" RESEARCH “6(“

Geological Quarterly, 2024, 68: 1
DOI: http://dx.doi.org/10.7306/gq.1724

Tectonic geomorphology of the Hoyran Graben (Western Anatolia, Turkiye):
insights from geomorphic indices
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The area between Western Anatolia and Isparta Bend comprises numerous depressions and the active faults that bound
them. The Hoyran Graben is one of these depressions, located at the northernmost part of the Isparta Bend. This
NE-SW-oriented graben is bounded by the Hoyran Fault in the northwest and the Uluborlu, Senirkent and Kumdanli faults in
the south-east, respectively. We evaluate the seismic activity potential among segments of the boundary faults in the light of
fieldwork and morphometric indices. These boundary faults of the Hoyran Graben are divided into twelve segments for the
analysis, with indices used including mountain-front sinuosity (Smf: 1.05-2.02), valley floor width-to-valley height ratio (Vf:
0.11-1.34), hypsometric curve and integral (Hi: 0.4-0.73), asymmetry factor (Af: 13.76-87.03), stream length-gradient (SL:
1.48-9450) and normalized channel steepness (Ksn: 2.38-990.38). The results obtained, together with field observations,
indicate that the Uluborlu, Senirkent and Kumdanl faults, as well as the western segments of the Hoyran Fault, represent
higher potential in terms of seismic activity with uplift rates >0.5 mm/y, while the central and eastern segments show moder-
ate activity with uplift rates between 0.05 and 0.5 mm/y. Thus, the boundary faults of the Hoyran Graben need further atten-
tion in terms of regional seismic hazard.

Key words: seismic activity, boundary faults, morphometric analysis, palaeostress analysis, seismic hazard.

INTRODUCTION

Morphometric analysis is one of the most significant meth-
ods used to investigate the interaction between tectonics and
drainage network quantitatively, to compare the relative activi-
ties among fault segments in terms of their seismic potential
(Keller and Pinter, 2002). In recent years, studies on revealing
such relative activities among segments of seismogenic faults
via morphometric indices has come increasingly into promi-
nence. The Acambay Graben (Ramirez-Herrera, 1998), the Si-
erra Nevada (Pérez-Pena et al., 2010), the Sierra Cabrera
(Giaconia et al., 2012), the Honaz Fault (Ozkaymak, 2014), the

* Corresponding author: e-mail: eozsayin@hacettepe.edu.tr

Received: March 23, 2023; accepted: December 1, 2023; first
published online: February 27, 2024

Tuz Goli Fault Zone (Yildirm, 2014), the Cameli Basin
(Gzsayin, 2016), the Lake Van Basin (Saglam-Selguk, 2016),
and the Malatya Fault (Zabci, 2020) represent some of these
studies, where several geomorphological indices were applied
to compare responses of landforms to seismically active fault
segments. The most reliable and common tools comprise the
mountain-front sinuosity, valley floor width-to-valley height ratio,
asymmetry factor, hypsometric curve and integral, stream
length gradient and normalized channel steepness indices.
The Western Anatolia Province is one of the most rapidly
extending areas in the world, at 20 mm/y (Reilinger et al., 1997).
This extension creates high frequency seismicity generated by
the boundary faults of dissimilarly-oriented horst-graben sys-
tems (Eyidogan and Jackson, 1985; Ambraseys, 1988;
Eyidogan, 1988; Jackson and McKenzie, 1988; Jackson et al.,
1992; Taymaz, 1993; Ambraseys and Jackson, 1998; Aktug et
al., 2009). This region is limited by the Isparta Bend in the east,
located in central Anatolia (Uysal et al., 1980; Kissel and Pois-


https://doi.org/10.1029/2008JB006000
https://doi.org/10.1029/2008JB006000
https://doi.org/10.1002/eqe.4290170102
https://doi.org/10.1046/j.1365-246X.1998.00508.x
https://doi.org/10.1016/0040-1951(88)90162-X
https://doi.org/10.1111/j.1365-246X.1985.tb06423.x
https://doi.org/10.1016/j.tecto.2012.08.028
https://doi.org/10.1016/0012-821X(82)90062-0
https://doi.org/10.1016/0012-821X(82)90062-0
https://doi.org/10.1111/j.1365-2117.1988.tb00009.x
https://doi.org/10.1080/09853111.2014.957504
https://doi.org/10.1080/09853111.2015.1128180
https://doi.org/10.1016/j.geomorph.2010.02.020
https://10.1002/(SICI)1096-9837(199804)23:4<317::AID-ESP845>3.3.CO;2-M
https://doi.org/10.1029/96JB03736
https://doi.org/10.1016/j.geomorph.2016.07.009
https://doi.org/10.1111/j.1365-246X.1993.tb02545.x
https://doi.org/10.1016/j.tecto.2014.05.023
https://doi.org/10.17211/tcd.818850

2 Yaren Sena Cetin et al. / Geological Quarterly, 68: 1

son, 1987; Kissel et al., 1993; Morris and Robertson, 1993;
Piper et al., 2002; Ozsayin and Dirik, 2011; Fig. 1A). Such
horst-graben structures, developing in a radial pattern on the
upper part of the Isparta Bend, display unique morphological
and structural features (Emre et al., 2003). The Hoyran Graben
is situated at the north of this structure and it is bounded by seis-
mically active normal faults (Fig. 1B). Several studies were per-
formed around the western part of the Isparta Bend in terms of
its tectonic evolution (e.g., Kogyigit, 1981; Waldron, 1982) and
seismicity of the region (e.g., Taymaz and Price, 1992; Emre et
al., 2003; Ozalp et al., 2018; Kirger et al., 2021). However,
none of these investigated the seismic activity potential among
the fault segments of the Hoyran Graben. Besides, the limited
numbers of earthquakes, dispersed along different fault seg-
ments, complicate the understanding of the possible seismic
gaps between them.

Therefore, this study: (i) evaluates the fault segments of the
Hoyran Graben using geomorphic indices, as well as field ob-
servations; (ii) reveals the seismic activity potential among the
fault segments.

GEOLOGICAL SETTING

WESTERN ANATOLIA

The Anatolian plate, moving westwards along the North and
East Anatolian Fault systems, is rotating counter-clockwise and
obducting onto the African plate in the SW along the
Aegean-Cyprian arc (McKenzie, 1978; Sengor, 1979; Jackson
and McKenzie, 1984; Sengdr et al., 1985; Le Pichon et al.,
1995; Fig. 1A). This situation also controls strongly N-S-ori-
ented continental extension in Western Anatolia (Le Pichon and
Angelier, 1979; Sengor et al., 1984; Reilinger et al., 2010).

