocks using terrestrial laser scanner, laser
scanning of the rock falling from a rough terrain and
threatening a house was performed to obtain the 3D
model in high resolution and showed that these data
can be used in 3D rockfall simulations.

2. Geology of the Study Area

The Alibaba Formation (Figure 2), which
spreads in the city center of Gilimiishane (Hasanbey,
Oltanbey and Ozcan Districts), starts with a thin
basal conglomerate and nummulitic sandy limestones
and has the characteristics of a volcano sedimentary
succession that continues with andesitic-basaltic
pyroclastics (Tokel, 1972). Macroscopically, basic,
and intermediate volcanic rocks are gray-green in
color and occasionally porphyritic, with fractures
and cracks, and intense silicification, argillization,

pyritization and current alterations are observed
along the fractures. Alibaba Formation overlies the
Kermutdere Formation with an angular unconformity
(Kaygusuz and Sen, 2011). Over these, bedded tuffs
alternate with andesitic breccias. Andesite, basalt
and pyroclastics, which are the subject of the study,
are generally observed at the upper levels in the field
(Figure 3). Considering the fossil determination of
the samples taken from the clastics in the formation,
the age of the unit was determined as Ypresian and
Lutetian (Aydingakir, 2014). The apparent thickness
of the formation is approximately 400 m, and it
was deposited in shallow marine and terrestrial
environments, accompanied by intense volcanic
activity.

3. Digital Terrain Models

Topography and vegetation have a significant
influence on the orientation of rockfall lines and the
rolling distance of falling blocks. The main advantage
of 3D analysis over 2D analysis is that the possible
rolling of the falling rock blocks is determined on the
digital terrain model, not on a topographic section.
This feature is very useful in determining which route
a block to be rolled from the source rock area can
actually follow and in determining the areas where
improvement methods will be applied.

Figure 2- Geological map of the study area (modified from Kandemir, 2004).
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Figure 3- a, b) Oltanbey District. Aydinlik Houses Sites Road andesites belonging to the Alibaba Formation in the field (view direction from
north to south; ¢) Oltanbey District. Aydinlik Houses Sites and Afet Houses Sites andesites belonging to the Alibaba Formation in the
field (view direction from west to east); d) Oltanbey District. Field view of andesites belonging to Alibaba Formation from Aydinlik
Houses, Museum Houses Sites (view direction from south to north).

In the digital terrain model of the study area,
vegetation, buildings, etc. to show small topographic
changes with details and to determine healthier rolling
routes, data to be obtained from medium-sized maps
such as 1/25000 scale topographic maps and digital
elevation models are extremely inadequate. In this
study, high resolution orthophoto images and a high
resolution (0.18 x 0.18 m) digital elevation model
(DEM) produced from the point cloud (594.000
points) obtained in this context were used (Figure
4). The slope map (Figure 5) produced on the DEM
was used to determine the source rock areas in 3D
rockfall analysis, and the relief map (Figure 6) was
used to visualize the areas threatened by the rolling
trajectories determined in the RocPro3D program and
all rasters are produced in the Turef TM39-Gauss-
Kriiger (ITRF 96/GRS 80) projection system.

4. Rockfall Analysis

To analyse the potential rockfall areas in the
Oltanbey and Hasanbey districts, which are the
subject of the study area, the source rock areas should
be determined. The source rock areas where rockfall
can occur were determined (on the slope map) based
on equation 1, which considers the resolution of the
digital terrain model.

a= 55XRES 0075 (1)

The value (a) in the equation is the boundary slope
value in degrees and RES is the resolution “in meters”
of the digital elevation model. Considering these
parameters, a value was found to be 62°. However, to
stay in a safer area in terms of rockfall hazard, areas
with a slope of more than 60° were accepted as the
source rock area and the slope map was reclassified
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Figure 4- Digital elevation model of the study area.

Figure 5- Slope map of the study area.
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Figure 6- Relief map of the study area.

and a map showing the source rock areas was produced
by transferring the borders onto the orthophoto.

By using 50 years of Disaster and Emergency
(AFAD) data of the study area, orthophoto image
and digital elevation model, suspended rock blocks
in the active source rock areas and fallen rock blocks
at lower elevations were determined and marked on
the orthophoto by being detected in situ (Figure 7).
In addition, rockfall events obtained through written
and visual media were investigated and recorded from
the past to the present, and a rockfall inventory map
was obtained by processing on digital maps (Figure
8, URL-2, 2015; URL-6, 2016; URL-3, 2019; URL-5,
2019; URL-4, 2020; URL-1, 2020).

In order to model possible rockfalls in three
dimensions in the study area, the locations, shapes
and dimensions of the blocks were determined by
considering the areas determined in the inventory
map and the suspended blocks determined by field
observations as well as the fallen blocks (Table 1).

Normal Return (Rn) and Tangential Return (Rt)
parameters were obtained by trying different parameter

data input variations and simulations by back analysis
method for 10 fallen blocks whose coordinates were
determined by selecting on the rockfall inventory
map (Figure 9). In the light of back analysis and
field observations in the study area, the most suitable
parameters for the study area were determined by
taking the average of the values obtained from 10
andesite blocks.

The parameters to be used in the analysis of
possible blocks to fall in the Alibaba Formation
were determined by retrospective analysis and by
using the parameter bases of the RocPro3D program
using 10 block samples that had previously fallen in
the field and are given in Table 2. The parameters
used in Table 2 belong to the probabilistic method
selected in 3D rockfall analysis, and it is the preferred
method for areas where variables such as lithological,
slope, and roughness conditions differ in the rolling
trajectory of the rock. Based on the assumption that
the values assigned to the parameters used here can
change during the analysis, the software defines the
range in which these values can change, and the first
value assigned is changed in line with the probabilistic
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Figure 7- a) Oltanbey District Museum Houses Site. Andesite blocks that have broken
off from the source rock areas (view direction from southeast to northwest), b)
Oltanbey District Museum Houses Site. The building hit by the andesite block from
the source rock areas (view direction from north to south), ¢) Oltanbey District
Museum Houses Site. The building hit by the andesite block from the source rock
areas (view direction from west to east).

Figure 8- Source rock and rockfall inventory map determined in the study area.
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Table 1- Shape and dimensions of fallen rock blocks.

Lithology Andesite
Falling Block Dimensions .
Sample 9 Block Volume (md) Block Shape Density (kg/m3)
X (m) y (m) z (m)
1 1.65 1.15 1.2 2.28 Quadrangular 2570
2 2.10 1.75 1.3 4.78 Quadrangular 2570
3 0.75 0.95 0.45 0.32 Quadrangular 2570
4 1.15 1.87 1.22 2.62 Quadrangular 2570
5 2.25 1.98 1.55 6.91 Quadrangular 2570

Figure 9- a) Relief map appearance of Source Rock Fields, b) orthophoto image of the fallen andesite block, c) the
fallen block appears on the relief map, d) Oltanbey District. View of the andesite block striking the Museum
Houses Site (view direction from west to east), ¢) Oltanbey District. View of the source rock areas at the
upper level of the Museum Houses Site (view direction from east to west).

variables during the analysis, thus ensuring that the
uncertainties arising from reasons such as speed,
friction and surface heterogeneity are included in the
analysis.

In the study area, the joint feature of the rock mass
within the source rock areas of the Alibaba Formation
and therefore the rapid development of weathering

processes caused block ruptures of different sizes in
many areas in the rock mass. 3D rockfall simulation
was carried out with 3 (O1, O2, H1) fall line sections
created in the study area, especially in areas where the
slope is high. Parameters obtained from the analysis
made; are the rolling energy, jump heights and span
distances of the blocks and are given in the form of
graphics (Figure 10-12).
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Table 2- Input parameters used in RocPro3D program.

Rock Mess 32 |52|32 |55 |32 |55 |32 |55 |32 |55 =
Rn 0.50 051 052 |048 (049 050 (052 |0.50 (052 048 [0.50
Rt 0.80 0.81 |0.78 [0.83 |[0.79 |0.81 0.82 |0.78 [0.79 |0.81 |0.80
Variability A R % 10 10 10 10 10 10 10 10 10 10 10
Limit Speed V_R(lim) [m/s] 10 10 10 10 10 10 10 10 10 10 10
Limit Variable A_R (lim) % 2.1 1.9 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Lateral Deviation
Variability A_Qh (°) 20 20 20 20 20 20 20 20 20 20 20
Limit Speed V_Qh (lim) [m/s] 10 10 10 10 10 10 10 10 10 10 10
Limit Variable A_Qh (lim) (°) 10 10 10 10 10 10 10 10 10 10 10
Bounce Back
Variability A_Qv (°) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Limit Speed V_Qv (lim) [m/s] 10 10 10 10 10 10 10 10 10 10 10
Limit Variable A v (lim) (°) 4 4 4 4 4 4 4 4 4 4 4
Coefficient of Friction
k value 0.40 040 |040 (040 |040 (040 |0.40 [040 |0.40 |0.40 [0.40
Variability A_k (%) 10 10 10 10 10 10 10 10 10 10 10
Limit Speed V_k (lim) [m/s] 10 10 10 10 10 10 10 10 10 10 10
Limit Variable A_k (lim) % 10 10 10 10 10 10 10 10 10 10 10
Transition Parameters
Angle B_lim (sudden event) (°) 2 2 2 2 2 2 2 2 2 2
Angle B_lim (inclined position) (°) 25 25 25 25 25 25 25 25 25 25

4.1. Source Rock Line No. O1

50 fallible rock blocks were identified for the
O1 line selected in the source rock area with a high
probability of rockfall from the upper elevations
of Oltanbey District. As a result of the 3D analysis
performed on 50 rock blocks on the Ol line, the
blocks where andesite blocks move along the drainage
networks show a maximum spread of around 148 m,
the jump height is at most 7.5 m (Figure 10), and the
highest kinetic energy generated by the rolling blocks.
It was determined to be 1062 kJ. Andesite blocks
approaching the settlements for the O1 line pose a
high danger to the existing structures and the falling
blocks spread into the settlements located at the lower
levels and directly threaten the residences.

4.2. Source Rock Line No. O2

50 fallible rock blocks were defined for the O2 line
selected in the source rock area with a high probability
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of rockfall from the upper elevations of the Oltanbey
district. As a result of the 3D analysis performed on 50
rock blocks on the O2 line, it was determined that the
andesite blocks moved along the drainage networks,
the blocks spread out around 198 m at the most,
the jump height was at most 6.5 m, and the largest
kinetic energy created by the rolling blocks was 1161
kJ (Figure 11). The andesite blocks approaching the
settlements for the O2 line pose a high danger to the
existing structures and the falling blocks spread into
the settlements located at the lower levels and directly
threaten the residences.

4.3. Source Rock Line No. H1

As aresult of the 3D analysis performed on 50 rock
blocks defined for the H1 line selected in the source
rock area with a high probability of rockfall from the
upper elevations of Hasanbey neighbourhood, the
andesite blocks move along the drainage networks,
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Figure 10- a) 2D, 3D maps showing the jump height and spreading route of 50
rock blocks rolled from the O1 source rock area, and b) 2D, 3D maps
showing the energy and propagation route of 50 rock blocks rolled
from the O1 source rock area.

Figure 11- a) 2D, 3D maps showing the jump height and spreading route of 50
rock blocks rolled from the O2 source rock area, and b) 2D, 3D maps
showing the energy and propagation route of 50 rock blocks rolled
from the O2 source rock area.
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the blocks spread around 176 m at most, the jump
height is at most 5.35 m, and the largest kinetic energy
formed by the rolling blocks was determined to be
999 kJ (Figure 12). Andesite blocks approaching the
settlements for the H1 line also pose a high danger
to the existing structures and threaten the residences.

5. Precautionary Structure Applied in Rockfall
Areas

In the literature, many improvement methods (steel
barrier, earth concrete embankment, combined net,
trench, etc.) are applied to prevent rock blocks with
high rolling probability that threaten residential areas
and road routes. In this study, it was thought that the
steel barrier application would be more accurate and
practical due to the steep and high slope of the study
area, the area to be treated consists of several source
rock areas and the lack of a road network to which the
construction machinery can access the improvement

area. For this reason, by determining the appropriate
areas in the topography where barrier application can
be made, because of the rockfall analysis made, the
barrier types were determined in ETAG 27 (Maximum
Energy) standards by choosing meters with the lowest
bounce height and energies of the tumbling blocks and
at which they are damped (Figure 13).

As aresult of the rockfall analyses made on the O1,
02, H1 lines in the three source rock areas determined
in the Alibaba Formation, the routes followed by
the blocks falling from the O1, O2, HI lines in the
areas affecting the settlement and road networks were
considered. In the selection of the barrier type and
location, the locations determined by considering the
topographic slopes of the spreading rolling profiles,
optimum kinetic energy and jump height parameters
were checked in the field and the most suitable location

was determined.

Figure 12- a) 2D, 3D maps showing the jump height and spreading route of 50 rock blocks

rolled from the source rock area H1, and b) 2D, 3D maps showing the energy and

propagation route of 50 rock blocks rolled from the source rock area H1.
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Figure 13- a) Steel barrier application example in ETAG 27 (ME) Standards (Trumer Rockfall), b) steel barrier example of
preventing falling rock block in ETAG 27 (ME) standards (Trumer Rockfall), and c) steel barrier example in

ETAG 27 (ME) standards (Trumer Rockfall).

5.1. Barrier Analysis for Blocks Falling from the O1
Source Rock Area

It was determined by the rockfall analysis that
the blocks falling from the Ol source rock area
threatened the settlement and road networks in the
Oltanbey District. From the analysis results obtained,
considering the bounce height and energy along the
rolling line of the blocks, steel barrier types produced
in ETAG standards; by applying the 2 m high and 500
kJ capacity class 2 barrier type in ETAG 27 (ME)
standards, it was reanalysed, and it was observed that
the rolling blocks were damped (Figure 14). The barrier
line O1, which was applied in 3 different areas and
with a total length of 238 m in sections, approximately
40 m below the source rock area in the study area,
was applied to the area where the energies and jump
height of the blocks falling from the source rock area
were most appropriate (Figure 14). The jump height
and energy graphs obtained from this analysis show
that the selected barrier type is suitable and reliable for
the precautionary structure.

5.2. Barrier Analysis for Blocks Falling from the O2
Source Rock Area

It was determined by the rockfall analysis that the
blocks falling from the O2 source rock area threatened
the settlement and road networks in Oltanbey District.
In the light of the data obtained from the analysis
results, considering the bounce height and energy
along the rolling line of the blocks, from the steel
barrier types produced in ETAG standards; with the
application of the 3rd class barrier type with a height
of 2 m and a capacity of 1000 kJ in ETAG 27 (ME)
standards, it was reanalysed, and it was observed that
the rolling blocks were damped (Figure 15).

The barrier line, which was applied in one piece
and with a total length of 110 m, approximately 115
m below the source rock area in the study area, was
applied to the area where the energies and jump height
of the blocks falling from the O2 source rock area
were most appropriate (Figure 15). The jump height
and energy graphs obtained from this analysis show
that the selected barrier type is suitable and reliable for
the precautionary structure.

99



Bull. Min. Res. Exp. (2022) 169: 87-104

Figure 14- a) Steel barrier location and 3D rolling trajectories image at O1 rockfall line, b) barrier
application energy graph on a single trajectory, c) barrier application jump height on a
single trajectory, and d) close-up view of applying ETAG 27(ME) barrier to a single orbit.

5.3. Barrier Analysis for Blocks Falling from the H1
Source Rock Area

It was determined by the rockfall analysis that the
blocks falling from the H1 source rock area threatened
the settlement and road networks in Hasanbey
District. From the results of the analysis, considering
the bounce height and energy along the rolling line
of the blocks, steel barrier types produced in ETAG
standards; With the application of the 3rd class barrier
type with a height of 2 m and a capacity of 500 kJ
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in ETAG 27 (ME) standards, it was reanalysed, and
it was observed that the rolling blocks were damped
(Figure 16).

