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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 1a and 2).
(the Ciirliksu graben of Simsek, 1984) in the north and

Figure 2- Morphotectonic map of the study area showing the Giizelpinar (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 1a). 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).
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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

Kqu(fa_lk. 3

BMG

Anatolia Plate (McKenzie, 1978; Sengor 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 Giizelpinar 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: Biiyiikk 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, c) 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 (Ciirilksu 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.

Giizelpinar Horst

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; Algicek 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.
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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, 20174, 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 Giizelpinar 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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