The origin of continental extension in the Western Anatolia
region has been debated many times and various models have
been proposed. They include: (i) tectonic escape (e.g., Sengor
and Yilmaz, 1981; Sengor et al., 1985; Gorur et al., 1995), (i)
back-arc spreading (e.g., McKenzie, 1978; Le Pichon and
Angelier, 1979; Meulenkamp et al., 1988; Jolivet et al., 1998),
(iii) orogenic collapse (e.g., Dewey, 1988; Seyitoglu and Scott,
1991, 1992; McClusky et al., 2000), (iv) an episodic two-stage
graben (e.g., Bozkurt and Park, 1994; Kogyigit et al., 1999;
Yilmaz et al., 2000; Sozbilir, 2001; Bozkurt and Rojay, 2005),
(v) velocity difference (e.g., Doglioni et al., 2002), (vi) bivergent
extension (e.g., Hetzel et al., 1995) and (vii) slab-tearing and
trench-retreat models (e.g., Brun and Sokoutis, 2010; Jolivet
and Brun, 2010; Jolivet et al., 2013; Karaoglu and Helvaci,
2014). Additionally, several evolutionary models combining the
basic types listed above have been suggested for different time
intervals in the western Anatolia region (e.g., Sozbilir, 2002;
Westaway, 2003; Kaya et al., 2004; Agostini et al., 2010; Glrer
et al., 2013).

The eastern margin of the Western Anatolian Extensional
Province also includes the regional-scale structure known as
the Isparta Bend, where the study area is located (Fig. 1A). This
is a V-shaped morphotectonic structure (~180 km long N-S
and ~100 km wide E-W), which is situated to the north of
Antalya Bay. The first attempt to explain its origin, initially de-
fined and reported by Blumenthal (1951), was made by Dumont
(1976). The Isparta Bend is bounded to the west by the
NE-trending Fethiye-Burdur and to the east by the NW-trending
Aksehir Fault zones (e.g., Barka et al., 1995; Kogyigit et al.,
2000; Fig. 1A). Later studies also discuss the existence
(Kaymakgr et al, 2017) and characteristics of the
Fethiye-Burdur Fault Zone (e.g., Elitez and Yaltirak, 2014;
Algicek, 2015).

Earlier research identified three main nappe sheets as es-
sential components, formed as linear features in the Isparta
Bend. The initial sheet comprises the Antalya Nappe units, origi-
nating from the southern part of the Neotethys. These units were
thrusted onto the Tauride carbonate platform (Anamas-Akseki
Autochthon) in the late Early Paleocene (Uysal et al., 1980; Balcl,
2011a, b). The second one comprises the Beysehir-Hoy-
ran-Hadim Nappe units, derived from the northern branch of the
Neotethys. These were emplaced onto the central Tauride plat-
form in two consecutive stages (Campanian and Late Lutetian;
Piper et al., 2002). The Lycian Nappe units share the same origin
as the Beysehir-Hoyran-Hadim Nappe units and underwent a
two-stage emplacement onto the western Tauride platform (Late
Oligocene-Late Langhian; Piper et al., 2002). Palaeomagnetic
studies indicated a 40° clockwise rotation for the eastern part of
the Isparta Bend (Kissel et al., 1993), while a 30° counter clock-
wise rotation was calculated for the western part (Kissel and
Poisson, 1987; Morris and Robertson, 1993). Notably,
palaeomagnetic studies do not indicate any rotation from the
Pliocene to recent times for the central part of the Isparta Bend
(Kissel and Poisson, 1987).

The extension in Western Anatolia created numerous bas-
ins between the Aegean Sea and the Isparta Bend. Generally,
they were controlled by active faults, and include the
E-W-trending Blyik Menderes and Kuguk Menderes, the
NE-trending Hoyran, Baklan, Burdur and Acigdl, and the
NW-trending Gediz and Dinar grabens (Fig. 1B). Seismic stud-
ies and geodetic velocity measurements demonstrate that the
region is deformed by high strain rates along these active faults,
generating high-frequency seismicity (e.g., Barka and Reilin-
ger, 1997; Kahle et al., 1998; Kurt et al., 1999; Ozener et al.,
2013; Dogru et al., 2014).

HOYRAN GRABEN

Previous studies indicate that the strain related with the con-
vergence between African and Eurasian plates was divided be-
tween the subduction zone and the plate above. This interplay
led transitions from thin- to thick-skinned thrusting, accompa-
nied by reactivation of former segments within the nappe stacks
(e.g., Faccenna et al., 2014). Consequently, this phenomenon
created strongly curved mountain ranges and related continen-
tal areas of extension (e.g., Van Hinsbergen et al., 2020). In the
early Miocene, depressions such as the Hoyran, Aksehir,
Beysehir, Burdur and Egirdir basins (Fig. 1B) formed due to tec-
tonic uplift in the Western Taurus Mountains (Karaman, 2010).
The development of these basins, which are bordered by active
faults of various orientations, is explained by counter-clockwise
rotation of the area west of the Isparta Bend (Kissel and Pois-
son, 1987; Morris and Robertson, 1993; Karaman, 2010).
These basins were infilled by lacustrine deposits from the Mio-
cene.

The NE-trending Hoyran Graben is one of these grabens,
located in the northern part of the Isparta Bend (Fig. 1B). The
graben is ~80 km long and 20 km wide. Earlier studies suggest
that this graben was formed as a N-S oriented basin as a con-
sequence of N—S-trending contraction between the African and
Eurasian plates which created an ~E-W oriented tensional
stress regime during the Middle Miocene. Later, this graben
was cut by the Fethiye-Burdur Fault Zone and took its pres-
ent-day geometry together with the counter-clockwise rotation
of the western limb of the Isparta Bend (e.g., Karaman, 2010).

The rock units outcropping in the Hoyran Graben are di-
vided into two main successions, as basement units and
graben-fill. The oldest basement unit in the area is the
Paleozoic Anamas-Akseki Autochthon that has undergone
low-grade metamorphism. It was first named as the Seydisehir
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schists by Blumenthal (1947) and consists of metasiltstone,
metashale and metasandstones intercalated with light green,
grey and locally reddish-blue quartzite with red and pink nodular
limestone in its lower levels. Due to the onset of greenschist
metamorphism, the matrix has become chloritized and
sericitized. Grading and cross-bedding is observed in the
metasandstones. Green, alterated volcanic sills intrude the
lower levels of the formation (Balci, 2011a, b). These units are
tectonically overlain by ultramafic rocks, containing peridotite,
serpentinite, harzburgite, gabbro and diabase of an ophiolitic
mélange (Beysehir-Hoyran-Hadim Nappes) (Senel et al., 1981;
Oztirk and Oztiirk, 1989). Platform carbonates of the Lycian
Nappes, represented by pelagic limestone intercalations, and
oolitic and oncoidal limestones containing benthic foraminifera,
also constitute basement rocks (Balci, 2011a, b). The last
basement unit, of Upper Paleocene-Eocene flysch deposits,
was defined by Ozgill et al. (1991). This unit, ~1000 m thick,
comprises basal beige and red, thin-bedded micritic limestones
passing upwards into thin- to medium-bedded, grey, green,
beige calcarenites, micrites, clayey and sandy limestones
interbedded with sandstones, claystones, siltstones and con-
glomerates.