The barrier line, which was applied approximately
120 m below the source rock area in the study area,
in four parts and with a total length of 300 m, was
applied to the area where the energies and jump height
of the blocks falling from the HI source rock area

were most appropriate (Figure 16).
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Figure 15- a) Steel barrier location and 3D rolling trajectories image at O2 rockfall line, b) barrier
application energy graph on a single trajectory, c) barrier application jump height on
a single trajectory, and d) close-up view of applying ETAG 27(ME) barrier to a single

orbit.

The jump height and energy graphs obtained from
this analysis show that the selected barrier type is
suitable and reliable for the precautionary structure.

6. Results

In this study, the source rock areas on the high steep
slopes that threaten some parts of the Oltanbey and
Hasanbey districts of the central district of Giimiishane
province, along with the fallen and suspended blocks,
were determined and a rockfall inventory map was

created by considering the locations of the fallen
blocks. Rockfall analysis were made using the
RocPro3D program on the lines determined in the
source rock areas with a high probability of rockfall,
and the following results were obtained.

The blocks falling from the source rock areas in the
study area consist of andesite rock masses belonging
to the Alibaba Formation.
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Figure 16- a) Steel barrier location and 3D rolling trajectories view at the H1 numbered rockfall

line, b) barrier application energy graph on a single trajectory, c) barrier application
jump height on a single trajectory, and d) close-up view of applying ETAG 27(ME)

barrier to a single orbit.

In the creation of the digital terrain model of the
study area, vegetation, buildings, etc. high resolution
orthophoto images, digital elevation model, slope map
and relief maps were used in order not to overlook
the details and topographic details and to determine
healthier rolling routes. All generated digital maps
were produced on the Turef TM39-Gauss-Kriiger
(ITRF 96/GRS 80) projection system.

Based on the findings obtained from the

examination of orthophoto images, the source rock
areas where potential rockfall can occur for the study
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area were determined as areas with a slope of 60°
and higher, and areas with a slope of 60° or more on
the orthophoto were limited and a map showing the
source rock areas was produced.

As a result of the field studies, the locations and
geometries of the fallen rock blocks were determined
in the field and a rockfall inventory map was created
by comparing them with the digital terrain model and
orthophoto image produced previously for the study
area.
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It was determined that the rock blocks rolled from
the O1 source rock area showed a maximum spread
of 148 m, the jump height was at most 7.5 m, and
the maximum kinetic energy of the rolling blocks
was 1062 kJ. It has been determined that the andesite
blocks rolling from the source rock area pose a high
danger for the Oltanbey District at the lower elevations
and the secondary road networks providing access to
the district, and the falling blocks have spread into the
settlements at the lower elevations. As a result of the
improvement analysis, the rockfall cross-section lines
were re-analysed, and it was observed that the rolling
blocks were damped by applying a 2 m high and 500
kJ capacity 2nd class steel barrier in ETAG 27 (ME)
standards as the barrier type.

It has been determined that the rock blocks rolled
from the O2 source rock area move along the drainage
networks and the blocks have a maximum spread of
198 m, the jump height is up to 6.5 m and the greatest
kinetic energy created by the rolling blocks is 1161 kJ.
It has been determined that the rolling andesite blocks
threaten some sites and road networks in Oltanbey
District and sometimes roll into the site. As a result of
the improvement analysis, the rockfall cross-section
lines were re-analysed, and it was observed that the
rolling blocks were damped with the application of
a 3rd class steel barrier with a height of 2 m and a
capacity of 1000 kJ in ETAG 27 (ME) standards.

It was determined that the rock blocks rolled from
the source rock area H1 move along the drainage
networks, the rock blocks spread around 176 m at
most, the jump height is maximum 5.35 m, and the
greatest kinetic energy created by the rolling blocks
is 999 kJ. It has been determined that the rolling
andesite blocks threaten some sites and road networks
in Hasanbey District and spread to the site from time
to time. As a result of the improvement analysis, it
was determined that the rolling blocks were damped
in the re-analysis of the rockfall section lines with the
application of a 3rd class steel barrier with a height
of 2 m and a capacity of 500 kJ in ETAG 27 (ME)
standards.

The rockfall source and inventory areas determined
because of this study, the spreading zones of the
falling blocks and the improvement results obtained
by 3D rockfall analysis which must be considered in

the Giimiighane province revision and implementation
zoning plan changes will minimize and prevent future
loss of life and property.
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ABSTRACT

Giilbahge Fault Zone (GFZ) is a significant tectonic structure and seismic source for izmir city and
its surroundings. The major earthquakes occurred at the surroundings of GFZ are 2005 Seferihisar,
2020 Samos Island-Aegean Sea and 2021 Seferihisar earthquakes. In this study, the crustal thinning
and tectonic stress distribution of GFZ and its surroundings were analyzed by using the new gravity
and magnetic data. The correspondence analysis was applied by appraising together the magnetic
and free-air anomaly data. Moreover, the average density of the subsurface structure was calculated
by applying the Parasnis method. The deviatoric stress calculation was executed and the change of
the physical properties that controls the gravity and magnetic anomaly of the crustal structure of
the GFZ and its surroundings from north to south was investigated. Therefore, the average density
values, which were obtained from gravity anomalies, were computed as 2.59 gr / cm® in the north
of the study region and it decreased to 2.06, 1.8 and 1.49 gr / cm® towards to the south. The free-
air gravity anomaly values were between 0-70 mGal and the magnetic anomalies were between
-450-150 nT. The deviatoric stress values were between -0.2-0.1 MPa.

1. Introduction

The study area is the N - S trending GFZ and its

is one of the rapidly deforming and extending areas
in the world (Dewey and Sengér, 1979; Ambraseys,
1988; Taymaz et al., 1991; Bozkurt, 2001; Pamukc¢u

surroundings which separate Karaburun Peninsula
from izmir Gulf (Emre et al., 2005) (Figure 1).
Western Anatolia including study area which is
located in the Alpine - Himalayan orogenic belt, is the
part of the wide - ranging compression zone between
the Arabian, African and Eurasian plates (Pamukgu
and Yurdakul, 2008; Cirmik et al., 2016; Cirmik et al.,
2017a, b; Cirmik and Pamukgu, 2017; Dogru et al.,
2017, 2018; Dogru and Pamukgu, 2019; Pamukcu et
al., 2019). Western Anatolia is tectonically active and

and Yurdakul, 2008; Pamukcu et al., 2012, 2013).
Western Anatolia has N - S trending extension from
the Miocene to present (Dewey and Sengor, 1979;
Sengor et al., 1985). As a result of the collision of
Arabian and Eurasian plates in southeastern Anatolia,
the North Anatolian and East Anatolian Fault zones
occurred and the Anatolian plate has moved counter
- clockwise towards the west (Sengér and Yilmaz,
1981). The westward movement of the Anatolian plate
(Aktug and Kilicoglu, 2006) and the northward plunge
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of the African plate under the southern Anatolia plate
along the Aegean - Cyprus subduction zone have
formed the N - S trending extensional tectonics of
the western Anatolia (Sengor and Yilmaz, 1981) and
have caused the Anatolian block to escape to the east
(Ketin, 1948; McKenzie, 1972; Barka and Kadinsky -
Cade, 1988).

Emre et al. (2005) pointed out that the dominant
sense of the GFZ is strike - slipe. The submarine data
of Ocakoglu et al. (2005) represented that the GFZ
includes inverse fault component along the north
segment and the western block of the fault is pushed
on to the eastern block (Emre et al., 2005).

The previous studies (Akinci et al., 2000; Cetiner,
2012; Pamukgu et al., 2013, 2015; Cirmik et al., 2016;
Cirmik et al., 2017a, b; Malaligi, 2019) showed that
Izmir and its surroundings represent a high risk in
terms of earthquakes. Particularly, the 17 October
- 21 October 2005 Sigacik Bay earthquake series
M,=5.7, M,=5.9), 12 June 2017 Karaburun - Lesvos
Island offshore earthquake (M,, = 6.3) and 30 October
2020 Samos Island earthquake (M,, = 6.9) were the
most effective earthquakes for the study region. In
addition, the tsunami was observed in the south of
the study region immediately after 2020 Samos Island
earthquake (Sozbilir et al., 2020). This seismically
active region has studied since 2009 by Pamukcu et
al. (2013, 2015); Cirmik et al. (2016); Cirmik et al.
(2017a, b) and Malali¢i (2019). In this study, the crustal
thinning and tectonic stress distributions of GFZ and
its surroundings were determined by using the gravity
and magnetic data which were obtained up to 2019.
Within the scope of this study, the crustal structure of
the risky region was examined from the gravity and
magnetic data obtained from the project of Dokuz
Eyliil University (Project No: 2018.KB.FEN.010).

These regions, which represent magnetic and
gravity anomalies caused by the complex structure
of the GFZ and its surroundings, reflect the physical
characteristics of the crust (Pamuk¢u et al., 2007,
2015). Therefore, the physical characteristics of the
crust of GFZ and its surrounding were determined by
using correspondence analysis of gravity and magnetic
data as the first study for this study region. The mean
density calculations of the subsurface structure were
performed with Parasnis method by using Bouguer
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anomaly and topography data. Finally, the deviatoric
stress values (Turcotte and Schubert, 2002; Xu et
al., 2015) were obtained by using the mean density
and Bouguer gravity anomaly values. As a result,
the findings related with the crustal structure and the
previous studies were examined together.

2. Data Analysis

Gravity and magnetic data were obtained by
the project founded by Dokuz Eylil University
Research Foundation (Project No: DEU - BAP 2018.
KB.FEN.010) and then, gravity and magnetic data
were evaluated with TUBITAK (The Scientific and
Technological Research Council of Turkey, Project
No: 108Y285) project. Dokuz Eyliil University
Tinaztepe Campus was chosen as the base point for
the gravity and magnetic measurements and the base
measurements were obtained twice a day (morning
and evening).

The complex gravity and magnetic anomaly fields
of the GFZ and its surroundings (Figure 1) provide a
record of the complex features and tectonic evolution
of the underlying crust. The common approach for
minimizing the interpretative uncertainties is to
evaluate the correlation analyses at anomalies. There
are no detailed previous gravity and magnetic studies
in the study area and its surroundings. Therefore,
within the scope of this study, it was aimed to better
examine the crustal features of the area by analysing
the crust with the correlation between gravity and
magnetic anomalies.

2.1. The Correlation Between Free-Air and Magnetic
Anomalies

The base, latitude and free-air corrections were
applied to the measured microgravity data in order
to obtain free-air gravity data (Figure 2). In the next
step, Reduction to the Pole (RTP) was applied to the
magnetic anomaly (Figure 3).

There are many studies (e.g. Von Frese et al.,
1982, 1997a, b; Saleh et al., 2006; Pamukgu et al.,
2007; De Ritis et al., 2010; Hinze et al., 2013; Erbek
and Dolmaz, 2014; Pamuk, 2019) noticing that it is
important to evaluate the alignment between gravity
and magnetic anomalies in the interpretation of crustal
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Figure 1- Simplified geological map of the study area (modified from Uzel and Sozbilir, 2008; Sozbilir et al., 2009; Uzel et al., 2012; Goktas,
2016; Malaligi, 2019) (GFZ: Giilbahge Fault Zone, SFZ: Seferihisar Fault Zone, IFZ: Izmir Fault Zone, OFZ: Orhanli Fault Zone).

properties and they pointed out that the change in The most important factor for gravity and magnetic
crustal thicknesses can be determined by performing data is temperature, since temperature directly affects
the correspondence analysis between gravity and gravity and magnetic anomalies (Von Frese et al.,
magnetic anomalies. 1982; Pamukgu et al., 2007). In addition to these, both

Figure 2- Free-air anomaly map of the study area.
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Figure 3- Reduction to the Pole (RTP) magnetic anomaly map of the study area.

surface and subsurface loads are effective on gravity.
The most important parameter affecting the magnetic
anomaly is the Curie temperature and depth which
becomes shallower as the crust gets thinner. Thus, the
amplitude of the magnetic anomaly also decreases.
If this decreasing magnetic anomaly is inversely
proportional to the free-air gravity anomaly including
the topographic load (mass effect), then it is possible
to mention the thin crust effect in that part of the study
area (Von Frese et al., 1982; Pamukgu et al., 2007).

In order to perform correspondence analysis
between gravity and magnetic data, five profiles were
selected from free-air gravity (Figure 2) and magnetic
anomaly (Figure 3) maps and the correspondence
analysis of two data set were given at Figure 4.

2.2. The Correlation Between Complete Bouguer
Gravity and Topography Anomalies

The relationship between Bouguer and topography
values plays an important role in the analysis of
crustal structure within the scope of isostasy (Watts,
2001; Pamuk¢u and Yurdakul, 2008; Arslan et al.,
2010; Pamuk¢u and Ak¢ig, 2011; Dogru et al.,
2018). According to the isostasy theorem, where the
Bouguer anomaly increases, the topography anomaly
is expected to decrease.
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First order trend application was performed to the
Bouguer anomalies (Figure 5). In 5 profiles seen in
Figure 6, cross sections were taken from Bouguer and
topography values (Figure 6) and the changes of two
data set are given in Figure 7.

2.3. Density Determination with Parasnis Method and
Calculation of Tectonic Stress

Parasnis (1952) method uses the relationship
between gravity and topography variations for density
determinations. The density with Parasnis method is
determined as

(M

Here p is density, Ag and Ah are mean gravity and
topography values, respectively. The mean crustal
density values of the study area were calculated
(Table 1) by using Equation 1 from the topography
and free-air gravity data of the profiles shown in
Figure 2. The density determination was performed
for D - D' profile in two steps and two density values
were obtained (Table 1) due to the gravity anomaly
changes in this profile (Figure 2).
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Figure 4- The correspondence analysis of the profiles taken from free-air gravity and magnetic anomaly maps; a) A - A’ profile, b) B - B’ profile,

¢) C-C’ profile, d) D - D’ profile, and e) E - E’ profile. Blue and red lines represent free-air gravity and Reduction to the Pole (RTP)
magnetic anomalies, respectively. Turquoise lines represent the upward continuation of h = 1 km, green lines represent the upward
continuation of h = 2 km in Figure 4a, pink lines represent the upward continuation of h =2 km in 4b, 4c and h = 5 km in Figure 4a,
4d, 4e.
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Figure 5- 1% order trend applied Bouguer gravity anomaly map and the profiles.

Figure 6- The topographic map and the profiles.

Table 1- The mean density values of the profiles.

Profil Name The Mean Density values (gr / cm®)
A-A' 2.59
B-B' 2.06
c-c 2.012
D-D’ 1.40 1.80
E-FE 1.49
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The expression of lithostatic stress is given by three
normal stresses and these stresses are proportional to
depth. However, the lithostatic state of stress due to
the isostatic equilibrium is not the same everywhere in
the earth. Indeed, the horizontal normal stress consists
of two components: lithostatic stress and deviatoric
stress. Deviatoric stress (Aoyy) can be based on static
equilibrium on the continent (Turcotte and Schubert,
2002) and it is given by
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Figure 7- The profile values of the 1% order trend applied Bouguer gravity anomaly and topography maps; a) A - A’ profile, b) B - B’ profile, c)
C - C’ profile, d) D - D’ profile and e) E - E’ profile.
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2

Here, g is gravity acceleration, h is continental
thickness, p¢ and py, are the density of crust and mantle,
respectively. If the Bouguer plate is considered, the
vertical gravity anomaly is given by (Heiskanen and
Moritz, 1967);

Ag,=-2mthGAp 3)

by using the local density value of each unit block p(x y)
instead of the mean density of the crust p., Equation 2
and 3 are combined and

4)

is obtained. Equation 4 gives the way to find horizontal
tectonic stress from the gravity anomaly (Xu et al.,
2015; Pamukgu, 2017).

