
Geo log i cal Quar terly, 2024, 68: 1
DOI: http://dx.doi.org/10.7306/gq.1724

Tec tonic geo mor phol ogy of the Hoyran Graben (West ern Anatolia, Türkiye): 
in sights from geomorphic in di ces

Yaren Sena ÇET�N1, Hasan Salih A(AR2, Burcu KAHRAMAN2, Levent BAYRAM2, Ahmet Özkan KUL3,
Erman ÖZSAYIN2, * and Serkan ÜNER3

1 Hacettepe Uni ver sity, Grad u ate School of Sci ence and En gi neer ing, TR-06800, An kara, Türkiye. ORCID:
0000-0001-6801-1804 [Y.S.Ç.]

2 Hacettepe Uni ver sity, De part ment of Geo log i cal En gi neer ing, TR-06800, An kara, Türkiye. ORCID: 0009-0006-8666-5186
[H.S.A.], 0000-0003-4172-5086 [B.K.], 0000-0002-6197-4330 [L.B.], 0000-0003-3948-5482 [E.Ö.]

3 Van Yüzüncü YÏl Uni ver sity, De part ment of Geo log i cal En gi neer ing, TR-65080, Van, Türkiye. ORCID:
0000-0003-1854-2206 [A.Ö.K.], 0000-0001-5974-1856 [S.Ü.]

Çetin,Y.S.,  AÈar, H.S., Kahraman, B., Bayram, L., Kul, A.�., �zsayÏn, E., Üner, S., 2024. Tec tonic geo mor phol ogy of the
Hoyran Graben (West ern Anatolia, Türkiye): in sights from geomorphic in di ces. Geo log i cal Quar terly, 68: 1;
https://doi.org/10.7306/gq.1724

As so ci ate Ed i tor: Pawe³ Aleksandrowski

The area be tween West ern Anatolia and Isparta Bend com prises nu mer ous de pres sions and the ac tive faults that bound
them. The Hoyran Graben is one of these de pres sions, lo cated at the north ern most part of the Isparta Bend. This
NE–SW-ori ented graben is bounded by the Hoyran Fault in the north west and the Uluborlu, Senirkent and KumdanlÏ faults in
the south-east, re spec tively. We eval u ate the seis mic ac tiv ity po ten tial among seg ments of the bound ary faults in the light of
field work and morphometric in di ces. These bound ary faults of the Hoyran Graben are di vided into twelve seg ments for the
anal y sis, with in di ces used in clud ing moun tain-front sin u os ity (Smf: 1.05–2.02), val ley floor width-to-val ley height ra tio (Vf:
0.11–1.34), hypsometric curve and in te gral (Hi: 0.4–0.73), asym me try fac tor (Af: 13.76–87.03), stream length-gra di ent (SL:
1.48–9450) and nor mal ized chan nel steep ness (Ksn: 2.38–990.38). The re sults ob tained, to gether with field ob ser va tions,
in di cate that the Uluborlu, Senirkent and KumdanlÏ faults, as well as the west ern seg ments of the Hoyran Fault, rep re sent
higher po ten tial in terms of seis mic ac tiv ity with up lift rates >0.5 mm/y, while the cen tral and east ern seg ments show mod er -
ate ac tiv ity with up lift rates be tween 0.05 and 0.5 mm/y. Thus, the bound ary faults of the Hoyran Graben need fur ther at ten -
tion in terms of re gional seis mic haz ard.

Key words: seis mic ac tiv ity, bound ary faults, morphometric anal y sis, palaeostress anal y sis, seis mic haz ard.

INTRODUCTION

Morphometric anal y sis is one of the most sig nif i cant meth -
ods used to in ves ti gate the in ter ac tion be tween tec ton ics and
drain age net work quan ti ta tively, to com pare the rel a tive ac tiv i -
ties among fault seg ments in terms of their seis mic po ten tial
(Keller and Pinter, 2002). In re cent years, stud ies on re veal ing
such rel a tive ac tiv i ties among seg ments of seismogenic faults
via morphometric in di ces has come in creas ingly into prom i -
nence. The Acambay Graben (Ramírez-Herrera, 1998), the Si -
erra Ne vada (Pérez-PeÔa et al., 2010), the Si erra Cabrera
(Giaconia et al., 2012), the Honaz Fault (Özkaymak, 2014), the

Tuz Gölü Fault Zone (YÏldÏrÏm, 2014), the Çameli Ba sin
(ÖzsayÏn, 2016), the Lake Van Ba sin (SaÈlam-Selçuk, 2016),
and the Malatya Fault (ZabcÏ, 2020) rep re sent some of these
stud ies, where sev eral geomorphological in di ces were ap plied
to com pare re sponses of land forms to seis mi cally ac tive fault
seg ments. The most re li able and com mon tools com prise the
moun tain-front sin u os ity, val ley floor width-to-val ley height ra tio, 
asym me try fac tor, hypsometric curve and in te gral, stream
length gra di ent and nor mal ized chan nel steep ness in di ces.