Basin-fill deposits rest unconformably on these basement
units. They begin with Upper Miocene-Pliocene pale
grey-beige, thin- to medium-bedded marl and green claystone.
Among these units, beige, poorly sorted, carbonate- or clay-ce-
mented conglomerate lenses can be observed. The clasts are
of volcanic rock, limestone, serpentine, quartz and radiolarite.
This level is overlain by yellow-beige, thin-to medium-bedded
gastropod-bearing lacustrine limestones intercalated with
claystones and marls. These units are overlain by tuffaceous
sandstones, limestones, basalts and andesites. This sequence
is between 200 m and 1200 m thick (Oztiirk and Oztiirk, 1989;
Balci, 2011a, b) and is unconformably overlain by Quaternary
clastic deposits (Fig. 1C, D).

The graben is bounded by the Hoyran Fault to the north and
by the Uluborlu, Senirkent and Kumdanli faults to the south
(Fig. 1C, D). The 45 km long and N55°E trending fault, extend-
ing between Uluborlu and Asagi Kasikara, is hamed as the
Hoyran Fault for the first time on the basis of fault-slip data in
this study. This tectonic structure is morphologically distinctive
between Buyukkabaca and Tagsevi, and possibly active, from
the distribution of earthquake epicentres. The fault is divided
into six segments for geomorphic analysis according to their po-
sition and step-over zones: H1-H6. The H1 segment is 7 km
long and bounds basement units with Quaternary colluvium
and alluvium. It constitutes the western part of the Hoyran Fault.
The next segment (H2) is 4 km long and juxtaposes basement
units with Quaternary alluvium. H3, 6 km long, is east of H2 and
separates basement units from Quaternary colluvium, as does
H4, 3 kmlong. H5is 11 km long and juxtaposes Miocene lacus-
trine deposits with Quaternary colluvium and alluvium. H6 is 13
km long and bounds Miocene lacustrine deposits with Quater-
nary colluvium, forming the easternmost part of the Hoyran
Fault.

The Uluborlu Fault was defined by Emre et al. (2013) as a
Holocene fault, being dip-slip and normal. The general trend of
the fault is N65°E with NW-dipping fault planes. It forms the
contact between Quaternary alluvium in the north and the Me-
sozoic limestones in the south. As this fault was mapped as a
single segment by Emre et al. (2013), the name “U1” is given for
geomorphic analysis. It is ~10 km long and lies between
Uluborlu and Senirkent (Fig. 1C).

The Senirkent Fault, identified by Saroglu et al. (1987), is
20 km long. It extends from the east of Senirkent to the southern
part of Lake Egirdir. According to Emre et al. (2013), it is a nor-
mal, dip-slip Quaternary fault, generally striking N75°E with
NNW-dipping planes. The Senirkent Fault is divided into two
segments, S1 and S2, which are consistent with those identified
by Emre et al. (2013). Both segments are ~9 km long and juxta-
pose basement units with Quaternary colluvium. Alluvial fans,
hanging valleys, and old terraces are commonly observed
along these all segments (Fig. 2).

The Kumdanli Fault was firstly defined by Kogyigit (1983) as
the Gokgeali Fault. However, this fault was termed as the
Burdur-Hoyran Fault (Karaman, 1988, 1989; Yagmurlu, 1991) and
the Kumdanl Fault (Saroglu et al., 1992). In this study, the
“Kumdanli Fault” is used to preserve consistency and clarity of de-
scription. The Kumdanli Fault is 27 km long and defined as a Holo-
cene fault with N50°E strike and NW-dipping planes on the up-
dated Active Fault Map of Turkiye (Emre et al., 2013; Fig. 3A, B).

Fault planes observed in the north of Celeptas have a nor-
mal fault character with a sinistral strike-slip component
(Fig. 3C, D). This structure is divided into three segments,
namely K1, K2, and K3. The segment K1 is the western one, ~6
km long, and juxtaposes basement units and Miocene lacus-
trine deposits with Quaternary units. The K2 segment, 8 km
long, lies between Asagi Tirtar and Celeptas, and also cuts the
basement and the Miocene lacustrine deposits. K3 is the east-
ernmost segment, ~12 km long and separating basement units
and Miocene lacustrine deposits from Quaternary alluvium.

The study area is called the “Turkish Lakeland’. In this re-
gion, there are several terminal lakes of various dimensions,
most of which are bounded by active faults. Lake Egirdir is one
of these lakes and is positioned at an elevation of 915 m a.s.l.
The northern part of this lake is located in the Hoyran Graben.
This part of the lake is bounded by the H6 segment of the
Hoyran Fault to the northwest, and the K1 and K2 segments of
the Kumdanli Fault to the southeast (Fig. 1C).

MATERIAL AND METHODS

In this study, 30 m Shuttle Radar Topographic Mission
(SRTM) digital elevation model (DEM) data (available at
https://earthexplorer.usgs.gov) were used to evaluate the
geomorphic indices for the Hoyran Graben. The drainage
sub-basins and river network of the region were drawn using
ArcGIS® Desktop Arcmap (v.10.8) on the DEM provided. Possi-
ble gaps in the DEM were filled through interpolation (Filldem
tool) to obtain a homogeneous data set. The drainage basins
and river network of the region were extracted from the DEM
with related tools (Flowdir and Flow acc tools) with the D8 algo-
rithm and these river networks were compared with the net-
works on the topographic maps. A total of 12 fault segments
were defined in relation to their positions and/or step-over
zones as defined by Biddle and Christie-Blick (1985) and Pea-
cock et al. (2000), and 84 drainage sub-basins controlled by
these segments were determined for the calculations. Active
tectonics and rock units directly control morphological features
such as drainage pattern, stream gradient, mountain front ge-
ometry, and erosional processes. In this study, seven
geomorphic indices were used in the light of previous studies
which were applied to several regions, showing similar geologi-
cal and structural contents (e.g., Azanon et al., 2015;
Saglam-Selguk, 2016; He et al., 2018; Valkanou et al., 2020).
These are the hypsometric curve and integral, mountain-front
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Fig. 2. Alluvial fans set along the Senirkent Fault

A — Google Earth image; B — field view

sinuosity, valley floor width-to-valley height ratio, drainage basin
asymmetry, stream length-gradient and normalized channel
steepness indices (Fig 4).

Mountain-front sinuosity (Smf) is a tool for expressing the
balance between tectonic activity and erosional forces. Straight
mountain-fronts (low Smf values) are obtained when high tec-
tonic activity and related uplift overcome erosional processes.
When tectonic activity is low, erosional processes create more
sinusoidal mountain-fronts (high Smf values; Keller and Pinter,
2002; Fig 4).