The deviatoric stress causes shape changes and
shear stresses ascending also it controls the degree of
body distortion (Aadnoy and Looyeh, 2019). Mount
and Suppe (1987) pointed out that the deviatoric
stress in the crust is an important unknown quantity
in tectonophysics and structural geology. In the light
of this knowledge, the deviatoric stress values were
obtained (Figure 8) by using the mean density values
calculated with Equation 4.

Additionally, the Coulomb, normal and shear stress
change values of the region were calculated by using
the stress values based on modelling of GNSS data and
fault parameters of Cirmik et al. (2017a). These stress
changes were drawn together with deviatoric stress
(Figures 9, 10 and 11, respectively) for comparing the
stress changes of the region.

3. Results

In the scope of this study, new microgravity
and magnetic data were measured at GFZ and its
surroundings (Figure 1) for investigating the crustal
structure and tectonic stress distribution. Free-air
gravity anomaly values of the region (Figure 2) change
between 0 - 70 mGal. In Figure 2, the lowest values
(from 0 mGal to ~25 mGal) are seen in the northern
side and centre of GFZ (Figure 1) and the average
values (~30 - 35 mGal) are seen at northern coasts of
the study area. Besides, the lower values (0 - 35 mGal)
are noticed at the southern coast of the Gulf of
Giilbahge (Figure 1). On the other hand, the southern
coasts of the study region and the region between
the longitudes 26.5° - 26.6° represent higher gravity
values. Additionally, the free-air gravity values of the
southern part of GFZ are higher than its northern part.

According to the RTP magnetic anomaly map
(Figure 3) the values change from -450 nT to 600 nT

Figure 8- The deviatoric stress values obtained by gravity data and density values.
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Figure 9- Coulomb stress and deviatoric stress distributions of the
study area.

Figure 10- Normal stress and deviatoric stress distributions of the
study area.

(Figure 3) but in general, the magnetic values are
between 150 nT and -450 nT in the study region.
While GFZ represents different (lower) gravity
anomalies respect to other part of the region (Figure 2),

Figure 11- Shear stress and deviatoric stress distributions of the
study area.

any anomaly difference is not seen clearly at
magnetic anomaly map for GFZ (Figure 3). High
positive magnetic values are remarkable between the
longitudes 26.4° - ~26.47° and latitudes 38.1°- 38.2°
(Figure 3).

In the next step, the cross sections were taken at 5
profiles for investigating the crustal structure of GFZ
and its surroundings from the RTP magnetic, upward
continuation applied magnetics and free-air gravity
anomalies by using the approaches of Von Frese
et al. (1982) and Pamukcu et al. (2007) (Figure 4).
The correspondence analysis was performed between
these data. When the correlation of free-air gravity
and magnetic data are examined (Figure 4), it can
be said that there is a crustal thinning where the
free-air gravity and magnetic data represent inverse
proportions (opposite correlation) (Von Frese et al.,
1982). If the regions which represent high gravity and
high magnetisations are evaluated with the geological
units of the region, it is seen that these regions include
the volcanic (Neogene volcanic) units (Figure 1).
Therefore, it can be said that the regions which
represent positive correlation (direct proportion)
between gravity and magnetic anomalies (Figure 4)
are related with volcanic root systems in addition to
topographic components.
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For analysing the profiles in detail, the profiles
are divided into the regions due to the changes on
gravity and magnetic values (Figure 4). In Figure 4a,
which contains profile values of A - A', the profile is
divided into 3 regions. Free-air gravity and magnetic
anomaly values in region no: 1 represent inverse
(opposite) correlation. By the way, the crustal thinning
is expected wherein the free-air gravity anomaly
increases and magnetization decreases. In the region
no: 2, while free-air gravity values decrease, the
magnetic anomaly values increase. This can also
be assessed by crustal thickening or by an intrusion
which increases magnetization. The similar situation
seen in region no: 1 is also observed in region no: 3.
Therefore, it can be said that the crust is thin in the
regions no: 1 and no: 3. But, the proportion of crustal
thinning in the region no: 1 is greater than in no: 3.
This case can be related with the high difference
between the amplitude of the magnetic values of these
regions. In a crustal structure affected with the same
mass loading, if magnetic anomaly values are quite
highly differentiated, a different mechanism most
likely deformation within the crust can be expected.
Figure 4b shows that the values of profile B - B’ and
this profile is divided into 3 regions. The values of
profile B - B’ (Figure 4b) are similar to the profile
A - A'values (Figure 4a). In the regions no: 1 and no: 3,
the free-air gravity anomaly values increase while the
magnetic anomaly values decrease similar to profile
A - A'. However, while free-air gravity values in
region no: 2 decrease (respect to the general profile),
magnetic anomaly values decrease. Therefore, it can
be said that there is an important factor in the crust
which reduces magnetization in this region. In Figure
4c, the profile C - C’ values are seen and the profile
is divided into 2 regions. In the region no: 1, high
positive magnetic anomaly values are remarkable. In
this area, it is possible to mention that the presence
of an intrusion with high magnetization in the crust.
Additionally, unlike other profiles (A and B, Figures
4a, 4b), the magnetic anomaly values decrease in
the region no: 2 and free-air gravity and magnetic
anomaly values change inversely. This case can be
related with the crustal thinning in this area. The profile
D - D' values are seen in Figure 4d and the profile is
divided into 2 regions. In profile D - D’ (Figure 4d),
the magnetic anomaly values are high positive in the
region no: 1. The magnetic anomaly values decrease
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rapidly between the regions no: 1 and no: 2. Besides,
the relationship between free-air gravity anomaly
and decreasing magnetic anomaly in the region no: 2
(Figure 4d) is similar to profile C - C' (Figure 4c). In
the region no:2 (Figure 4d), the amplitude of magnetic
anomaly values of D - D' is seen more stable respect to
the profiles A, B and C (Figure 4a, b, c). In Figure 4e,
the profile E - E' values are drawn and the profile is
divided into 4 regions. In the profile E - E’ (Figure 4e),
high positive magnetic anomaly amplitudes are seen in
the region no: 1 as similar as in D profile (Figure 4d).
In the region no:2 (Figure 4e), it is seen that while free-
air gravity values are increasing and magnetic anomaly
values are decreasing, this case is also observed in A
and B profiles (Figures 4a, 4b). Although the free-air
gravity values in the region no: 3 decreases slightly, a
significant increasing and then decreasing is observed
in the magnetic anomaly values. In the region no:
4, while not a clear changing is seen in the free-air
gravity and the magnetic anomaly values continue to
decrease. This condition can be associated with crustal
thinning in this region.

In Figure 5, it is seen that 1% order trend applied
Bouguer gravity anomaly values change between
-30 mGal and 15 mGal. Figure 7 presents the relation
between Bouguer gravity (Figure 5) and topography
(Figure 6) anomalies for 5 profiles. According to
isostasy theorem, if there is an inverse relation
between gravity and topography data, there is a
local isostatic balancing in the region (Watts, 2001;
Pamuke¢u and Yurdakul, 2008; Cirmik et al., 2017a).
In profile A - A" (Figure 7a), the relation between
gravity and topography values are approximately
inverse throughout the profile, therefore it can be
said that there is local balancing. In profile B - B’
(Figure 7b), the relation between two data set is inverse
from the initial of the profile (~26.4° longitude) to
26.6° longitude and between the longitudes from
26.7° to ~26.78° so it can be said that there is a local
isostatic balance in the mentioned locations. On
the other hand, it can be said that there is a crustal
problem (high pressure, the existence of a liquid, etc.)
in the region at 26.62° longitude and its surroundings
since both the Bouguer gravity and topography values
decrease together. In profile C - C' (Figure 7c), the
relation between two data set is inverse between the
longitudes from 26.5° to ~26.54° and from 26.66° to
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26.69°. Therefore, it can be said that these regions
have local isostatic balancing. At similar locations
(at 26.62° longitudes and its surroundings) (Figure
7¢) with profile B - B’ (Figure 7b), the direct relation
between gravity and topographic values are seen, thus,
the crustal problem is expected in this location. In the
profiles D - D’ (Figure 7d) and E - E’ (Figure 7e), the
relation between two data set is inverse generally
throughout the profiles. But, this case (decreasing of
the Bouguer gravity and topography values together)
which shown in the regions at longitude 26.62° and its
surroundings is not clear in the profiles D - D’ (Figure
7d) and E - E’ (Figure 7e) as seen in the profiles B - B’
and C - C' (Figures 7b, c). As a result, some parts of
the study area have an uncompensated mechanism.

In the other step, the deviatoric stress values
(Figure 8) were obtained by using the mean density
values and the Bouguer gravity anomaly values for
investigating the horizontal stress distribution created
by gravitational loadings. The deviatoric stress values
change from -0.2 MPa to 0.1 MPa in the study region
(Figure 8). Additionally, the Coulomb stress changes
and its components normal and shear stress changes
were calculated for investigating the changes of stress
and were drawn together (Figures 9, 10 and 11) with
deviatoric stress values for evaluating the changes more
clearly. In Figure 9, the Coulomb stress and deviatoric
stress values are negative at GFZ and its surroundings
(Figure 1). In the eastern part of GFZ (at Urla and its
surroundings, Figure 1) and SW of the study region,
the deviatoric stress values are high positive but
these regions represent average (approximately zero)
Coulomb stress values (Figure 9). Controversially,
NW of the study region while representing positive
(higher than average) Coulomb stress values, show
average (approximately zero) deviatoric stress values.
SE of the study region represents similar features
in both coulomb and deviatoric stress maps. In the
normal stress and deviatoric stress (Figure 10) maps,
it is seen that only centre of GFZ represents similar
features (negative values) in both maps. The southern
and northern parts of GFZ represent average normal
stress values and no coherency with deviatoric stress.
Besides, NE of the study region has negative normal
stress values while its deviatoric stress values are high
positive. Also, the normal and deviatoric stress values
of SE, SW and NW of the study area are coherent with

each other (Figure 10). In Figure 11, it is seen that
the shear stress values of southern and central parts of
GFZ and also SE of the study area are consistent with
the deviatoric stress values. Besides, the shear stress
values of Urla and its surroundings are more coherent
with deviatoric stress values respect to Coulomb
(Figure 9) and normal stresses (Figure 10). As a
general result, the area which is located between the
longitude 26.6° and latitudes between 38.3° - 38.4°
(GFZ and its surroundings) has negative Coulomb,
normal, shear and deviatoric stress values. In Figure 8,
the area between the longitudes 26.6° - 26.7° represent
the highest negative deviatoric stress values. In Figure
11, it is seen that this area also has negative shear
stress values (which were obtained from horizontal
movements based on GNSS) and deviatoric stress
values (obtained from gravity values) therefore it can
be said that GFZ represents completely the sense of
strike - slip fault in this area.

The decreasing of the gravity and topographic
value amplitudes in the B - B' (Figure 7b) and C - C'
(Figure 7c) profiles is fit with the area between the
longitudes 26.6° - 26.7° which represents the highest
negative deviatoric stress values seen in Figure 8.
According to the isostatic compensated mechanism,
while the topographic values decrease / increase,
gravity value is expected to increase / decrease. In
the parts of B - B' (Figure 7b) and C - C' (Figure 7c¢)
profiles where come across with the highest negative
deviatoric stress valued region (Figure 8), the isostatic
compensated mechanism is not seen. Therefore, it
can be thought that a physical factor may affects the
density in these parts.

Additionally, the mean density estimations of the
subsurface structure in the study area were calculated
with Parasnis method by using Bouguer anomaly
values and topography values at 5 profiles (Figure 5)
(Table 1). The density, which was found as 2.59 gr
/ cm® in the north of the study region, decreased to
2.06, 1.8 and 1.49 gr / cm® towards to the south. Based
on the detailed geological map of the study region, it
can be said that this extreme density reduction may be
caused by sedimentary, volcanic tuff and pyroclastic
rock units (Sozbilir et al., 2009; Uzel et al., 2012).
Baba et al. (2019) pointed out the existence of possible
geothermal resources in the study area. The locations
of the possible geothermal resources may be related
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to the regions including low density and negative
magnetization and uncompensated region which were
found in this study.

The area which is located between the longitudes
~26.6° - 26.63° and the latitude 38.3° (Figure 8),
where is closer to region no: 2 of the B - B’ profile
(Figure 4b) both the gravity and magnetic values
decrease. Therefore, it can be said that there is an
effective factor which reduces the magnetic features
in these locations and its surroundings. Additionally,
this region represents negative amplitude deviatoric,
coulomb shear and normal stress values (Figures
8 - 11) and high negative Bouguer anomaly values
(Figure 5). In the magnetic map (Figure 3) and
correspondence analysis of the profiles (Figure 4), it
is seen that the magnetic anomalies reduce rapidly
and represent negative amplitudes in the south of
the study region. This finding is consistent with the
distributions (reducing from north to south) of the
mean density values of the crust (Table 1). The highest
reducing (approximately -500 nT) in the magnetic
anomaly (Figure 4b) coincides with the location at
longitude ~26.62° (Figure 8). In this region, which
has negatively high stress values, the existence of hot

crustal materials rising to shallower depths and high
deformation at lower crust can be thought.

The earthquakes occurred between the years
1970 and 2020 with M>4 which were obtained from
United States Geological Survey (USGS) were drawn
in Figure 12. If these earthquake distributions are
investigated with the deviatoric stress (Figure 12), it
is seen that there is no any earthquake at the region
which has high negative deviatoric stress values.

The region which has no seismicity (Figure 12)
has also high negative Coulomb (Figure 9), normal
(Figure 10) and shear (Figure 11) stress anomalies.
Additionally, the Bouguer gravity anomalies (Figure
5) represent high negative values in this region.
Therefore, it can be said that the crustal structure of
the region may be ductile. Because, if the density of
the crust is lower than the expected values, the form
of crust is ductile, so seismicity is not expected. In
addition, this idea is supported by the existence of
the geothermal sources (Baba et al., 2019) and the
findings related with the crust thinning (Figure 4) and
the non-isostatic balance conditions (Figure 7) in the
study area.

Figure 12- The deviatoric stress values with the earthquakes occurred between the years 1970 -
2020 (M > 4). The earthquake data was obtained from United States Geological Survey
(USGS, 2021; https://earthquake.usgs.gov/earthquakes/search/).
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ABSTRACT

Tectonic forces formed in the continental crust, cause permanent changes in stress, compression
and deformation. The amplitudes of earthquake waves vary with the stress/strain distribution in the
crust. In this study, the change of stress/strain and regional absorption coefficient, which is effective
in tectonic forces caused by elastic deformation energy accumulating in the brittle crust over time,
was investigated. The study area is the middle part of the North Anatolian Fault Zone and the area
formed by Ezinepazari fault zone and Merzifon fault zone. In this area, Coulomb stress analysis
was carried out by using the focal mechanism solution values of the earthquake that occurred in
Yoldere - Erbaa, Tokat on October 9, 2015 (M, =5.1). In order to examine the deformation caused by
this earthquake in and around the study area, Global Navigation Satellite System (GNSS) data were
evaluated and the velocities of these stations were calculated using GNSS data of these stations for
the years 2013-2014-2015-2016. Also, regional absorption coefficients were determined by using
earthquake data. As a result, Coulomb stress analysis results, velocity values distribution obtained
from GNSS data and absorption findings obtained from seismological study were evaluated together.