Vfis a useful tool for evaluating valley incision and shape
between fault segments. Higher tectonic activity and related up-
lift rates will reveal deeply incised, V-shaped valleys (lower Vf
values). By contrast, in erosion-dominated areas, the valleys
are broad- and flat-floored (higher Vf values) (Bull and
McFadden, 1977; Keller and Pinter, 2002; Fig 4).

SL describes the stream-channel slope along the river bed
and indicates unexpected slope changes owing to erosional
dissimilarities among lithological boundaries and/or faults. A
gentle slope along the river bed gives low SL values whereas
sharp drops generate high values (Keller and Pinter, 2002).

Ksn controls slope gradient anomalies along the river chan-
nels (Ouimet et al., 2009; Whittaker, 2012). In a drainage basin,
the slope of the river bed gradually decreases downwards. This

situation can be changed by lithological boundaries due to rock
resistance to erosion or by active faulting, generating vertical
displacement. The exponential relationship between channel
slope (S) and upstream area (A) in graded rivers are defined as
a power-law (Hack, 1957), stated by:

S =KsA™®

In this formula, Ks represents the channel steepness-index
and 0 refers to the concavity index (Flint, 1974). Disparities as
active tectonics, climate and river-bed lithology directly disturb
the slope of the channel and upstream area, shifting the Ks and
0 in the equation (Wobus et al., 2006; Kirby and Whipple, 2012).
For the determination of Ks and 6 in a river profile, regressions
are executed in logarithmic slope-area plots (Ferrater et al.,
2015). These plots can be used to locate knickpoints and dis-
tinct areas of different uplift (Wobus et al., 2006; Kirby and
Whipple, 2012; Burbank and Anderson, 2013; Whipple et al.,
2013). These knickpoints occur due to constant changes that
happen in boundary conditions as base-level falls according to
uplift-rate changes or variations in climatic conditions (Snyder
et al., 2003; Bishop et al., 2005; Kirby and Whipple, 2012). The
concavity index (0) ranges between 0.4 and 0.6 in most situa-
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Fig. 3. The Kumdanl Fault between Kumdanli and Celeptas

A — Google Earth image; B — slope-breaks along the Kumdanli Fault; C — fault plane observed to the north of Celeptas; D — close-up
view of the fault plane and slickenlines
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Morphometric parameter
and mathematical derivation

Measurement procedure

Explanation and activity classes

Relative area (a/A)
He a
HI — hypsometric integral —
HI = (Rpay = Nego) (B = D)

(Keller and Pinter, 2002)

1.0
Hypsometric curve % S,
x=a/A = ’??@A;fm
y=hH g (x.y) %%
(Keller and Pinter, 2002) @ &
‘O
[+
[
Smf - mountain front sinuosity
Lmf
Smf = LmfiLs "
{Bull, 1977; Bull and McFadden, 1977;
Rockwell et al., 1984; Keller and Pinter, . Ls :
2002; Silva et al., 2003; El Hamdouni ! .
etal. 2008) (Plan view)

Vf - valley floor width-to height ratio
Vf = 2Vifw/[(Eld- Esc) + (Erd— Esc)]

(Bull and McFadden, 1977;
Keller and Pinter, 2002;
Silva et al., 2003)

Erd
Eld
M
Whw

(cross-section)

.“Ar

(plan view)

AF — asymmetry factor

AF =100 (Ar/ At)
(Hare and Gardner, 1985; Keller and Pinter, 2002;
Ozkaymak and Sézbilir, 2012; Ozkaymak, 2014)

SL — stream length-gradient index
SL = (DH/DL)L
(Hack, 1973; Keller and Pinter, 2002;

El Hamdauni et al., 2008;
Alipoor et al., 2011)

(block diagram)

Unpertubated conave-up river

(]

—

Elevation

Ksn — normalized channel steepness index
S=kA"
[Wobus et al., 2008; Kirby and Whipple, 2012;

Whipple et al., 2013; Burbank and Anderson, 2013
Bellin et al., 2014; Scotli et al., 2014)

Downstream dislance

Slope-break knickpoint

“\ kf-

Flevation

Downstream distance

1.0

Known as basin-area altitude distrubution and defined as the area
under the hypsometric curve. Higher values of H/ indicate that most
of the topography is high relative to the mean. Intermediate (straight
or S-shaped curves) to low (upwardly concave curves) values are
associated with more evenly dissected drainage basins.

Describes the distribution of elevations across an area of land.
Convex hypsometric curves characterise relatively ‘young' weakly
eroded regions, S-shaped curves characterise moderately eroded
regions, and concave curves characterise relatively ‘old’ highly
eroded regions.

Reflect a balance between the tendency of stream and slope
processes to produce irregular (sinuous) mountain front and
vertical active tectonics that tend to produce a prominent
straight front.

Define the ratio of the width of the valley floor to the mean height
of two adjacent divides. The index reflects differences between
broadfloored canyons with relatively high wvalues of Vf, and
V-shaped canyons with relatively low Vi values.

Define the ratio of the area of the basin to the right (Ar) (facing
downstream) of the trunk stream to the total area of the drainage
basin (Af). The index was determined to detect tectonic tilting
transverse to the flow al drainage basins.

Total or available stream power is related to the slope of the water
channel. Sudden changes in SL values along the stream channel
indicate litholagical differences and/for possible tectonic activity

Define the channel slope if it is unexpectedly steep or gentle with
respect to its drainage area. Normally, the channel slope decreases
with drainage area. Existing of knickpoints show sudden increases
along slope profiles that may be related to lithological changes and/
or tectonic uplift.

Lmf - length of mountain front along the mountain-piedmont junction; Ls — straight-line length of the front; Vfiw — width of valley floor: Efd and
Erd — respective elevations of the left and right valley divides; Esc — elevation of the valley floor; x and y — axes; a — surface area within the basin above a
given line of elevation; A — total surface area of the basin; h — given line of elevation; H,.. — mean elevation; H,, — minimum elevation;
H...— maximum elevation; DH — change in elevation of the reach; DL — length of the reach; L — total channel length from the point of interest where the
index is being calculated upstream to the highest point on the channel; S — channel slope; A — upstream area; Ksn — normalized channel steepnes index;

B — bconcavity index

Fig. 4. Summary of the morphometric parameters used to evaluate relative tectonic activity among the boundary faults
of the Hoyran Graben (from Ozkaymak, 2014; Ozsayin, 2016; Ozsayin et al., 2023)
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tions and is relatively unaffected by active tectonics, lithological
and/or climatic changes (Kirby and Whipple, 2012; Whipple et
al., 2013). The “normalized” steepness index (Ksn) is used for
river reaches of static “reference” concavity (Wobus et al.,
2006), used in morphometric studies (e.g., Wobus et al., 2006;
Kirby and Whipple, 2012; Whipple et al., 2013; Ferrater et al.,
2015; Camafort et al., 2020; Saglam-Selguk and Kul, 2021).
Therefore, the 0 value is accepted as 0.5 during the calculations
in TecDEM toolbox analysis (Fig 4).

The drainage basin asymmetry factor (AF) was developed
to detect the tilting of small- scale drainage basins due to active
tectonics. This factor permits resolution of the overall tilt of the
basin landscape regardless of whether the tilt is local or re-
gional (Hare and Gardner, 1985). If the AF is higher than 50, the
main channel has moved to the downstream left-hand side of
the drainage basin. If the AF is less than 50, the channel has
shifted to the downstream right-hand side of the drainage basin
(Hare and Gardner, 1985).

Fault-slip data from different segments of the faults were
collected in the field for palaeostress analysis. Win-Tensor
(v.5.9.3) software, developed by Damien Delvaux, was used to
evaluate 34 kinds of fault-slip data from the fault planes where
the fault type can be determined. R values of each palaeostress
analysis, which indicates the shape of the stress ellipsoid that
will occur depending on the positioning of the principal stress
axes, were used to express the peripheral conditions that the
faults reflect. According to the R values, the tensional stress
field (o4 vertical) can be radial tension (0 < R < 0.25), pure ten-
sion (0.25 < R < 0.75) or transtension (0.75 < R < 1). For the
strike-slip stress field (o vertical), the R values vary as pure
strike-slip (0.25 < R < 0.75), transtension (0.75 < R < 1) and
transpression ( 0 < R < 0.25), and for the compressional stress
field (o3 vertical) it may reflect radial compression (0.75 < R <
1), pure compression (0.25 < R < 0.75) or transpression (0 <R
< 0.25; Delvaux et al., 1997; Delvaux and Sperner, 2003).
Faults that were considered to be products of different tectonic
regimes due to their relations in the field were evaluated sepa-
rately. Moreover, the Win-Tensor software also indicates un-
conformable fault-slip data, resulting from to different stress re-
gimes. Thus, these fault-slip data were removed from the anal-
ysis and the stresses were recalculated.

RESULTS

FIELD OBSERVATIONS AND PALAEOSTRESS ANALYSIS
OF THE FAULT-SLIP DATA

In order to determine the fault characteristics and their re-
lated morphological features, field studies along the margins of
the Hoyran Graben were performed in this research. The south-
eastern margin of the graben is bounded by the Uluborlu,
Senirkent and Kumdanli faults from west to east, respectively.
The Hoyran Fault forms the northwestern margin of the Hoyran
Graben.

The Uluborlu Fault represents sharp topographic slope-
breaks with linear mountain-fronts. Small alluvial fans are
aligned along the fault. Rivers cut the Uluborlu Fault perpendic-
ularly and none of them are offset by faulting (Fig. 1C). Most of
the fault planes are covered with the Quaternary colluvium de-
posits.

The Senirkent Fault constitutes the central part of the south-
ern margin and offsets it ~3 km to the SE of the Uluborlu Faultin
the eastern part of Senirkent. This fault shows sinusoidal moun-
tain-fronts with respect to the Uluborlu Fault. Well-developed,
larger alluvial fans are aligned along it (Figs. 1C and 2).

General trend of the Senirkent Fault immediately changes
at the mountain pass of Lake Egirdir and continues as the
Kumdanli Fault, which limits the northern part of the lake to the
SE and forms the southeasternmost part of the graben. The
western part of the Kumdanli Fault is covered by the lake, and
its linear shoreline coincides with the fault. In this section, only a
linear drainage pattern, perpendicular to the shoreline, can be
seen. In the eastern part, along the Kumdanli Fault, sinusoidal
mountain-fronts can be traced, where a limited number of fault
planes juxtapose the basement units with Quaternary alluvium
(Figs. 1C and 3).

By contrast, the western part of the Hoyran Fault represents
linear mountain-fronts and sharp topographic slope-breaks. In
this area, the basement units juxtapose with Quaternary allu-
vium and colluvium. Alluvial fans, located in the central part, are
characteristic of this section. The central to eastern part of the
Hoyran Fault exhibits sinusoidal mountain-fronts and incised
river profiles. The Miocene units also juxtapose with Quaternary
alluvium and colluvium along the fault, with larger alluvial fans.
This section reflects the flat topography compared to other parts
of the study area (Fig. 1C).

A total of 34 kinds of fault-slip data from available fault
planes were measured at three locations to calculate principal
stress orientations. The measurements were taken from the U1
segment of the Uluborlu Fault, the H2 segment of the Hoyran
Fault, and the K3 segment of the Kumdanli Fault. The analysis
of fault-slip data collected from U1 represents pure tension,
while the H2 and K3 segments show a radial tensional stress
tensor with N52°W, N13°W and N79°W orientations, respec-
tively (Fig. 5 and Table 1).

GEOMORPHIC INDICES

HYPSOMETRIC CURVE AND INTEGRAL (HC-HI)

The hypsometric curves of the drainage sub-basins, con-
trolled by 12 fault segments in the Hoyran Graben, were calcu-
lated and divided into three groups. Convex curvature, indicat-
ing relatively high tectonic activity, was obtained from the U1
(1), 81(3),K3(3),H5(1,7,8,9,10, 11), H6 (1, 3, 5, 9, 17, 18)
segments. S-shaped or linear results, showing moderate activ-
ity, were determined from the U1 (8, 9, 10, 11, 12), S1 (2, 4), S2
(5),K3(1,4),H1(1,3,5),H3 (4,5),H4,H5 (2, 4, 5,6), H6 (2, 4,

Table 1

Chart showing the principal stress axis and R values evaluated for the U1, H2, and K3 segments

Location Fault type Number of slip data ol 62 c3 R
U1 segment | Oblique-slip 11 61/226 29/036 04/128 0.66
H2 segment | Oblique-slip 8 81/295 01/198 09/108 0.17
K3 segment | Oblique-slip 15 56/210 31/003 12/167 0.12
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Fig. 5. Stereographic plots of fault-slip data collected from the U1, H2 and K3 segments on a Schmidt lower hemisphere, where 1,
o2, o3 are principal, intermediate and least stress axes, respectively, which are obtained using Win-Tensor (v.5.9.3) software
(Delvaux et al., 1997; Delvaux and Sperner, 2003) (red arrows show primary horizontal component of extensional deviatoric stress

while green arrows show alternate components)

6, 8, 12, 13, 15) segments. The remaining sub-basins, repre-
senting concave curvature, represent highly eroded regions
(Fig. 6).

Mean HI values of sub-basins controlled by each segment
range between 0.40 and 0.73 (Fig. 7 and Table 2). The highest
values (> 0.5) were obtained from the U1, S1, S2, K1, K2, K3,
H3, H5 and H6 segments, and moderate values (0.4 < H/ < 0.5)
from the H1, H2 and H4 segments.