1. Introduction

1963). Many researchers have investigated Coulomb
stress variation (Harris and Simpson, 1992; Stein et

The internal force fields that cause the distortion

al., 1992; Cirmik, 2014; Cirmik et al., 2016; Cirmik

in the bodies can be approximately estimated based
on the deformation generated by the displacement of
the blocks during an earthquake. The kinematics of
continental deformation are shown by the horizontal
and vertical variation amounts derived by monitoring
the temporal changes of the coordinates, which allow
an estimate of the internal stress/strain amount in the
tectonic forces of such deformation. Increasing of the
effective stresses causes stresses, thus earthquakes
in the deformed areas of the fault zone (Chinnery,

and Pamukgu, 2017; Cirmuk et al., 2017; Affandi
et al., 2019). Changes in stress or strain in the crust
affect not just the velocity of seismic waves created
during the earthquake, but also the amplitudes of those
waves. There are numerous factors that affect seismic
absorption in the crust, and changing conditions have
a major impact (Tokséz and Johnston, 1981). The
lithological structure and stress/strain state of the
environment influence the absorption of earthquake
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energy that causes continental crust deformation in
the time-distance environment (reduction in wave
amplitude - increase). The rate of decrease in the wave
amplitude gives a good idea of the absorption (Aki,
1969). In our country and around the world, many
studies on absorption have been undertaken (Aki and
Chouet, 1975; Aydin and Kadirov, 2008; Ugalde et
al., 2010; Aydin, 2014, 2016). Pamukgu et al. (2015)
investigated vertical mass movements in the south of
[zmir. Furthermore, using the Coulomb software (Toda
etal.,2011), Cirmik et al. (2017) studied the kinematic
structure of the Giilbahge fault. The impact area of
the earthquakes nearest to the region was calculated
initially in this context. Then, using the software
Gamit/Globk (Herring et al., 2015), the GNSS data of
Continuously Operating Reference Stations (CORS-
TR) and the probable velocity structure in the region
was estimated.

Within the context of this study, stress and strain
distributions were calculated in Amasya-Tokat
provinces and the surrounding region, and absorption
analysis was undertaken for the same region. The
relationship between the absorption study results and
the Coulomb stress variation within the crust was
investigated, and the seismicity was compared.

2. Tectonics of the Study Area

Seismic activity in Anatolia, the North Anatolian
Fault Zone (NAFZ), the Aegean Graben System
(AGS), the East Anatolian Fault Zone (EAFZ), the
East Anatolian Compression Zone, the Hellenic
Cyprus Arc, and the Central Anatolian Plain Region,
six basic seismic regimes are used to express it. From
the Saros Gulf to Karliova, the NAFZ is around 1200
kilometers long (Figure 1). The NAFZ (Ketin, 1948;
Sengor, 1979; Sengdr and Natal’in, 1996; Sengor et
al., 2005) is one of the world's most active strike-slip
faults. The NAFZ connects the Aegean Taphrogene
with the Eastern Anatolian High Plateau and extends
parallel to the Black Sea for about 100 kilometers
(Taymaz et al., 1991; Kogyigit et al., 2001; Sengor
et al., 2005). The Ezinepazar fault (Saroglu et al.,
1987) is a 250-kilometer-long fault that originates
in the NAFZ and continues southwest through the
Ezinepazari, Amasya, and Sungurlu districts, ending
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near Delice (Saroglu et al., 1987). The Merzifon fault
is a 30-kilometer-long E-W directional fault that runs
along the Merzifon plain from the south (Arpat and
Saroglu, 1975; Saroglu et al., 1987) (Figure 1)

3. Method

3.1. Coulomb Analysis

Coulomb v3.3 software (Toda et al., 2011) is used
to calculate displacement, stress, and strain at any
depth caused by faults. Calculations in this software
are performed in an elastic half-space environment
containing the uniform, isotropic elastic properties
specified by Okada (1992). In the Coulomb criterion,
if the Coulomb stress (a;) exceeds a certain value, the
collapse that occurs on a surface is indicated by the
following equation:

(M

The shear stress at the failure surface is z;, the
normal stress is oy, the pore water pressure is p, and
the friction coefficient is p (Toda et al., 2011).

As aresult, the overall effect of the shear stress and
the normal stress change values equal the Coulomb
stress variation estimated for a medium.

3.2. Absorption Analysis

The method of decay of seismic wave amplitudes
overtime was utilized to find out the regional
absorption coefficient. The following formula is used
to calculate the amplitude decrease (absorption) (Aki
and Richards, 1980),

2

Where A,; x= 0 represents the amplitude (focal
amplitude) at time t= 0 and distance x= 0, w is the
angular frequency, and k is the number of waves.
Absorption can be defined in terms of frequency or
number of complex waves (Toks6z and Johnston,
1981).

The logarithm of the decrease in the amplitude of
the harmonic wave expresses the absorption of the
medium. A ; the amplitude at x; distance, A, the
amplitude at x, distance and (x,>X,), the absorption
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Figure 1- General tectonic and geological structure of the study region and its surroundings (modified from http://yerbilimleri.mta.gov.tr/
anasayfa.aspx). NAFZ: The North Anatolian Fault Zone, MOFZ: Merzifon Ovacik Fault Zone, EPFZ: Ezinepazar1 Fault Zone. The
red star represents the epicenter of the earthquake that occurred on October 9th, 2015 (M, =5.1).

coefficient (Chopra and Alexeev, 2004) is defined as
follows.

3)
“4)
4. Data and Findings

An earthquake with a magnitude of M,=5.1 and a
focal depth of roughly 5 km occurred near Yoldere -
Erbaa (Tokat) on 09 October 2015, according to data

from the Bogazi¢i University Kandilli Observatory
Earthquake Research Institute (KOERI, 2015).
According to the KOERI's estimated intensity map, the
intensity value was I.= V in the epicenter (Erbaa) and
I,= IV in Tokat province. The earthquake epicenter is
located over the NAFZ. The largest earthquake in the
region since 1900 (M = 7.0) struck Erbaa - Tokat on
December 20, 1942 (KOERI, 2015). The stress and
strain values caused by the 9 October 2015 Yoldere -
Erbaa (Tokat) (M, = 5.1) earthquake were computed
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by Coulomb v3.3 software using the earthquake
focal mechanism solution data (Table 1) provided by
KOERI (Figure 2, 3).

In the other step of the study, GNSS data belonging
to the CORS-TR stations were used to examine the
tectonic effects of the earthquake (M,=5.1) that
occurred in Yoldere-Erbaa district of Tokat province
on 9" October 2015 (Figure 4). 61 days of data
from the GNSS stations namely; TOK1 (Tokat, City
Center), RDIY (Tokat, Resadiye), GIRS (Giresun,
City Center), FASA (Ordu, Fatsa), SAM1 (Samsun,
City Center), VEZI (Samsun, Vezirkoprii) and
CORU (Corum, City Center) including 30 days (9™
September) before and 30 days (9" November) after
earthquake data were evaluated with Gamit/Globk
(Herring et al., 2015) software. The process was made
by taking the Eurasia plate fixed. The International
GNSS Service (IGS) stations; BUCU, GLSV, ISTA,

MATE, MIKL, NICO, PENC, TUBI, and ZECK
were chosen, and ITRF 2014 was utilized as the
International Terrestrial Reference System (ITRF).
Table 2 shows the GNSS data evaluation strategy
as well as the GNSS data assessment technique.

The time series (Figure 5) were constructed for the
date range corresponding to the 252" and 313" days,
and the date of 9" October 2015, which coincides with
the 282" day of 2015. The Eurasian plate was fixed in
the next step of this stage by analyzing the GNSS data
of these stations for the years 2013, 2014, 2015, and
2016, as well as their velocities (Figure 6).

Data from the Bogazigi University Kandilli
Observatory, as well as the Ministry of Public
Works and Settlement (Ministry of Environment,
Urbanization, and Climate Change)’s KVK (Kavak,
Samsun), RSDY (Resadiye, Tokat), and TOKT

Table 1- The source parameters used in the Coulomb v3.3 software (Toda et al., 2011).

Poisson Young Module | Coefficient of Institute . .
. . Strike Angle (°) | Dip Angle (°) | Rake Angle (°) Depth (km)
Ratio (bar) Friction Name
0.25 8x10° 0.4 KOERI 280 86 178 5

Figure 2- a) Shear stress, b) normal stress, and ¢) Coulomb stress values calculated by the earthquake focal mechanism data of KOERI (blue

color: stress release, red color: stress loading).
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Figure 3- The strain a) XX, b) YY, and ¢) ZZ component variations calculated by using the earthquake focal mechanism data of KOERI.

Table 2- The processing strategy of GNSS data.

Software

Gamit/Globk Version 10.71

Data range

30 sec./24 hours Daily data

Process days

9™ September — 9" November 2015 (between 2521 - 313" days of 2015)

Cut-off angle 10°

Ephemeris Data

IGS final orbital and IGS ERP folders

Antenna Phase Centre Data

The weighted phase center model was associated with the high angle (PCV-antmod.dat).

The parameters of Troposphere
2 hours.

VMEF1 (Vienna Mapping Function) was used. Zenith delay parameters were calculated every

International Terrestrial Reference System | ITRF 2014

Stabile Stations
IGS reference stations.

Eurasia fixed reference system was used.
BUCU, GLSV, ISTA, MATE, MIKL, NICO, PENC, TUBI, and ZECK stations were chosen as

Final Coordinate Calculation

61 days GNSS data were combined with GLOBK.

(Tokat) stations, were used in the absorption analysis
(Figure 7). A total of 192 mass wave data from three
stations (KVK, RSDY, and TOKT) were used in the
study, which included the effects of all three faults in
the area (Figure 7). These data were used to calculate
the absorption values of Pg and Sg waves (Figure 8).
The study included earthquakes with magnitudes
ranging from 3 to 5.1 and focal depths ranging
from 1.2 to 32 km, with the epicenter distances of

these earthquakes being around 150 km. For each
of the three sites, regional absorption values and
coefficients of Pg and Sg waves were determined.
Figure 8 shows the calculated Pg and Sg absorption
values for the earthquakes at the three stations. The
regional absorption coefficients were calculated using
these values (Table 3) and the regional absorption
coefficients' lateral tomography images are presented
in Figure 9.
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5. Discussion

The evaluation of GNSS data and Coulomb stress/
strain calculations in and around the Merzifon Fault
and Ezinepazar1 Fault zone within the scope of the
study region in the NAFZ were done in the first part of
this study. It was observed that the amplitude values
were generally low in and around the region where
the earthquake occurred, based on the stress and
strain results (Figure 2) obtained with the Coulomb
v3.3 software using the earthquake focal mechanism
solutions values (Table 1) specified by KOERI for
the Yoldere - Erbaa (Tokat) (M, = 5. 1) earthquake on
October 9, 2015.

According to the stress analysis results, stress
is released in the blue sections and loaded in the
red sections in the shear stress (Figure 2a), normal
stress (Figure 2b), and Coulomb stress (Figure 2c)
variations. In the shear stress values (Figure 2a), it
is seen that there is stress loading at the east and west

ends of the fault, where the red color dominates, and
stress releases at the northern and southern ends of
the fault, where the blue color dominates. According
to the normal stress values (Figure 2b), the stress is
loaded in the northwest and southeast sections of
the fault, and the tension is released in the NE - SW
segment. The energy originating from the earthquake
generates stress loading at both ends of the fault and
stress release in the northern and southern sections
of the fault, as seen in the Coulomb stress values
which contain the overall effect of shear and normal
stress (Figure 2c). In addition, the change values in
the strain's XX (Figure 3a), YY (Figure 3b), and ZZ
(Figure 3c) components were assessed as part of this
study. Negative amplitude strain occurs in the north
and south of the fault, while positive amplitude strain
occurs at both ends of the fault, according to the XX
component of the strain induced by the earthquake
(Figure 3a). In the YY component of the strain (Figure
3b), it is seen that negative amplitude values occur

Table 3- The coordinates of the stations and the Pg, Sg regional absorption coefficients.

Station Longitude (°) Latitude (°) Amount (kif"l;gl) (ksnsl;gl) 3Sg/ 6Pg Location

KVK 36.0463 41.0807 60 0.0203 0.0248 1.2216 SAMSUN
RSDY 37.3273 40.3972 57 0.029 0.0238 0.8207 TOKAT

TOKT 36.5445 40.3173 75 0.0106 0.0131 1.2359 TOKAT
TOTAL | - | - 192 | e e

Figure 4- The view of the CORS-TR stations located near the epicenter (Erbaa district of Tokat province) of the 9 October 2015 (M, =5.1). Red

dots: the locations of GNSS stations of CORS-TR, red star: the epicenter of the 9" October 2015 (M, =5.1) earthquake.
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Figure 5- The north, east and up components of the time series for the 252 - 312 days of 2015 of the stations a) TOK1, b) RDIY, ¢) GIRS,
d) SAM1, e) VEZI, f) CORU, and g) FASA.
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at both ends of the fault, whereas positive amplitude
values occur in the north and south. In the ZZ
component, negative amplitude values occur at both
northwestern and southeastern of the fault.

In the other step, the deformation of GNSS stations
induced by this earthquake was investigated with the
time series (Figure 5). As a general result, it was found
that the Yoldere - Erbaa earthquake on 9" October 2015
(M, = 5.1) did not generate significant deformation
in the region. However, in the time series of TOK1
(Figure 5a), it is seen that there is a movement at the
coseismic period (282" Julien day) at the northern
component. A movement was also detected in the
eastern component at the CORU (Figure 5f). It can
be said that the Tokat - Erbaa earthquake (M,=5.1)
caused deformation in the northern component at
TOK1 station which is closest to the epicenter. For
investigating the reason of the movement at CORU
(Figure 5f), which location is not close to the epicenter
(Figure 4), the tectonism of this region needs to be
studied in detail.

In the other step of the study, the velocities of the
GNSS stations were calculated for the years 2013,
2014, 2015, and 2016 (Figure 6). In Figure 6, it is
seen that the velocities of SAMI, FASA and GIRS
stations were slower than the velocities of VEZI,

CORU, TOK1, and RDIY stations. The directions of
the velocity vectors of the stations are towards NW in
general. According to the differences in the velocity
vector directions, it is seen that the north component of
the velocity of CORU is less dominant than the other
stations (Figure 6). The velocities of CORU (Corum,
City Center) and TOK1 (Tokat, City Center) are faster
than other GNSS stations in the region, as seen in
Figure 6. The difference in velocity vector direction
at the CORU station can be interpreted as the tectonic
structure of the region in which CORU is located is
different from the region of TOKI.

According to the findings of the study area, it can
be said that the crustal motion is stable. There are two
possible explanations for this event. First, an elastic
deformation in the study area might be explained by
the accumulation of energy or the fact that this area
is more rigid than others. Another option is that the
data was collected from stations that were relatively
unaffected by the earthquake since they were located
far from the epicenter. Therefore, GNSS measurements
on the bedrock representing the kinematic mechanism
should be pre-planned in the study area to determine
the underground deformation more precisely and in
detail, or continuous GNSS stations should be used to

continually monitor this tectonism.

Figure 6- The velocity vectors estimated with the Eurasian plate fixed using GNSS data of CORS - TR stations between the years 2013-2016.
The epicenter of the 9™ October 2015 (M, = 5.1) earthquake is shown by a red star
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Figure 7- The locations of the stations (KVK, TOKT, RSDY) and the distribution of earthquakes used in the absorption analysis. Burgundy
triangles represent the locations of the stations. NAFZ: North Anatolian Fault Zone, MOFZ: Merzifon Ovacik Fault Zone, EPFZ:

Ezinepazar1 Fault Zone.