MOUNTAIN-FRONT SINUOSITY (Smf)

The results of the Smf analysis range from 1.05 to 2.02
along the mountain-fronts of the Hoyran Graben (Table 2).
While the lowest Smf value was obtained from the K2 segment,
the highest value was acquired from the H6 segment. Overall,
the southern segments show lower Smf values than do the
northern segments (Fig. 8A, B).

VALLEY FLOOR WIDTH-TO-VALLEY HEIGHT INDEX (Vf)

In the Vfanalysis, transverse valley profiles were taken be-
tween ~200 and ~250 m (representative assessment of the val-
ley morphology) upstream of the mountain fronts (Fig. 8A, B).
The mean Vf values range between 0.11 and 1.34 (Table 2).
The lowest Vf value was obtained from the S1 segment, repre-
senting highly incised and V-shaped valleys. The highest value
was determined from the H6 segment, corresponding to
flat-floored valleys.

DRAINAGE BASIN ASYMMETRY (AF)

The drainage basin asymmetry factor index was calculated
for all sub-basins in the study area and the results were divided
into three categories. Symmetrical sub-basins are shown as
green two-sided arrows, left-hand side tilting red, and right-hand
side tilting blue arrows (Fig. 8A, B). According to the results ob-
tained, the AF values are between 13.76 and 87.03 and the
sub-basins are mostly asymmetrical (Table 2). The U1, S2 and
H3 segments mostly represent westwards tilting ones, while the
S2, K3, H5 and H6 segments slope eastwards.

STREAM LENGTH GRADIENT INDEX (SL)

The SL values for streams cutting through the fault seg-
ments ranged from 1.48 to 9450 (Fig. 9). The lowest values
were obtained for the Hoyran Graben’s main drainage region
and the upstream reaches of the drainage sub-basins. The

highest values, related to faults rather than to lithological
changes, were obtained for the U1, S1, S2, K1, K2 segments
and represent streams consistent with the faults’ strikes.

NORMALIZED CHANNEL STEEPNESS INDEX (Ksn)

The Ksn values calculated in the Hoyran Graben range be-
tween 2.38 and 990.38. The highest values (Ksn > 400) are lo-
cated at the southwestern part of the graben (U1, S1 and S2),
while lower values were obtained from its central to northeast-
ern part (Fig. 10).

DISCUSSION

INTERPRETATION OF GEOMORPHIC INDICES AND RELATIVE
TECTONIC ACTIVITY ASSESSMENT OF SEGMENTS

The lowest Smf values correspond to the U1, K1 and K2
segments, indicating relatively high tectonic activity (1.05 < Smf
< 1.12). They are followed by the values obtained for the S1,
K3, H1, H2, H3 and H4 segments (1.20 < Smf < 1.41). A third
group have higher values (S2, H5 and H6; 1.62 < Smf < 2.02)
that indicate moderate activity (classes are taken from
Ozkaymak and Sozbilir, 2012; Ozkaymak, 2014).

The Vfvalues calculated for the valleys controlled by the fault
segments range between 0.11 and 1.34. The Vfand Smf values
are compatible for the U1, S1, K1, H1 and H4 segments, having
V-shaped valley profiles, with the lowest values indicating high
tectonic activity (Vf < 0.34). The highest Vf values correspond to
the H5 and H6 segments that are highly eroded, the valleys be-
ing flat-floored and reflecting lower tectonic activity (Bull and
McFadden, 1977; Keller and Pinter, 2002). The Vfvalues can be
correlated with the Smf values, which made it possible to esti-
mate the activity class and uplift rate for each segment as sug-
gested by Rockwell et al. (1984; Fig. 11). According to this classi-
fication, the U1, S1, K1, K2, K3, H1, H2, H3 and H4 segments
show high tectonic activity with an uplift rate of > 0.5 mm/y, while
the H5 and H6 segments demonstrate moderate activity and
have an uplift rate of 0.05-0.5 mm/y. These uplift rates are com-
patible with those of the Pliocene rates (0.2-0.3 mmly) sug-
gested for the Western Anatolian Province (Demir et al., 2004),
and with those of the Quaternary rates (0.1-0.2 mml/y) for the
BuylUk Menderes region (Westaway et al., 2003).

The hypsometric curves of the fault segments indicate that
the highest potential for tectonic activity should be expected at
the southeastern margin of the Hoyran Graben, in particular in
the S2, K1 and K2 segments which show a concave curvature.
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Fig. 6. Hypsometric curves of the Hoyran Graben’s drainage system

The colour codes for different fault segments are indicated in the legend
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Table 2

Morphological properties of fault segments in the Hoyran Graben showin%basin area, drainage basin asymmetry (AF),
valley floor width-to-valley height tratio (Vf), hypsometric integral (Hl) and mountain-front sinuosity (Smf)

. Basin area
Segment no. | Basin no. [km?] AF (mign) VF (m\g;n) Hi (Mgla{m) [%’]r [|<er1] Smf
U1-1 1.38 79.72 0.31 0.39
U1-2 1.45 36.62 0.18 0.51
uU1-3 0.99 84.40 1.25 0.51
u1-4 7.39 48.59 0.02 0.73
U1-5 0.75 66.45 0.12 0.51
U1 U1-6 1.00 74.65 63.61 0.08 0.25 0.57 0.51 10.56 9.4 1.12
uU1-7 1.37 82.62 0.17 0.55
U1-8 1.17 65.68 0.39 0.45
uU1-9 1.36 73.28 0.18 0.46
U1-10 2.41 46.52 0.01 0.48
U1-11 1.30 41.14 0.02 0.40
S1-1 8.31 55.63 0.20 0.57
S1-2 1.16 44.31 0.15 0.45
S1-3 3.45 69.12 0.01 0.34
S1-4 1.39 33.85 0.15 0.48
S1 S15 12.40 5288 51.44 013 0.1 0.50 0.52 10.54 8.79 1.20
S1-6 1.75 41.11 0.03 0.53
S1-7 2.68 44 .98 0.20 0.56
S1-8 1.63 69.63 0.02 0.71
S2-1 5.01 74.31 0.41 0.58
S2-2 0.69 67.35 0.09 0.59
S2-3 13.84 62.46 0.05 0.61
S2 So-4 083 6116 59.07 003 0.14 053 0.56 15.82 9.79 1.62
S2-5 0.71 50.83 0.02 0.46
S2-6 1.1 38.32 0.25 0.56
K1-1 0.75 82.40 0.11 0.75
K1 K1-2 0.74 44.75 64.87 0.09 0.29 0.71 0.73 7.32 6.56 1.12
K1-3 0.79 67.47 0.66 0.72
K2-1 1.79 52.27 0.14 0.54
K2 K22 1.40 6187 57.07 118 0.66 0.69 0.62 4.2 4.01 1.05
K3-1 1.74 45.16 0.22 0.67
K3-2 5.22 30.69 0.41 0.72
K3-3 18.43 69.94 0.21 0.49
K3-4 412 21.78 0.32 0.56
K3 K3-5 1.73 71.59 49.73 0.80 0.81 0.52 0.57 20.76 | 16.46 | 1.26
K3-6 8.15 36.27 0.52 0.63
K3-7 0.77 42.30 0.25 0.52
K3-8 9.83 69.51 0.03 0.46
K3-9 1.04 60.36 4.50 0.55
H1-1 0.98 35.20 0.02 0.47
H1-2 16.60 19.99 0.12 0.29
H1 H1-3 1.04 54.27 53.21 0.21 0.33 0.30 0.41 10.19 7.54 1.35
H1-4 1.64 70.96 3.12 0.46
H1-5 35.98 85.63 0.75 0.54
H2-1 1.22 49.28 0.83 0.46
H2-2 3.10 56.21 0.19 0.56
H2 H2-3 4.38 77.71 64.89 0.09 0.70 0.48 0.49 6.18 4.37 1.41
H2-4 1.73 74.16 1.97 0.53
H2-5 12.66 67.10 0.41 0.44
H3-1 2.72 54.31 0.58 0.72
H3-2 8.83 69.35 0.85 0.63
H3 H3-3 0.73 65.98 56.83 0.12 0.53 0.53 0.56 7.39 5.75 1.29
H3-4 1.95 30.94 0.68 0.43
H3-5 1.72 63.55 0.43 0.47
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Tabl. 2 cont.