Seismic waves are affected not only by the elastic
parameters, lithological, and chemical properties
of the medium but also by changes in the medium's
stress/strain properties (Aydin, 2011). A decrease in
absorption is caused by an increase in the underground
pressure. One of the elements controlling absorption
is pressure and/or stress as the first order (Aydin,
2011). The internal stress/strain distribution and
regional absorption variation, which are effective
in tectonic forces created by elastic deformation
energy accumulating in the brittle crust over time,
were explored in another step of the study in light
of this knowledge. For KVK, TOKT, and RSDY
stations, absorption values (Figure 8) and absorption
coefficients (Figure 9) were calculated. The highest Pg
and Sg absorption values in the region were obtained
from KVK (Figure 8a) and RSDY (Figure 8b) station,
whereas TOKT (Figure 8c) station had the lowest
absorption values. The regional absorption coefficient
(0p and &s) values in KVK and RSDY stations are

greater than the values in the TOKT station. (Figure 9).
The RSDY station has the highest Pg and Sg absorption
(Figure 8b) and regional absorption coefficients values
(Figure 9a, and 9b). Therefore, it can be said that the
crustal structure of RSDY and its surroundings have
intense faulting mechanism than the crustal structure
of KVK and its surroundings. The reason of lower
values of TOKT station (Figure 8 and Figure 9) than
others can be explained by the fact that the location of
the TOKT is close to the MOFZ and EPFZ, as seen in
Figure 9. In addition, the lowest findings (Figure 9)
show that TOKT and its surroundings are under more
pressure than the other two stations. These findings
show that the compression impact is stronger in the
region between NAFZ and EPFZ than other regions
and lower compression affects Resadiye (Tokat) and
its surroundings.

When the Coulomb stress values obtained from the
Coulomb analysis are compared with the locations of
the seismology stations used in the study (Figure 10),
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Figure 8- In(A) — A (km) graphs and Pg - Sg absorption values of the stations; a) KVK, b) RSDY and ¢) TOKT.

it is observed that the TOKT station is located in the
stress relaxation region caused by the 9% October
2015 earthquake, while RSDY and KVK stations are
outside the impact area.

6. Results

According to the stress and strain values calculated
with the Coulomb software using the earthquake focal
mechanism solutions values of the 9" October 2015
Yoldere-Erbaa (Tokat) (M, = 5.1) earthquake, the
shear, normal, and Coulomb stress values are changing
between -0.01 - 0.01 bars The XX, YY and ZZ
components of the strain values have values ranging
from -1*10% to 1*10%. As a result, the amplitude of
the stresses and strains caused by the earthquake are
generally low in and around the region where the
earthquake occurred.

The J&p absorption coefficients ranging from
0.01 to 0.03 and s absorption coefficients ranging
from 0.0135 to 0.025 of the lateral tomography of
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the study area. According to the regional absorption
coefficients, it can be said that the stress accumulation
surrounding and under the crust of the TOKT station,
where the absorption was the least, are greater than
the other two stations. It can be deduced that pressure
is accumulated, particularly around the MOFZ and
EPFZ and their surroundings.

While the velocity is 20 mm per year for NAFZ
and its surroundings, it is far below 20 mm per year
at sites (SAMI1, FASA, GIRS) located in the north
of the NAFZ. The fact that the stations located in the
north of the NAFZ (SAM1, FASA, GIRS) have slower
velocities than the others (VEZI, RDIY, CORU,
TOK1) can be obtained with the effect of the sense of
NAFZ (right-lateral strike-slip fault).
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Figure 10- Coulomb stress changes on the study field. NAFZ: North Anatolian Fault Zone, MOFZ: Merzifon Ovacik Fault Zone, EPFZ:

Ezinepazar1 Fault zone.
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ABSTRACT

The closure of Tethys Ocean has led to shaping the Central Pontides together with different types of
rocks. Inthe east of Kargi (Gokgedogan), which is located in the Central Pontides, allochthonous rocks
of Late Palaeozoic- Early Cenozoic age and autochthonous units exist together, and allochthonous
rocks present various tectono-stratigraphical sequences. Distinctive tectonic slices developed in the
area as a consequence of the thrusting of the Permian carbonates from the north towards the south
over the Middle Jurassic accretionary Complex (Kunduz Metamorphites) that form the basement of
the area, and also because of the thrusting of the units of the Kirazbasi Complex (ophiolitic melange)
and Mesozoic carbonate rocks over this basement from the south towards the north because of
the closure of Tethys Ocean. This paper presents whole-rock geochemical data, which suggest that
the metabasites and the ophiolitic basalts are tholeiitic. The Jurassic metabasites from the Kunduz
Unit and basalts from ophiolitic melange are characterized by the mid-ocean ridge basalt (MORB)
and within plate tholeiites. This paper highlights the occurrence of the tectonic slices in the area is
closely related to the tectonic evolution of the Tethys Ocean.

1. Introduction

and Yilmaz, 1981; Sengor et al., 1982; Okay et al.,
1994; Lefebvre et al., 2013).

The Pontides comprise an east-west trending

mountain belt in the northern Tiirkiye and are accepted
asa 1500 km long part of the Alpine-Himalayan belt by
Ketin (1966). The Pontides separated from the edge of
Southern Eurasia in Late Barremian or Aptian times,
during the subsidence of the Black Sea Basin (Finetti
et al., 1988; Goriir, 1988; Robinson et al., 1996; Rice
et al., 2006; Hippolyte et al., 2010; Nikishin et al.,
2015). Later that sequence deformed by colliding with
Kirsehir and Anatolide-Taurid microcontinents with
the closure of branches of the Tethys Ocean (Sengér

The Pontide Belt is commonly classified as the
western, the central, and the eastern Pontides (Okay
et al., 1994), and is also divided into the Istanbul, the
Istranca, and the Sakarya zones. Due to the closure
of Paleotethys Ocean and Intra-Pontide Ocean, the
suture zones formed in this belt (Okay et al., 2013).

The Central Pontides consist of metamorphic,
magmatic, oceanic, and sedimentary rock groups,
ranging in age from Late Paleozoic to Early Cenozoic
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(Robertson, 2002; Robertson and Ustaomer, 2004;
Robertson et al., 2006; Okay et al., 2006, 2013; Okay
and Nikishin, 2015; Aygiil et al., 2015b, 2016).

Pre-Jurassic high pressure-low temperature (HP/
LT) metamorphic rock units and younger ophiolitic
rock units outcropping in the wide areas in the
south of the Central Pontides are the products of the
subduction-accretional complex which emerged with
the closure of Tethys ocean (Okay et al., 2006, 2013;
Marroni et al., 2014; Aygiil et al., 2015a, 2015b, 2016;
Celik et al., 2016, 2018). This zone has been referred
as being tectonic complexes and as metamorphic
complexes (Domuzdag, Kunduz, Cangaldag, Saka,
Middle Jurassic Accretionary Complex) by many
researchers (Tiystliz, 1990; Ustadmer and Robertson,

1997; Yilmaz et al., 1997; Okay et al., 2006, 2013;
Celik et al., 2016; Altherr et al., 2020). These areas
which include Middle Jurassic and Cretaceous
Accretionary Complex are also named as Central
Pontide Supercomplex (Figure 1a) (Okay et al., 2013;
Marroni et al., 2014; Okay and Nikishin, 2015) or
Central Pontide Structural Complex (CPSC) (Tekin et
al., 2012; Cimen et al., 2016, 2017, 2018). The area
has undergone metamorphism in greenschist facies in
general with the emplacement of Tethyan ophiolites
(Okay and Gonciioglu, 2004). This change was
reported to occur in the Albian stage under low pressure
and temperature conditions (LP, LT) in consideration
of the results obtained by finding the 107.0 + 4.6 Ma
— 114.1 + 3.3 Ma age from the metamorphic rocks in
greenschist facies (Okay et al., 2013).

Figure 1- a) Position of the study area between Tiirkiye’s structural zones (Gonciioglu, 2010; Eyiiboglu et al., 2014; Cimen et al., 2017; Giinay
et al., 2018), and b) position of the study area in the Central Pontide Supercomplex (Tiiysiiz, 1990; Okay et al., 2013, 2014; Aygiil

etal., 2016).
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After the age determination studies carried out
in the before-mentioned supercomplex in recent
years, 3 distinctive units are identified; 1: Middle
Jurassic subduction/accretionary complex in the south
part; 2: Kirazbast Complex formed by an ophiolitic
melange and; 3: Domuzdag Complex with varying
metamorphism conditions towards the north have
been identified in the eastern Kargi area (Figure 1b)
(Aygiil et al., 2016). Celik et al. (2016) conducted an
age determination of “°Ar/*°Ar from the amphiboles of
Jurassic metabasites in the Accretionary Complex and
determined that the cooling age is in between 159.4 +
0.4 Ma and 163.5 = 0.8 Ma. Owing to the coexistence
of allochthonous rocks and autochthonous units of
Late Palacozoic—Early Cenozoic age range in the area,
there are various tectono-stratigraphical sequences in
the east of Kargi (Gokgedogan).

Uguz and Sevin (2009) reported that the
allochthonous rocks are formed by lower and upper
tectonic slices in the area and that the metamorphic
rocks (Bekirli Formation) are autochthonous. Some
researchers argue that the metamorphic complexes
identified in the Central Pontides have allochthonous
nature (Ustadmer and Robertson, 1997, 1999; Okay
et al., 2006, 2013; Cimen et al., 2016). Certain kinds
of stratigraphic sequences have been formed in the
study area together with the thrust of Palacozoic and
Mesozoic carbonate rocks over the units which belong
to the Middle Jurassic accretionary Complex and the
Kirazbagt Complex (Okay et al., 2013). Geological
mapping, new geochemical data, and isotopic age
data in the Central Pontides in recent years have
revealed different geodynamic models (Okay et al.,
2014; Aygiil et al., 2015b; Giicer et al., 2016; Cimen
et al., 2016, 2017, 2018; Giinay et al., 2018). For this
reason, more detailed mapping studies should be done
and associated with these regions. In addition, there
are Cyprus type and Besshi type massive sulphide
mineralizations associated with mafic tholeiitic
volcanism, metavolcaniclastics, and metaclastics also
there are arc-back arc geochemical signatures in the
Central Pontides (Cakir, 1995; Altun et al., 2015;
Cimen et al., 2016; Akbulut et al., 2016; Giinay et al.,
2018, 2019; Yal¢in, 2018).

This study describes for the first time the
tectonic slices formed by Gok¢edogan and adjacent
lithostratigraphic units, a detailed geology map, and

a structural element map with a scale of 1/25.000.
The main objective of this paper is to exhibit the
relationship of the rocks in the field. Then we model
their tectonic evolution with the help of geochemical
analysis of basalts in different ages within the detailed
geological information.

2. Geology

The Kiire volcanogenic massive sulphide (VMS)
Cu deposit (Kastamonu), established in the Central
Pontides is held in the Cyprus type (Ustadmer and
Robertson, 1997; Cakir, 1995; Altun et al., 2015;
Akbulut et al., 2016) or Besshi type (Kog et al., 1995).
Another VMS deposit is located 54 km north of the
study area was observed within the metamorphic
rocks in the Cangaldag complex (Donmez et al.,
2013; Giinay et al., 2018). Yal¢in (2018) identified
that stratiform type Cu-Zn mineralization occurred in
metamorphic rocks on Gok¢edogan (Kargi-Corum)
and explained the formation of the ore. Geological
informations declared that the mineralization is
metamorphosed VMS deposit and is complementary
to the Besshi-type Cu-Zn deposits (Yalgin, 2018).
Gilinay et al. (2019) identified Zeybek VMS deposit
in the Central Pontides near the study area. Detailed
geological maps and supporting geochemical data will
constantly be required, as the relevant VMS deposits
in this province are recognized.

Various types of Paleozoic, Cenozoic and
Quaternary rock groups showing structural and
stratigraphic contacts are present in the study area
(Figure 2). Different tectono-stratigraphic sequences
have occurred in the region where carbonate rocks are
thrusted not only to units belonging to the ophiolitic
mélange (Figure 3a, b) but also to the Kunduz
Metamorphics of the ophiolitic mélange (Figure 3c,
d).

2.1. Allochthonous Units

Allochthonous rock groups are extensively
observed in the study area and are represented by the
Kunduz metamorphites and the ophiolitic melange.
All these rocks are covered by the Permian and
Jurassic-Cretaceous carbonate rocks. Allochthonous
rocks overlained by autochthonous units.
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Figure 2- Geology map of the study area.

Figure 3- Observed thrusts in the study area; a) carbonate rocks belonging to the Inalti Formation thrusting onto the Saraycik
Formation west of Gélet, looking northwest from the southeast, b) thrusting of carbonate rocks belonging to the Inalti
Formation to the Calarasin Formation in the neighborhood of Calarasin and around Go6lkéy, looking northwest from the
southeast, ¢) thrusting of Saraycik Formation to Kunduz metamorphites in the northeast of Gok¢edogan plateau, looking
northwards from the south, and d) thrusting of Saraycik Formation to Kunduz metamorphites southeast of Kasimlar,

looking northwards from the south).
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2.1.1. Kunduz Metamorphites

Kunduz Metamorphites which form the basement
of the area and is composed of metamorphic rocks
(Tiiysiiz, 1990) expands over a large part of the study
area (Figure 2). It is composed mainly of mica-rich
metasandstone, quartzite, phyllite, metabasite, mica
schist, gneiss, marble blocks, amphibole schist and
metachert, (Yilmaz and Tiysiz, 1984). Middle
Jurassic age has been determined for this unit located
in the accretionary complex belonging to the Central
Pontide Supercomplex (Marroni et al., 2014; Okay
et al., 2013; Okay and Nikishin, 2015) and this unit
can be corelated with Bekirli Formation described by
Yilmaz and Tiysiiz (1984). Martin Complex, which
is showing geological features similar to Kunduz
Metamorphites, consists of an interlayers of metabasite
and chert, which is composed of similar lithologies
and possibly deposited in an oceanic environment
(Okay et al., 2013).

This unit is overlain by Middle Eocene Begpinar
Formation with angular unconformity near the
study area (Uguz and Sevin, 2009) and by ophiolitic
melange, Jurassic-Cretaceous Inalti Formation, and
Permian Camdag Formation with a tectonic contact
(Figure 2).

2.1.2. Ophiolitic Melange (Kirazbasi Complex)

Ophiolitic Melange which belongs to the Kirazbasi
Complex (Tiiysiiz, 1990; Rice et al., 2006; Aygiil et
al., 2016) is composed of Kargi Ophiolite, Saraycik
and Calarasin Formation. Kargi Ophiolite consists of
dunite, serpentinite, spilitic lava on gabbro (Yilmaz
ve Tiysiiz, 1984; Uguz and Sevin, 2009), Saraycik
Formation consists of metadiabase, metabasalt,
radiolarite, chert, mudstone and pelagic limestones
(Y1lmaz and Tiysiiz, 1984; Okay et al., 2006; Rice
et al., 2006) and Calarasin Formation consists of thin
bedded, siltstone intercalated with sandstone-shale
and mudstone alternation (Y1ilmaz and Tiiysiiz, 1984)
respectively. The contact relations between these
units are tectonic in some areas and generally lateral-
vertical transition. On the other hand, the ophiolite
and ophiolitic melange units in the accretionary
complexes in the Central Pontides are also defined as
the Kizilirmak Ophiolite or the Kirazbasi Complex
(Tiysiiz, 1990; Yilmaz et al., 1997; Ustadmer and
Robertson, 1997; Tiiysiiz and Tekin, 2007).

Yilmaz and Tiiysiiz (1984) stated that the fossils in
the carbonate rocks within the mélange are of Upper
Cretaceous age. The ophiolitic melange is tectonically
overlain by Paleozoic metamorphosed carbonates
and Mesozoic carbonate rocks and this unit overlies
Kunduz metamorphites and Bespinar Formation with
a tectonic contact (Figure 2).

2.1.3. Inalti Formation

Inalti1 Formation is composed of fossiliferous
limestones and recrystallized limestones which was
named as Inalti limestone for the first time by Ketin
and Giimiis (1963) is observed in the study area around
Golkdy, Gokgedogan plateau, Obek hill, Golet plateau,
in the north of Calarasin neighbourhood and around
Kanlitarla Hill (Figure 2). The age of the unit which
has a massive appearance and contains plenty of fossil
was determined as Jurassic-Cretaceous by Siitgii et al.
(1994), as Late Jurassic by Aydin et al. (1995) and as
Late Jurassic-Early Cretaceous by Derman and Sayili
(1995) and Tiysiiz (1999). Contact relations of the
Formation are primarily tectonic and the unit thrusts
over ophiolitic melange and Kunduz Metamorphites
with tectonic contact. Since its relationship with
Permian aged recrystallized limestones is not observed
in the study area, the base contact relationship has not
been determined.

2.1.4. Camdag Formation

The Permian Camdag Formation consists mainly
of neritic limestone and recrystalised limestone
(Ozgiil et al., 1981; Uguz and Sevin, 2009). Its main
outcrops lie in Kiglacikgal hill, in the north of Pelitozii
neighbourhood and in the west of Kozulca (Figure
2). The age of the sequence which is also seen in
marble levels due to metamorphism is Permian (Uguz
and Sevin, 2009). Contact relations of the unit are
primarily tectonic. Since the base levels of Permian
aged carbonates could not be traced, the base contact
relationship could not be determined in the study area.
The unit thrusts over Kunduz Metamorphites in the
north of Pelitdzii and in the west of Pelitdzli plateau
with tectonic contact (Figure 2).

2.2. Autochthonous Units

The autochthonous units overlie the units older
than themselves with angular unconformity. They
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are Begpinar Formation, Yedikir Formation, Ilgaz
Formation and Quaternary clastics.

The Bespmnar Formation consists mainly of
sandstone, conglomerate, limestone and marl (Y1ilmaz
and Tiiysiiz, 1984), and observed along the NE-SW
direction starting from the northern Safranlik ridge
to the Tiridinkiran hill in the study area (Figure 2).
The unit is tectonically overlain by the allochthonous
Saraycik Formation to the north of the Safranlik
ridge. The age of the unit was determined as Upper
Cretaceous-Lower Eocene (Y1lmaz and Tiiysiiz, 1984)
and this unit can be corelated Kadikizi Formation
described by Rice et al. (2006) whose age is Middle
Eocene by the age of the nummulites.

The Yedikir Formation, consisting of sandstone,
marl, and limestone, was named by Giimiissu (1980).
It is observed to the NW of the study area and overlies
the Kunduz metamorphites and the Camdag Formation
with the angular unconformity. The age of the unit has
been determined as Upper Miocene-Lower Pliocene
by Geng et al. (1991).

The Upper Pliocene Ilgaz Formation consists of
sandstones, conglomerates, and siltstones (Hakyemez
et al., 1986; Tiirkecan et al., 1991). This unit
unconformably overlies ophiolitic melange rocks and

the Kunduz Metamorphites in the south of the field
area.

Slope debris and alluvium are composed of
unconsolidated mixtures of gravel, block, sand, silt,
and clay.

2.3. Tectono-stratigraphy

Allochthonous units, which are made up of
rock associations representing various geotectonic
environments, present various stratigraphic sequences
in accordance with their structural locations (Figure
4). These sequences have been identified as three
different tectonic slices: G6lkoy Tectonic Slice (GTS),
Pelit6zii Tectonic Slice (PTS), and Ophiolitic Melange
Slice (OMS) (Figure 5). The metamorphic basement
rocks located in accretionary complexes in the Central
Pontides is tectonically overlain by ophiolite and
ophiolitic melange units (Yigitbas et al., 1990; Okay
et al., 2006; Tiysiiz and Tekin, 2007; Tiiysliz, 2017).
In addition, Paleozoic and Mesozoic carbonate rocks
thrusts over the Kunduz Metamorphites and Ophiolitic
Melange in the study area. These imbrication structures
led to different tectono-stratigraphic sequences.

The GTS is represented by the tectonic contacts
of Kunduz Metamorphites, the Ophiolitic Melange,
and the Inalti Formation (Figure 6). The PTS has

Figure 4- Structural map of the study area.
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Figure 5- Cross-section through the study area.

Figure 6- General view of the units forming the G6lkdy tectonic slice in the field (looking northwards from Malkaya Hill).

been formed by Camdag Formation and Kunduz
Metamorphites (Figure 7) and the OMS has been
formed by Ophiolitic Melange, Bespinar Formation,
and Kunduz Metamorphites (Figure 8) via tectonic

contacts.

3. Sampling and Analytical Methods

In the study area, 9 metabasites from Kunduz
Metamorphics and 14 basalt samples from ophiolitic
melange were collected due to the presence of
basalts of different origin in the study area. X-ray
Fluorescence (XRF) and Inductively Coupled Plasma

Mass Spectrometry (ICP-MS) analyses of the samples
were performed at Istanbul Technical University
Geochemistry Research Laboratory (ITU-JAL).

Geochemical analysis of the samples was
performed via BRUKER S8 TIGER model X-ray
fluorescence spectrometer (XRF) and PerkinElmer
ELAN 6000 DRC-e model Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). Before the
ICP-MS analysis, milled samples were completely
decomposed in an acid mixture on BERGHOF speed
wave TM MWS-3+ model microwave device. Also,
to validation of XRF, microwave digestion, and ICP-
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Figure 7- General view of the units forming the Pelitozii tectonic slice (looking eastward from the west at southern of Kislacikcal
Hill).

Figure 8- General view of the tectonic slice formed by Ophiolitic Melange (looking northwards from the south at southern of
Safranlik Hill).
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MS methods the certified reference material (CRM)
was used.

The reagents were all of the certified analytical-
grade purity. Pure water was obtained with Zeneer UP
900 model water purification system. The maximum
resistivity of pure water was 18.3 M,, .. Hydrochloric
acid (HCL) 37% (w/v), nitric acid (HNO,) 65%, (w/v),
hydrofluoric acid (HF) 38-40% (w/v) and boric acid
(H;BO,;) were supplied by Merck. The mix standard
solution of 10 mg/l of yttrium (Y), thorium (Th),
lanthanum (La), samarium (Sm), and ytterbium (Yb,)
and as 225 an internal standard, 1000 mg/1 of rhenium
(Re) solution were supplied by PerkinElmer. The
CRM is (GSP-2) from the United States Geological
Survey (USGS).

Samples were crushed by a jaw crusher. The
material was then dried in an oven at 105 °C for 24
hours. After the drying process, the grain sizes of
10-15 g samples were reduced to 177 pm by using
RETSCH (RS-200) model milling device. The milling
process was carried out for 1-2 min at 1250 rpm.
All dried and powdered samples were stored in a
desiccator to protect them from humidity.

XRF analysis was used to determine major oxides
and niobium (NDb), zirconium (Zr). The milled samples
were pressed, pelleted then analyzed to determine
major and some of trace elements concentration by
using XRF (Detection limits for S§ TIGER XREF;
Y-Th: 0.3 ppm).

Microwave digestion process was effectuated
in two steps. The microwave digestion steps were
performed with the described program (power 90%,
temperature 180 °C, pressure 20-30 bar, ramp time 10
minutes, hold time 20-25 minutes). In the first step
which all samples were decomposed; approximately
100-200 mg of milled sample was weighed to high-
pressure digestion on teflon vessel. Then, 8 ml of aqua
regia (3:1, HCl: HNO,) and 1 ml of HF were added
to each vessel. Subsequently, the vessels were closed
tightly and placed in the microwave device. When
the first step finished, the vessels were cooled and
carefully opened at the fume hood. In the second step,
the excess of HF was removed to prevent damage to
glass and quartz parts of ICP-MS equipment. For this

purpose, 6 ml of H,.BO, 5% (w/v) solution was added
to each vessel. Then, the vessels were closed tightly
and placed in the microwave. The damaging effect
of HF has been eliminated after the occurrence of the
following reaction (Equations 1 and 2) ;

H,BO, + 3HF — HBF,(OH) + 2H,0 (1)
HBF,(OH) + HF — HBF, + H,0 )

After the second step finished, the vessels were
cooled and carefully opened. Each digested sample
was transferred by washing pure water to a 50 mL
volumetric flask. Thus, solutions of samples were
obtained. By the same digestion method, the same
acid mixture was added to the empty vessel to prepare
the blank solution for ICP-MS analysis.

ICP-MS analysis was used to determine Y, Th, La,
Sm, and Yb. As an internal standard, 50 ng/l of Re
solution was added to the sample solutions which were
obtained by microwave digestion. The calibration
standards were prepared from the stock mix solutions.
The calibration points of graphs were 5, 10, 50 and 100
pg/l. Calibration graphs were linear and the square of
the correlation coefficient (R?) was at least 0,999 for
each element. Solutions of standards, sample, and
CRM were diluted and they were analyzed three times.
Relative standard deviation (RSD) % values were kept
below 5% throughout the analysis. Also, after all three
samples, contamination was checked by analyzing the
blank solution (Detection Limits for ELAN DRC-e
ICP-MS; Y-Th-La-Sm-Yb: 0.0005 ppb).

4. Petrography

Metabasites crop out in and around Pelitdzli and
west of Gokg¢edogan districts. Although the weathered
surface of metabasites is gray, greenish-gray and dark
green, the freshly fractured surface is green, greenish-
white, and gray (Figure 9a, b). The metabasites around
Pelitozii are thickly bedded (Figure 9a), while the
metabasites west of Gokcedogan are thinly bedded
(Figure 9b). The metabasites of western Gokcedogan
are still extremely well foliated correlated to the
metabasites around Pelitézii (Figure 9b). Banded
pyrite levels are farther prevalent in this zone and
limonitic zones are still observed depending on the
mineralization.
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Figure 9- a), b) Field view of metabasites belonging to the Kunduz metamorphites, c), d) polarizing microscope images of
metabasites belonging to the Kunduz metamorphites, e), f) field view of basalts belonging to the Ophiolitic Melange,
g), h) polarizing microscope images of basalts belonging to the Ophiolitic Melange, Abbreviations: (act) actinolite,
(Fe-ox) iron oxide, (prx) pyroxene, (chl) chlorite, (ep) epidote, (qz) quartz, (pl) plagioclase, (tr) tremolite.
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In the petrographic study of the metabasites in
the Kunduz metamorphics, it was seen that the major
mineral was actinolite. In supplement, pyroxene,
quartz, muscovite, epidote minerals, and Fe-oxide
are still staged in the rock (Figure 9c, d). Actinolite
minerals were oriented by the deformation effect and
nematoblastic and fibroblastic textures developed in
the rock. In general, as a result of the alternation of
quartz and actinolite, it was ascertained that the grano-
nematoblastic texture was predominant in the rock
(Figure 9c, d).

The weathering color of the pillow basalts
outcropping around the Devebagirdig1 creek is gray
and brown. Basalts show a relatively thick sequence
in this district. Since it is in the zone adjacent to the
thrust zone, crushed zones have developed within the
unit (Figure 9d, e).

In the petrographic examination of basalts applying
to the ophiolitic melange, mineral paragenesis consists
of plagioclase, tremolite, actinolite, and volcanic glass.
The main texture in basalts is in the form of pilotaxitic
character (Figure 9g, 9h).

5. Whole Rock Geochemistry

In order to reveal the origins and geotectonic
positions of the rocks major, trace and rare earth

element analysis of the data obtained from metabasite
of the Kunduz Metamorphites (Table 1, 2, 3) and from
the basalt belonging to ophiolitic melange (Table 4, 5,
6) was carried out and presented in diagrams.

In the Zr/Ti versus Nb/Y diagram (Pearce, 1996)
metabasite and basalt samples plot in the basalt area
(Figure 10). Protoliths of the Kunduz metamorphites
and basalts from the ophiolitic melange exhibit the
tholeiitic character in Nb/Yb versus TiO,/Yb diagram
(Pearce, 2008) (Figure 11). The TiO,/Yb and Nb/
Yb ratios of metabasites are greater than basalts.
Metabasites represent deep melting in the ocean island
basalt (OIB) area. Basalts of the ophiolitic melange
are settled in the normal mid-ocean ridge basalt
(NMORB) area in this diagram and display shallow
melting (Figure 11).

Chondrite normalized trace element trends display
enrichment in the Light Rare Earth Elements (LREE’s
e.g., La, Ce, Nd) for metabasites of the Kunduz
Metamorphites relative to basalts belonging to the
Ophiolitic mélange. The Heavy Rare Earth Elements
(HREE’s e.g., Er, Tm, Yb, Lu) exhibits almost flat
trends for each unit (Figure 12).

The metabasites of Kunduz Formation and the
basalts of ophiolitic melange display with MORB

Table 1- Major oxide analysis results of the metabasites belonging to the Kunduz Metamorphites.

Sample K2-13 K2-28 KGD-303 | KGD-336 | KGD-565 | KGD-567 | KGD-622 | KGD-626 | KGD-627
Latitude (°N) 36.800 39.420 39.430 39.374 42.551 42.655 30.987 36.003 36.003
Longitude (°E) 56.816 56.728 56.910 56.885 57.016 57.029 58.800 63.818 63.815
Major Oxides (%)
Sio, 41.16 44.49 44.18 47.59 46.59 39.34 42.63 45.12 46.64
ALO, 11.06 12.07 11.62 10.59 13.58 12.72 12.46 13.01 11.07
Fe,0, 14.32 13.93 14.61 13.24 15.50 14.36 15.06 14.89 12.82
MgO 9.94 9.21 9.18 10.52 11.41 10.74 10.77 9.61 8.97
CaO 10.19 10.86 11.87 10.66 10.50 9.80 9.66 7.84 10.08
Na,O 2.86 2.74 2.46 2.72 1.34 2.58 2.67 2.58 221
K,0 0.29 0.08 0.05 0.07 0.23 0.48 0.08 0.40 0.32
TiO, 1.67 1.64 1.32 1.94 4.56 3.52 2.18 2.92 3.69
P,Oq 0.19 0.14 0.15 0.05 0.45 0.75 0.25 0.36 0.39
MnO 0.21 0.21 0.22 0.23 0.30 0.29 0.21 0.23 0.28
Cr,0, 0.41 0.03 0.05 0.00 0.21 0.00 0.03 0.00 0.00
LOI 7.51 3.48 3.24 3.07 3.90 5.08 3.78 2.66 1.96
TOTAL 99.8 98.88 99.68 99.68 99.57 99.67 99.78 99.62 99.56
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Table 2- Trace element analysis results of the metabasites belonging to the Kunduz Metamorphites.