H4 H4-1 0.71 48.06 48.06 0.34 0.34 0.43 0.43 4.35 3.31 1.31
H5-1 0.62 87.03 0.73 0.39
H5-2 3.17 20.99 0.18 0.42
H5-3 15.91 60.58 0.88 0.52
H5-4 6.90 42.06 0.53 0.40
H5-5 11.05 13.76 0.90 0.43

H5 H5-6 1.17 30.89 41.11 4.07 1.16 0.46 0.4 18.73 | 11.11 | 1.69
H5-7 9.86 38.09 1.00 0.38
H5-8 6.22 47.54 1.30 0.31
H5-9 6.56 19.56 0.44 0.35
H5-10 1.39 36.81 0.61 0.37
H5-11 0.92 54.94 2.16 0.38
H6-1 1.63 40.64 0.68 0.34
H6-2 2.57 51.53 0.37 0.40
H6-3 0.91 24.97 0.81 0.38
H6-4 1.07 53.95 0.94 0.47
H6-5 1.57 17.45 1.20 0.39
H6-6 5.10 27.58 0.28 0.47
H6-7 2.53 35.45 0.51 0.55
H6-8 0.76 36.13 0.58 0.50
H6-9 6.81 35.23 0.91 0.32

H6 H6-10 188 30.75 42.70 0.60 1.34 0.67 0.47 26.22 | 13.01 | 2.02
H6-11 1.98 70.64 0.20 0.68
H6-12 14.34 72.99 2.45 0.49
H6-13 0.77 52.49 1.79 0.45
H6-14 29.66 81.03 0.57 0.56
H6-15 0.98 18.90 2.21 0.47
H6-16 0.74 41.67 1.83 0.57
H6-17 0.76 34.47 7.80 0.37
H6-18 43.38 46.16 0.46 0.39
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Fig. 7. Map showing the hypsometric integral (H/) values of drainage sub-basins of the Hoyran Graben
(see Fig. 4 for the explanation of HI values)
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Lake
Egirdir

Ls (straight-line length of mountain-front)

Lmf (length of mountain front along the
mountain-piedmont junction)

measuring sections for Vf (valley floor
width-to height ratio) index

e 45< AF < 55
P
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AF < 45 (AF, asymmetry factar)

| .

Fig. 8. Schematic watershed map of the Hoyran Graben showing the tilting of the drainage sub-basins controlled by fault segments

A — the western part; B — the eastern part; Lmf and Ls are the lines used for the calculations of Smf in the study area
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Fig. 9. Simplified map showing the SL values along the drainage of the Hoyran Graben where the rock strength classification
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They are followed by the U1 and H3 segments showing slight
concavity. The remaining segments mostly indicate a linear
and/or convex curvature, corresponding to lower tectonic activ-
ity or stable conditions. The HI calculations mostly support the
HC, Smf and Vfresults, with some differences that suggest rel-
atively higher activity for the U1, S1, S2, K1, K2, K3 and H3 seg-
ments (H/ > 0.5). These values are compatible with those calcu-
lated for the Spildagi (HI > 0.61) (Ozkaymak and Sozbilir,
2012), the Honaz Fault (0.61 < HI < 0.73) (Ozkaymak, 2014)
and the Gameli Basin (0.31 < HI < 1.05) (Ozsayin, 2016) lo-
cated in the western part of the study area.

According to the results of drainage basin asymmetry ob-
tained, the AF values are between 13.76 and 87.03. For the U1,
S2 and H3 segments, the sub-basins tilt mostly westwards,
suggesting higher tectonic activity. On the other hand, for the
K1, K2 and K3 segments of the southeastern margin, the asym-
metry of sub-basins does not represent uniform tilting. This situ-
ation may be a consequence of lower tectonic activity and/or
the existence of the lake and related depositional processes.
The existence of the lake, creating a local base level for a drain-
age system, may have reduced the incision of the river profile.
This situation may also increase sedimentation and affect basin
geometry. At the northwestern margin, tilting of the sub-basins
show that the central part of the H1 segment matches the be-
haviour of normal faults as indicated by Faulds and Varga
(1998). Tilting along the H2 segment also suggests the activity
of the H1 segment as most of the sub-basins tilt to the west. The
H3 and H4 segments do not represent a uniform pattern, while
the H5 and H6 ones show eastwards tilting. This asymmetry

may suggest high activity along the northern margin of the Lake
Egirdir, but morphometric analysis does not indicate higher ac-
tivity for this section. This might be a consequence of lithological
differences, as the footwalls of the H5 and H6 segments are
composed of Miocene lacustrine deposits, which are less resis-
tant to erosion than are basement units.

The SL values also support the results of other geomorphic
indices. Higher SL values were obtained from the U1, S1, S2,
K1 and K2 segments. They suggest higher activity at the south-
eastern margin of the Hoyran Graben. In this section, the
slope-breaks are mostly related to tectonic activity, indicating
rock strength changes due to the juxtaposition of the basement
units with Quaternary deposits along the fault segments. By
contrast, at the northwestern margin, the SL values mostly
change due to lithological differences rather than to fault activ-
ity, with the exception of the H2 and H3 segments. Thus, the up-
hill increase of the SL values is not as high as at the southern
margin of the Hoyran Graben and cannot be directly associated
with fault activity.

The Ksn values indicate three major areas that have the
highest values. These are located at the southern parts of the
U1, S1, S2 and K2 segments. Relatively higher Ksn values
were also obtained at the northern part of the H1 segment. Due
to higher Ksn values, it can be suggested that the fault seg-
ments which control the southwestern part of the Hoyran
Graben represent higher tectonic activity. Nevertheless, the
lower values located at the northeastern part are thought to
have been generated from lithological changes, where the
basement units are unconformably overlain by the basin infill.
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To summarize, the results of geomorphic indices clearly
show that the highest relative tectonic activity should be ex-
pected from the U1, S1, S2, K1 and H1 segments. Moderate
activity is indicated in the K2, K3, H2, H3 and H4 segments,
while relatively lower activity should be expected from the H5
and H6 segments. The highest relative activity is calculated for
the southwestern part of the Hoyran Graben.

The difference in activity is related to the location of the
graben. According to the GPS data, both flanks of the Isparta
Bend are moving to the west, and the western one is faster than
the eastern (Reilinger et al., 1997; McClusky et al., 2000). This
velocity variance is suggested to cause higher tectonic activity
in the southwestern part of the Hoyran Graben.

INTERPRETATION OF SEISMIC ACTIVITY IN THE HOYRAN GRABEN

The northwestern part of the Isparta Bend is one of the most
seismically active regions in Anatolia. This area is character-
ised by several seismically active faults, having different orien-
tations. Significant earthquakes occurred in 1995 (Dinar: Mw
5.9) and 2002 (Cay: Mw 6.5). The earthquake distribution is
concentrated in three regions around the study area (Fig. 12A).
These are the Aksehir Fault Zone, Dinar Fault Zone and the
Lake Egirdir region. The NW-trending Aksehir Fault Zone is
composed of several segments that show normal fault charac-
teristics (Kogyigit and Ozacar, 2003; Emre et al., 2003; Aky(iz et
al., 2006). The epicentre of the 2002 Cay earthquake was lo-
cated at the western end of this zone. The focal mechanism so-
lutions of earthquakes clustered in this area reflect approxi-
mately E-W oriented extension. Some of the solutions which
represent nearly N—S extension may be related to stress varia-
tion as the region is located at the hinge zone of the Isparta
Bend.

The second cluster relates to the Dinar Fault Zone, where
the Dinar earthquake took place in 1995. This fault zone is also
characterised by NW-trending normal faults, compatible with
the focal mechanism solution of the Dinar earthquake (Altunel
et al., 1999; Ozalp et al., 2018; Kiirger et al., 2021). The third
cluster corresponds to the Lake Egirdir region with
NNE-trending normal faults. The focal mechanism solutions of
earthquakes, clustered in this area, indicate approximately
E-W-oriented extension. Some of the solutions which show
strike-slip dominated faulting can be generated by transfer
faults, bounding the stepover zones of NNE-trending normal
faults (Faulds and Varga, 1998).

Within the stress distribution, the palaeostress analysis re-
sults obtained for the U1, H2 and K3 segments of the Hoyran
Graben mostly fit with those recorded in the Lake Egirdir region.
The seismicity in the graben is typically clustered along the
Uluborlu, Kumdanli and eastern part of the Hoyran faults (cen-
tral part of Lake Egirdir). The distribution of the earthquake epi-
centres partially overlaps with the results of the morphometric
analysis, as they indicate lower tectonic activity for the H5 and
H6 segments. The eastern part of the Hoyran Graben consti-
tutes the lowest elevation of the depression, where most of the
epicentres are located. This situation may be the result of bur-
ied faulting and/or relatively high seismic activity along the H5
and H6 segments.

Additionally, the result of the palaeoseismological studies of
the Kumdanli Fault show traces of earthquakes that formed a
surface rupture during the Late Pleistocene—Holocene interval
(Ozalp et al., 2017). In this case, the possibility of buried faults
should be taken into consideration, as no destructive earth-
quakes have been recorded along the Hoyran Graben faults.
However, the low-magnitude earthquake epicentres docu-

mented during the instrumental survey period indicate that
these faults are still seismically active (Fig. 12B). Moreover, the
faults forming the Hoyran Graben, located at the centre of three
seismically active zones (Lake Egirdir, Aksehir and Dinar), have
a significant earthquake risk potential, which can be considered
as a seismic gap.

Furthermore, previous studies have outlined the develop-
ment of the Hoyran Graben as a N-S-oriented depression, re-
sulting from contraction between the African and Eurasian
plates (e.g., Karaman, 2010; Faccenna et al., 2014; Van
Hinsbergen et al., 2020). Subsequently, it was proposed that
the current morphology of this depression is a result of its inter-
section with the Fethiye-Burdur Fault Zone and simultaneous
counter-clockwise rotation. However, seismic analyses of three
active regions surrounding the study area reveal no evidence of
strike-slip faulting. This observation raises the possibility that
the Fethiye-Burdur Fault Zone, which likely influenced the for-
mation of the Hoyran Graben and adjacent depression areas,
may currently be inactive or that its fault planes exhibit reactiva-
tion with dissimilar characteristics.

CONCLUSIONS

In this study, the faults bounding the Hoyran Graben in
Western Anatolia were evaluated in the light of field observa-
tions and geomorphic indices and the following results were ob-
tained.

1. The Hoyran Graben, trending approximately NE, is delin-
eated by the Hoyran, Uluborlu, Senirkent and Kumdanli faults,
representing seismic activity.

2. The Hoyran Fault, establishing the northern limit of the
graben, comprises six segments, while the Uluborlu Fault,
forming its southern boundary, consists of one segment; the
Senirkent Fault has two segments, and the Kumdanli Fault
comprises three segments.

3. The morphology formed by the boundary faults of the
Hoyran Graben was evaluated quantitatively through 7
geomorphic indices. The Uluborlu Fault (U1), Senirkent Fault
(S1-S2), and Kumdanli Fault (K1) segments, constituting the
southern border, along with the Hoyran Fault (H1) segment at
the southwest terminus, exhibit the highest levels of tectonic ac-
tivity. Calculations indicate that the southwest side of the
Hoyran Graben experiences more rapid deformation (> 0.5
mm/y) compared to the northeast (0.05-0.5 mm/y).

4. The variation in deformation rates on opposing sides of
the Hoyran Graben is attributed to the swifter westwards move-
ment of the western flank of the Isparta Bend on the outer part
of the wing compared to the inner side.

5. The Fethiye-Burdur Fault Zone probably has significant
importance in shaping the geometry of depressions such as the
Hoyran Graben. Nevertheless, contemporary projections sug-
gest that the fault planes within this zone are either inactive or
exhibit reactivation with different characteristics.

6. Positioned within a seismically active region, the Hoyran
Graben has experienced earthquakes in neighbouring fault
zones. The absence of destructive earthquakes during the pe-
riod of instrumental surveys along the graben is considered a
noteworthy gap in terms of seismic activity.
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