Trac?piﬁ’;‘e“ts K2-13 | K228 | KGD-303 | KGD-336 | KGD-565 | KGD-567 | KGD-622 | KGD-626 | KGD-627
Sc 98.35 81.05 141.79 97.10 140.68 107.22 79.32 80.91 52.30
Y 27.47 25.01 23.38 23.16 22.48 27.82 23.80 23.05 23.24
Th 0.57 0.49 0.45 0.10 1.42 1.75 0.64 0.56 0.17
Li 19.06 12.05 12.47 9.91 15.45 13.43 42.84 13.85 1.75
Be 0.80 0.90 0.90 0.24 1.30 1.04 0.55 1.02 0.61
Ga 16.27 16.34 14.01 11.98 17.39 17.91 16.20 14.16 1.84
\Y 374.00 356.00 6188.00 509.00 781.00 6365.00 0.00 0.00 651.00
As 73.00 63.72 34.82 17.96 42.10 45.01 23.21 7.54 48.72
Se 7.59 6.33 0.00 0.61 25.28 5.49 2.00 0.00 0.00
Rb 4.92 1.57 0.19 0.58 2.95 4.79 0.94 4.48 1.13
Ag 0.41 0.34 1.01 0.53 0.00 0.00 0.11 0.40 0.52
Cd 1.20 2.36 0.86 0.13 0.17 0.04 0.10 0.05 0.29
In 0.08 0.08 0.07 0.04 0.07 0.04 0.05 0.11 0.00
Cs 0.60 0.09 0.00 0.10 0.11 0.76 0.08 0.80 0.49
Nb 6 7 6 3 8 7 6 6 7
Tl 0.03 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zr 82 86 80 74 106 131 140 158 156
Ti 10009 9830 7912 11628 27332 21098 13066 17502 22117
Hf 1.14 1.13 0.90 0.79 1.83 1.68 0.36 6.81 0.00
Ir 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.02 0.00
Sb 0.54 0.95 0.94 0.45 0.55 3.58 0.65 5.99 0.21
Sn 1.25 1.05 0.84 0.59 1.98 0.90 2.30 2.73 0.53
Te 0.06 0.07 0.10 0.08 0.05 0.06 0.07 0.09 0.08
Ta 0.40 0.44 0.50 0.39 0.41 0.56 0.38 0.49 0.50

Nb/Y 0.21 0.27 0.25 0.12 0.35 0.25 0.25 0.25 0.30
Zr/Ti 0.008 0.008 0.010 0.006 0.003 0.006 0.010 0.090 0.007
Nb/Yb 6.02 7.20 5.92 3.07 3.29 3.79 4.57 3.05 3.74
TiO,/Yb 1.67 1.68 1.30 1.98 1.87 1.90 1.66 1.48 1.97
Table 3- Rare earth element analysis results of the metabasites belonging to the Kunduz Metamorphites.

REE (ppm) K2-13 K2-28 KGD-303 | KGD-336 | KGD-565 | KGD-567 | KGD-622 | KGD-626 | KGD-627
La 6.62 6.26 5.64 9.45 17.95 22.56 7.07 9.85 6.05
Ce 17.08 15.57 14.16 14.70 39.86 49.64 17.10 24.75 12.10
Pr 2.33 2.10 2.05 2.95 5.14 6.47 3.52 5.80 2.01
Nd 11.59 10.62 9.96 9.09 23.09 29.30 15.20 25.55 10.03
Sm 341 3.20 2.95 2.15 5.52 6.82 5.34 9.28 6.01
Eu 1.17 1.19 1.10 0.88 2.02 2.59 1.95 3.31 1.01
Gd 4.87 4.63 4.34 3.36 6.83 8.47 7.49 12.85 3.01
Tb 0.78 0.75 0.67 0.70 0.88 1.06 1.58 2.62 1.00
Dy 5.17 4.82 4.22 4.45 4.85 5.85 8.60 14.13 4.02
Ho 1.06 0.99 0.87 1.07 0.88 1.08 2.13 3.53 1.01
Er 3.05 2.84 2.45 2.94 2.39 2.88 5.44 8.83 3.02
Tm 0.41 0.38 0.33 0.48 0.29 0.34 0.92 1.48 0.61
Yb 0.99 0.97 1.01 0.98 243 1.85 1.31 1.97 1.87
Lu 0.33 0.30 0.29 0.43 0.23 0.25 0.84 1.39 0.31
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Table 4- Major oxide analysis results of the basalts belonging to ophiolitic melanges.

Sample K2-37 | K2-38 | K3-39 | K2-43 | K2-44 | K2-45 | K2-46 | K2-47 KG(;E' Kggg' *;%i’ ';fs';' 'gg'%' Kg(i?'
Latitude ("N) |36.471 |36.471 |36.471|36.457 | 36.457 | 36.457 | 36.457 | 36.457 | 36.601 | 36.617 | 36.581 | 36.581 | 36.581 | 36.640
Longitude (°E) | 63.186 | 63.186 | 63.186 | 63.122 | 63.122 | 63.122 | 63.122 | 63.122 | 63.810 | 63.791 | 63.845 | 63.845 | 63.845 | 63.726

Major Oxides (%)
SiOo, 41.55 | 40.67 | 40.68 | 42.20 | 44.37 | 45.01 | 44.80 | 46.22 | 43.52 | 46.78 | 43.18 | 44.11 | 45.11 | 44.19

AlLO, 11.66 | 11.99 | 10.10 | 10.31 | 10.92 | 10.85 | 10.41 | 11.97 | 1091 | 10.31 | 10.10 | 10.22 | 10.30 | 13.03

Fe,0, 17.54 | 21.20 | 18.01 | 17.37 | 1692 | 17.21 | 12.68 | 16.98 | 18.52 | 20.14 | 1838 | 19.20 | 18.04 | 16.11

MgO 5.06 5.99 4.40 5.94 6.50 8.05 7.02 7.41 5.69 5.66 7.90 6.79 6.67 8.50

CaO 1239 | 872 | 14.19 | 9.70 | 10.52 | 10.27 | 12.75 | 12.00 | 10.45 6.61 9.71 8.28 8.55 10.38

Na,O 2.27 2.19 2.78 2.72 2.84 2.21 342 3.65 2.66 2.83 3.16 3.22 3.71 3.31

K,0 1.44 0.94 0.04 0.31 0.44 0.57 0.14 0.07 0.07 0.15 0.15 0.14 0.14 0.09
TiO, 3.07 3.28 2.86 1.17 1.01 1.24 1.47 1.94 3.70 3.37 3.65 3.70 3.59 3.33
P,0Oq 0.26 0.29 0.21 0.10 0.10 0.17 0.19 0.09 0.39 0.35 0.43 0.44 0.41 0.17
MnO 0.21 0.20 0.21 0.19 0.15 0.29 0.13 0.14 0.25 0.29 0.30 0.30 0.31 0.23
Cr,0, 0.00 0.00 0.00 0.04 0.06 0.06 0.04 0.06 0.00 0.01 0.01 0.00 0.00 0.04
LOI 3.39 4.23 6.24 7.03 4.02 3.87 4.8 4.23 2.97 2.06 2.23 2.99 2.03 4.49
TOTAL 98.83 1 99.70 | 99.74 | 99.84 | 99.85 | 99.79 | 99.86 | 99.77 | 99.12 | 99.55 | 99.18 | 99.40 | 98.86 | 99.85

Table 5- Trace element analysis results of the basalts belonging to ophiolitic melanges.

Trace Elements - - - - - -

ooy [ K237 [ K2-38 | K3-30 | K2-43 | K2-44 | K2-45 | K2-46 | K2-47 Pl el NSl Doveal INved i

Sc 106.65 | 102.85| 131.36 | 153.70 [ 108.98 | 90.08 | 86.40 | 86.41 | 81.39 | 72.04 | 84.14 |162.14|209.83 | 162.24
Th 0.33 0.36 0.25 0.10 0.49 0.19 0.16 0.11 0.72 0.56 0.60 0.55 0.60 0.11
Li 17.18 | 27.36 | 12.12 | 22.96 | 12.44 | 1439 | 21.20 | 15.68 | 9.32 | 11.58 | 5.04 | 14.70 | 9.17 | 10.16
Be 0.86 2.09 1.31 0.46 0.51 0.74 1.14 0.64 1.29 1.09 1.62 1.58 1.49 0.94
Ga 20.02 | 23.15 | 17.33 | 15.14 | 16.44 | 16.98 | 1520 | 12.67 | 24.20 | 15.11 | 19.44 | 21.46 | 17.21 | 10.37
As 49.31 | 26.53 | 56.58 | 72.66 | 64.57 | 5590 | 31.85 | 54.35 | 11.44 | 1496 | 2032 | 24.52 | 25.11 | 21.97
Se 3.60 0.00 4.77 0.00 0.29 1.02 0.00 1.39 0.00 0.00 8.06 7.04 3.20 1.29
Rb 23.86 | 19.09 | 1.25 2.75 3.55 3.81 1.71 1.18 1.20 1.61 1.57 2.39 1.77 0.99
Sr 81.55 | 74.67 | 76.87 | 56.73 | 139.55|124.29|126.18 | 153.50 | 39.62 | 70.42 | 85.78 | 58.59 | 69.65 | 45.13
In 0.11 0.04 0.07 0.05 0.05 0.05 0.00 0.04 0.12 0.20 0.13 0.13 0.14 0.03
Cs 0.83 1.12 0.20 0.19 0.22 0.29 0.26 0.15 0.12 0.18 0.20 0.16 0.15 0.11
Ba 61.58 | 19.39 | 25.75 | 53.02 | 23.27 | 84.19 | 1533 | 42.62 | 12.52 | 16.65 | 16.96 | 6.06 6.23 0.00
Tl 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 7.68 | 37.85 | 6.90 7.51 12.20 | 4.69 | 30.14 | 12.82 | 7.16 3.78 5.15 0.00 0.00 0.00
\'% 611 711 599 311 283 296 109 146 659 0 0 0 0 0
Hf 5.91 6.12 4.87 1.52 1.28 1.92 2.52 1.10 8.09 7.16 8.58 7.67 7.87 2.24
Ir 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.01
Sb 0.19 0.23 0.22 0.18 0.19 3.20 0.15 0.13 1.04 0.18 0.72 0.60 1.86 0.61
Sn 2.80 2.39 1.56 1.05 0.77 0.98 1.13 0.86 3.44 3.08 2.77 1.87 1.94 0.82
Te 0.06 0.22 0.05 0.09 0.04 0.07 0.05 0.05 0.10 0.07 0.03 0.05 0.07 0.04
Ta 0.21 0.30 0.50 0.40 0.12 0.24 0.40 0.39 0.51 0.54 0.31 0.27 0.13 0.22
Y 47.71 | 63.19 | 45.65 | 24.71 | 18.24 | 23.00 | 23.48 | 15.54 | 62.92 | 47.83 | 56.29 | 105.11 | 110.89 | 34.28
Nb 7 5 6 4 6 4 3 4 5 5 6 6 6 3
Zr 231 239 223 78 59 96 109 146 248 241 263 259 249 230
Ti 18401 | 19660 | 17142 | 7012 | 6053 | 7432 | 8811 | 11628 | 22177 | 20199 | 21878 | 22177 | 21518 | 19960
Nb/Y 0.14 0.07 0.13 0.16 0.32 0.17 0.12 0.25 0.07 0.10 0.10 0.05 0.05 0.08
Zr/Ti 0.012 | 0.012 | 0.013 | 0.011 | 0.009 | 0.012 | 0.012 | 0.012 | 0.011 | 0.011 | 0.012 | 0.011 | 0.011 | 0.011
Nb/Yb 1.21 0.72 1.05 1.16 1.71 0.99 0.62 0.64 0.78 0.77 0.94 0.90 0.88 0.46
TiO,/Yb 0.52 0.47 0.49 0.33 0.28 0.30 0.30 0.31 0.57 0.51 0.56 0.55 0.52 0.51
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Table 6- Rare earth element analysis results of the basalts belonging to ophiolitic melanges.

(EE:E) K2-37 | K2-38 | K3-39 | K2-43 | K2-44 | K2-45 | K2-46 | K2-47 KG(;E' Ke(gg' ';%'i’ ';g';' I;fslcj:- Kg(i?'
La 554 | 774 | 556 | 214 | 342 | 3.07 | 3.8 | 145 | 1267 | 934 | 870 | 10.74 | 10.61 | 3.90
Ce 17.94 | 2405 | 1722 | 9.2 | 838 | 9.55 | 10.95 | 4.96 | 29.94 | 24.61 | 2524 | 36.48 | 38.08 | 12.84
Pr 3.02 | 379 | 290 | 132 | 118 | 147 | 168 | 077 | 7.17 | 574 | 523 | 651 | 6.75 | 221
Nd 1626 | 2027 | 1585 | 7.83 | 6.03 | 810 | 926 | 444 | 31.42 | 2548 | 25.53 | 35.44 | 37.01 | 11.73
Sm 554 | 670 | 524 | 271 | 202 | 269 | 294 | 158 | 1127 | 9.18 | 883 | 12.00 | 12.58 | 3.90
Eu 186 | 221 | 178 | 1.10 | 089 | 098 | 1.15 | 0.61 | 3.93 | 3.19 | 2.94 | 3.88 | 4.11 | 1.46
Gd 8.03 | 10.04 | 755 | 396 | 3.00 | 3.84 | 411 | 239 | 1567 | 12.70 | 12.67 | 17.05 | 17.73 | 5.62
Tb 139 | 1.69 | 131 | 069 | 050 | 065 | 068 | 042 | 3.18 | 2.62 | 2.33 | 2.86 | 3.04 | 0.94
Dy 9.09 | 11.18 | 843 | 446 | 325 | 427 | 437 | 281 | 1728 | 1422 | 1423 | 18.86 | 20.02 | 6.05
Ho 190 | 234 | 177 | 091 | 068 | 088 | 091 | 0.61 | 439 | 351 | 330 | 3.95 | 421 | 127
Er 563 | 688 | 514 | 261 | 198 | 255 | 264 | 178 | 1130 | 8.78 | 921 | 11.72 | 1245 | 3.66
Tm 0.80 | 097 | 072 | 036 | 028 | 036 | 037 | 025 | 1.97 | 149 | 141 | 1.69 | 1.80 | 053
Yb 580 | 697 | 572 | 346 | 351 | 406 | 481 | 625 | 643 | 649 | 641 | 6.69 | 680 | 653
Lu 079 | 090 | 069 | 030 | 026 | 033 | 034 | 024 | 191 | 140 | 136 | 1.65 | 1.76 | 0.48

Figure 10- Positions of metabasites and basalts in the Nb/Y-Zr/Ti
diagram (Pearce, 1996).

and within-plate tholeiites character, based on the Ti
versus Zr diagram of Pearce (1982) (Figure 13). The
metabasites from the Kunduz Unit and the basalts
from the melange exhibit MORB and within-plate
characteristics. The data suggest that they most
probably represent fragments of accreted oceanic
lithosphere including MORB and intra-plate volcanic
edifices.
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Figure 11- Nb/Yb-TiO,/Yb diagram belonging to metabasites and
basalts (Pearce, 2008).

6. Discussion

The various types and ages of rock groups that
range from Paleozoic to Quaternary were observed
in the Central Pontide Supercomplex (Okay et al.,
2013; Marroni et al.,, 2014; Okay and Nikishin,
2015). Metamorphic basement rocks, belonging to the
Kunduz Formation, are interpreted as a marginal basin
complex located in the southern side of Eurasia before
the Late Jurassic (Ustadmer and Robertson, 1997,
1999; Robertson, 2002) (Figure 14a).
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Figure 12- Chondrite-normalized REE diagrams (Sun and McDonough, 1989).

Figure 13- Ti-Zr diagram of metabasites (Pearce, 1982).

It is suggested that the age of metamorphism of
the metabasites within Kunduz Formation is Late
Jurassic (Aygiil et al., 2016; Celik et al., 2016) by the
way of “*Ar/*Ar method which yield robust plateau
ages. Geochemical data reveals that protoliths of
the metabasites have tholeiitic composition and
are characterized with the MORB and within plate
tholeiites. High pressure and low temperature (HP-LT)
metamorphism occurred in Albian (Okay et al., 2013)

in the area which was thrusted into an accretionary
prism area due to the northward subduction of the
Tethys oceanic crust (Celik et al., 2011; Topuz et al.,
2012; Marroni et al., 2014; Okay et al., 2013). The
geochemistry of basalts in the Kirazbagi Melange
show MORB to within plate-type settings (Rice et al.,
20006). In this study, the basalts have tholeiite character
and they coincide with the MORB and within plate
areas as the geotectonic position as referred by Rice
et al. (2006).

deposited on carbonate

platforms in shallow areas located in the southern

Permian limestone
side of Eurasia (Yilmaz and Tiiysiiz, 1988) were
thrust over Kunduz Metamorphites (Figure 14b) with
the Domuzdag-Saraycikdagi Complex in the area
from north to south in Upper Jurassic (Ustadmer and
Robertson, 1999) with the closure of Tethys oceanic
crust. With this thrusting, which has been related to the
northwards subduction (Okay et al., 2013; Akbayram
et al., 2013; Marroni et al., 2014; Tiysiiz, 2017),
regional metamorphism developed in the Albian
(Okay et al., 2013). As a result of this thrusting,
The Pelitozii tectonic slice, which presents a specific
tectono-stratigraphical sequence from bottom to top
was formed in the study area (Figure 14b). After the
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Figure 14- Structural evolution of the tectonic slices in the study
area; a) Middle Jurassic period, b) Upper Jurassic period,
and c) Upper Cretaceous period.

transgression that started in the Jurassic, a carbonate
platform occurring in the Pontides (Ketin and Giimiis,
1963; Tiiysiiz, 1985) formed the inalti Formation.
This unit thrust over both the Kirazbagi ophiolitic
Melange and metamorphic basement as a result of the
subduction to the northwards and collision (Figure
14c). This tectono-stratigraphic sequence also formed
the Golkdy tectonic zone. Rice et al. (2006) stated that
in the Akkaya and Yuvasaray regions of the Central
Pontides, there is a northward kinematic orientation
within the Upper Cretaceous-Lower Cenozoic units,
whereas the Kirazbagi Ophiolitic Melange tends to
thrust similar the north. As a result of the geological
mapping studies, it was understood that the units
belonging to ophiolitic melange in the study area have
both north and south thrust planes (Figure 2), and they
are compatible with the kinematic analysis proposed
by Rice et al. (2006).
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Middle Jurassic accretionary complex (Kunduz
Metamorphites) formed with the continuation of
subduction (Okay et al., 2013). The rocks located in
this area had metamorphism under the conditions of
high pressure and low temperature (HP, LT) in Albian
(Okay et al., 2013). It has been reported that a similar
structure exists in the southern part of the Kargi Massif
(Yigitbas et al., 1990; Okay et al., 2006; Tiiysiiz and
Tekin, 2007). A large part of the study area to the east
of Kargi consists of rocks belonging to ophiolitic
melange overlying the metamorphic basement with
tectonic contact.

The Go6lkdy tectonic slice was formed by the
northerly thrusting (Rice et al., 2006), related to the
northward’s subduction (Okay et al., 2013; Akbayram
et al., 2013; Marroni et al., 2014; Tiysiiz, 2017), of
Kirazbasi complex (ophiolitic melange) and Mesozoic
carbonate rocks over the metamorphic rocks forming
the basement of the area. The distance between the
Pontides, Taurid-Anatolide and Kirsehir blocks
probably decreased in the Paleocene and continued
to exist until the Early-Middle Eocene (Okay et al.,
2017). The thrust faults in Central Pontides started in
the Late-Eocene and (Kaymakgi et al., 2009; Espurt et
al., 2014; Hippolyte et al., 2016). Yilmaz and Tiiysiiz
(1984) stated that during the subduction of oceanic
lithosphere towards the north in Late Cretaceous, the
slices in the Atlantic-type continental margin located
in the north-end moved towards the south, and argued
that later in the Paleocene-Early Eocene, the direction
of the movement of retro-thrust was towards the north
due to the compression in the south. However, in the
study area, there is no evidence that carbonate rocks
thrust after the Eocene. However, when the contact
relations are examined, it is determined that the
ophiolitic mélange is thrust over the Upper Cretaceous-
Lower Eocene Bespmar Formation (Figure 2). This
situation hereby indicates that the thrusting postdates
Early Eocene.

Uguz and Sevin (2009) asserted that the
allochthonous rocks in the area are formed of lower
and upper tectonic slices and that the metamorphic
rocks have autochthonous character.
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7. Results

In the study area, not only ophiolite or ophiolitic
melange tectonically exists on the metamorphic belt,
it has been determined that carbonate units of different
ages are also tectonically located on these imbrication
zones. The tectonic slices formed in this study have
been defined as PTS, GTS, and OMS for the first time.

The whole rock geochemistry studies explain that
Kunduz metamorphites and basalts from the ophiolitic
melange exhibit the tholeiitic character. Their
chondrite-normalized trace element patterns show
enrichment in LREE (La, Ce, Nd) for metabasites
of the Kunduz Metamorphites relative to basalts
belonging to the ophiolitic mélange. In addition,
HREE (Er, Tm, Yb, Lu) exhibits almost flat trends for
each unit.
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Publication Rules for the “Bulletin of the Mineral Research and Exploration”

1. Purposes

e To contribute to the establishment of scientific
communication issues in earth sciences both in
Turkey and internationally.

e To contribute to economic (mining, oil and gas,
geothermal etc.), environmental and social
(geoheritage etc.) studies in Turkey and in the World.

* To make the earth science scientific research and
applications made by the MTA on publicly known,

e To use the bulletin as an effective tool in the
international publication exchange by keeping it at
a high level in terms of quality, scope and format,

2. Scope-Attribute

In order for manuscripts to be published in the Bulletin
of the Mineral Research and Exploration, they must
have at least one of the following qualifications:

2.1. Research Articles and Reviews

2.1.1. Original Scientific Researches

e Such articles cover original scientific research
and its results that contribute to the fundamental
issues of earth sciences, research and evaluation
of underground resources, and examine the
environmental problems in terms of earth sciences,

* It covers research that apply new approaches and
methods in solving problems related to earth
sciences.

2.1.2. Review Articles

e They cover studies that compile previous research
on subjects of earth sciences with a critical approach
and put forward a new opinion on that subject.

2.2. Criticism and Response Articles

« Articles that criticize all or part of an article of
the bulletin in the latest issue are published in the
following first issue, if submitted within six months
at the latest from the date of publication digitally.

« Before the publication, review articles are sent to the
responsible author of the criticized article to make a
response.

« Ifthe criticism is not responded within foreseen time,
the criticism letter is published alone, subsequent
replies are not published. Replies are not allowed to
be re-criticized.

 In criticizing and replying, scientific discussion
and ethical rules should be followed. Criticism and
response manuscripts should not exceed four pages,
including figures, if available.

2.3. Brief Notes

« In “Brief Notes” section of the Bulletin of the Mineral
Research and Exploration, the brief, objective and
concise articles reflecting the data obtained from
scientific researches and applications carried out in
the area of earth sciences or new findings related
to previously unknown geosciences in Turkey are
given place.

The articles arranged in the “Brief Notes” section
are published without waiting in the first or in the
second issue the latest, after the date they are sent to
the Chair of the Editorial Board in order to ensure
rapid communication.

Articles requested to be published in the “Brief
Notes” section should not exceed four pages,
including all figures and tables.

3. Submission and Acceptance for Manuscripts

e The manuscripts submitted to be published in the
Bulletin of the Mineral Research and Exploration
should be prepared in ENGLISH in accordance
with the Publishing Rules of the Bulletin of the
Mineral Research and Exploration, and submitted
via electronic application at http://dergi.mta.gov.tr/
index.php.

The manuscript must not have been previously
published partially or completely elsewhere (except
in abstract form).

Manuscripts submitted with the request for
publication in the Bulletin of the Mineral Research
and Exploration should not exceed 30 pages,
including all illustrations. The articles exceeding
30 pages can be published if deemed appropriate by
referees and editors.

In the submitted manuscript, the number of figures
and tables should be given in proportion to the main
text in a ratio of 1/3.

Corresponding author is asked to suggest at least
three referees for the evaluation of the manuscript.
(The proposed referees and the authors should not
have any joint work within the last two years).
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* Manuscripts that do not comply with the Publishing
Rules for the Bulletin of the Mineral Research and
Exploration in terms of quality and form are directly
returned without being examined in terms of content.

» Manuscripts deemed appropriate in terms of format
are sent to at least two expert referees for review by
the Editorial Board of the Bulletin of the Mineral
Research and Exploration.

e Authors should make the referee corrections and
suggestions sent to them within 20 days and upload
to the system.

e Comments from referees are evaluated by the
Editors and associated editors. Manuscripts deemed
necessary to be corrected are sent back to the authors
with a request for correction. Whether the suggested
corrections have been made or not is checked by the
Editorial Board.

* In the revision proposals given by the editors and
referees, if there are suggestions that are not accepted
by the author and have not been corrected, a report
explaining the reason for rejecting these suggestions
by the author should be sent to the Editorial Board
together with the corrected copies.

* After the last control at the printing stage, the pre-
print of the manuscript is sent to the authors in pdf
format and the printing control is requested.

« Articles, not accepted for publication are not returned
to the authors, for the unpublished articles, a letter
is written to the responsible author indicating the
reason for rejection.

4. Language and Period of Publication

« The Bulletin of the Mineral Research and Exploration
is published three times a year, each issue as being in
English (printed and online) and in Turkish (online)
languages.

e The spelling rules of the Turkish Language
Association are valid for the spelling rules for the
Turkish issue. However, in spelling of the words
related to earth sciences, the spelling forms of
technical terms are used in accordance with the
decision of the Editorial Board (For example;
underground, ground, earth’s crust, etc.).

5. Spelling Draft

 The text of the manuscripts to be sent for the first
review with the request to be published in the
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Bulletin of the Mineral Research and Exploration
should be written in A4 (29.7 x 21 cm) size, word
format, Times New Roman 10 pt., normal with 2.0
line spacing.

At the bottom, top, left and right of the page 2.5 cm
indent must be left. Formulas that require the use of
special letters and symbols should be presented in
computer media.

In all subtitles, the initials of all words must be
capital. First degree headings to be used in the article
should be written in Times New Roman, 10 pt., bold
and left aligned by giving numbers. Secondary
headings should be written in Times New Roman, 10
pt., normal font and left aligned by giving numbers.
Third-degree headings should be written in Times
New Roman, 10 pt., italic font and left-aligned by
giving numbers. Fourth-order headings should be
written in Times New Roman, 10 pt., italic, aligned
to the left, without giving numbers, and the text
should continue after the title without a colon and a
paragraph (see example article: www.dergi.mta.gov.
tr).

One blank line should be left after paragraphs in the
text.

Paragraph headings should be written 0.5 mm
indentation.

One article should respectively contain;
-Title

-Author’s Name and Surname and * sign
- Abstract

- Keywords

- Introduction

- Main Text

- Discussion

- Results

- Acknowledgements

- Reference sections.

« Line and page numbers must be added to the article
text.

5.1. Title of the Article

« The title should reflect the subject of the article as
briefly, clearly and adequately as possible. Subjects
that are not sufficiently covered in the article should
not be included in the title. The first letter of the title



should be capitalized and the other words should
be in lowercase letters (except for proper names) in
Times New Roman, 10 pt. and bolded.

5.2. Author Name, Address and E-Mail Address

* The first name of the authors should be in lowercase
(except the first letter), and the surname should be in
capital letter and without any title.

Only the name of the organization should be
specified in the occupational address after the name
and surname of the authors (position should not be
specified).

ORCID number should be taken from www.orcid.
org and placed under the address.

In articles written by more than one author, numbers
should be placed on surnames of the authors,
the address information should be included in
the bottom line with a single line spacing. In this
section, the corresponding author of the article
should be indicated by using an asterisk (*) and the
corresponding author’s e-mail, telephone and other
contact information must be provided.

Abbreviations should not be used in writing the
author’s name and address. Addresses should be
given in Turkish in Turkish publication (online) and
in English in English publication (printed).

5.3. Abstract

 Abstract should be written at a level that can be
understood without referring to the other parts of the
article.

e The abstract should be organized as a brief
presentation of the sections in the article, reflect the
purpose of the article, be informative, and should be
written in a way to emphasize new data and results
on the subject.

« Short and simple sentences should be used in writing
the abstract.

« In the abstract, there should not be any reference to
other parts and illustrations of the article or to other
articles.

* Information not mentioned in the main text should
not be included in the abstract.

 The abstract should not exceed approximately 200
words and should be written as a single paragraph.

* Abstract should be written in Times New Roman, 10
pt., normal text with single line spacing.

* “ABSTRACT” should not be placed for the articles
to be included in “Brief Notes” section.

e The English abstract should be given under the
heading “ABSTRACT".

5.4. Keywords

In order to facilitate searches, five keywords that will
indicate the general content of the article should be
selected and specified in this section. Words used in
the title should not be repeated.

5.5. Introduction

e In this section, the necessary information for
preparatory and facilitative to understand the article
such as the purpose of the study, its location, methods
of study and previous reviews on the subject should
be given.

Ifanunusual way is followed in naming, classification
and abbreviations within the text of the manuscript,
its reason should be stated in this section.

Each of the topics to be included in this section
can create a separate paragraph or a subtitle can be
given for each of them when necessary (e.g. method,
material, terminology and etc.).

This section can again be used when reminder
information is needed to facilitate the understanding
of the article (e.g. statistical information, formulas,
experimental or application methods and etc.).

5.6. Main Body of Article
» Constitutes the main body of the article.

« In this section, the data, findings and opinions that
are intended to be transferred to the reader on the
subject are mentioned.

e The data used in other parts of the article such as
“Abstract”, “Discussions”, “Results” originate from
this part.

« Care should be taken not to deviate from the purpose
stressed in the “Introduction” section of the article
when dealing the topics. Information that does not
contribute to the achievement of the purpose of the
article or that is not used to reach the conclusion
should not be included.

« All data used in this section and all opinions put
forward should be proven by the findings obtained
from the studies or based on a source by reference.
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* The way and method to be followed in handling the
topics vary according to the characteristics of the
topics covered.

« Subject headings in necessary numbers with different
stages should be used in this section.

5.7. Discussions

e The data and findings objectively conveyed in
the “Main Text” section of the article should be
discussed by the author in this section. Discussions
should be separate from the “Results” section.

5.8. Results

» New data and findings obtained from the review that
constitutes the subject of the article should be stated
concisely and concretely in this section.

* Subjects that are not adequately addressed and / or
covered in the main text should not be included in
this section.

e The results can be given as items in order to
emphasize the research results and make the
expression understandable.

5.9. Acknowledgements

e In this section, important contributions in the
realization of the study, which is the subject of the
article, are indicated. An attitude that will distract
this section from its main purpose should not be
taken in the Acknowledgements.

Contribution should be stated as short and concise
as possible to the persons and/or organizations that
provided assistance (reading, writing, language
assistance, etc.) during the research, and should not
take an attitude that would distract this section from
its main purpose.

5.10. References

* In this section, only the documents mentioned in the
article should be included in complete.

» Abbreviations should be avoided in naming the
publications and journals.

e The mentioned documents should be written in
Times New Roman and 9 pt.

* The first line of the references should be written as
justified to the left margin of the page, and the other
lines should be written by giving a hanging indent
value of 1.25.
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« The references should be listed in alphabetical order,
taking into account the surnames of the authors.

« If one author has more than one work in the same
year, lowercase alphabet letters should be used right
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 Turkey. Bozkurt, E.,
Winchester, J. A., Piper, J. D. A. (Ed.).
Tectonics and Magmatism in Turkey 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

162

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 Turkey).
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

» Drawings and photographs other than the plate to
be included in the article are evaluated together as
“Figure” and numbered in the order of mention in
the text.

The figures should be prepared in computer
considering the dimensions of a single column
width as 7.4 cm or double column width as 15.8 cm.
The figure area with its caption should not exceed
15.8x21 cm.

While preparing the figures, unnecessary details
should not be included and care should be taken not
to use more space than necessary for the transfer of
information.

In figure descriptions, a space should be left after
the word “Figure” is written, and the number is
given in the usual sequence number, followed by a
hyphen (-) and a space again, and a description of
the relevant figure should be written. If the figure
legend exceeds the bottom lines, the following lines
should to be written after the “Figure 1-” statement
alignment. Figure descriptions should be created as
follows, without exceeding the edges of the figure
and justified on both sides.

For example:

Figure 1- The district of Sandikli (Afyon); a)
geological map of the southwest, b) the
general vertical section of the study area
(Seymen, 1981), ¢) Turkey’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.

e 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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