The West ern Anatolia Prov ince is one of the most rap idly
ex tend ing ar eas in the world, at 20 mm/y (Reilinger et al., 1997). 
This ex ten sion cre ates high fre quency seis mic ity gen er ated by
the bound ary faults of dis simi larly-ori ented horst-graben sys -
tems (EyidoÈan and Jack son, 1985; Ambraseys, 1988;
EyidoÈan, 1988; Jack son and McKenzie, 1988; Jack son et al.,
1992; Taymaz, 1993; Ambraseys and Jack son, 1998; AktuÈ et
al., 2009). This re gion is lim ited by the Isparta Bend in the east,
lo cated in cen tral Anatolia (Uysal et al., 1980; Kissel and Pois -
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son, 1987; Kissel et al., 1993; Mor ris and Rob ert son, 1993;
Piper et al., 2002; ÖzsayÏn and Dirik, 2011; Fig. 1A). Such
horst-graben struc tures, de vel op ing in a ra dial pat tern on the
up per part of the Isparta Bend, dis play unique mor pho log i cal
and struc tural fea tures (Emre et al., 2003). The Hoyran Graben
is sit u ated at the north of this struc ture and it is bounded by seis -
mi cally ac tive nor mal faults (Fig. 1B). Sev eral stud ies were per -
formed around the west ern part of the Isparta Bend in terms of
its tec tonic evo lu tion (e.g., KoçyiÈit, 1981; Waldron, 1982) and
seis mic ity of the re gion (e.g., Taymaz and Price, 1992; Emre et
al., 2003; Özalp et al., 2018; Kürçer et al., 2021). How ever,
none of these in ves ti gated the seis mic ac tiv ity po ten tial among
the fault seg ments of the Hoyran Graben. Be sides, the lim ited
num bers of earth quakes, dis persed along dif fer ent fault seg -
ments, com pli cate the un der stand ing of the pos si ble seis mic
gaps be tween them.

There fore, this study: (i) eval u ates the fault seg ments of the
Hoyran Graben us ing geomorphic in di ces, as well as field ob -
ser va tions; (ii) re veals the seis mic ac tiv ity po ten tial among the
fault seg ments. 

GEOLOGICAL SETTING

WESTERN ANATOLIA

The Ana to lian plate, mov ing west wards along the North and 
East Ana to lian Fault sys tems, is ro tat ing coun ter-clock wise and 
obducting onto the Af ri can plate in the SW along the
Aegean-Cyprian arc (McKenzie, 1978; ªengör, 1979; Jack son
and McKenzie, 1984; ªengör et al., 1985; Le Pichon et al.,
1995; Fig. 1A). This sit u a tion also con trols strongly N–S-ori -
ented con ti nen tal ex ten sion in West ern Anatolia (Le Pichon and 
Angelier, 1979; ªengör et al., 1984; Reilinger et al., 2010).

The or i gin of con ti nen tal ex ten sion in the West ern Anatolia
re gion has been de bated many times and var i ous mod els have
been pro posed. They in clude: (i) tec tonic es cape (e.g., �engör
and YÏlmaz, 1981; �engör et al., 1985; Görür et al., 1995), (ii)
back-arc spread ing (e.g.,  McKenzie, 1978; Le Pichon and
Angelier, 1979; Meulenkamp et al., 1988; Jolivet et al., 1998),
(iii) orogenic col lapse (e.g., Dewey, 1988; SeyitoÈlu and Scott,
1991, 1992; McClusky et al., 2000), (iv) an ep i sodic two-stage
graben (e.g., Bozkurt and Park, 1994; KoçyiÈit et al., 1999;
YÏlmaz et al., 2000; Sözbilir, 2001; Bozkurt and Rojay, 2005),
(v) ve loc ity dif fer ence (e.g., Doglioni et al., 2002), (vi) bivergent
ex ten sion (e.g., Hetzel et al., 1995) and (vii) slab-tear ing and
trench-re treat mod els (e.g., Brun and Sokoutis, 2010; Jolivet
and Brun, 2010; Jolivet et al., 2013; KaraoÈlu and HelvacÏ,
2014). Ad di tion ally, sev eral evo lu tion ary mod els com bin ing the
ba sic types listed above have been sug gested for dif fer ent time
in ter vals in the west ern Anatolia re gion (e.g., Sözbilir, 2002;
Westaway, 2003; Kaya et al., 2004; Agostini et al., 2010; Gürer
et al., 2013). 

The east ern mar gin of the West ern Ana to lian Extensional
Prov ince also in cludes the re gional-scale struc ture known as
the Isparta Bend, where the study area is lo cated (Fig. 1A). This 
is a V-shaped morphotectonic struc ture (~180 km long N–S
and ~100 km wide E–W), which is sit u ated to the north of
Antalya Bay. The first at tempt to ex plain its or i gin, ini tially de -
fined and re ported 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 
Akºehir Fault zones (e.g., Barka et al., 1995; KoçyiÈit et al.,
2000; Fig. 1A). Later stud ies also dis cuss the ex is tence
(KaymakçÏ et al., 2017) and char ac ter is tics of the
Fethiye-Burdur Fault Zone (e.g., Elitez and YaltÏrak, 2014;
Alçiçek, 2015). 

Ear lier re search iden ti fied three main nappe sheets as es -
sen tial com po nents, formed as lin ear fea tures in the Isparta
Bend. The ini tial sheet com prises the Antalya Nappe units, orig i -
nat ing from the south ern part of the Neotethys. These units were
thrusted onto the Tauride car bon ate plat form (Anamas-Akseki
Autochthon) in the late Early Paleocene (Uysal et al., 1980; BalcÏ, 
2011a, b). The sec ond one com prises the Beyºehir-Hoy -
ran-HadÏm Nappe units, de rived from the north ern branch of the
Neotethys. These were emplaced onto the cen tral Tauride plat -
form in two con sec u tive stages (Campanian and Late Lutetian;
Piper et al., 2002). The Lycian Nappe units share the same or i gin 
as the Beyºehir-Hoyran-HadÏm Nappe units and un der went a
two-stage em place ment onto the west ern Tauride plat form (Late
Oligocene-Late Langhian; Piper et al., 2002). Palaeomagnetic
stud ies in di cated a 40° clock wise ro ta tion for the east ern part of
the Isparta Bend (Kissel et al., 1993), while a 30° coun ter clock -
wise ro ta tion was cal cu lated for the west ern part (Kissel and
Pois son, 1987; Mor ris and Rob ert son, 1993). No ta bly,
palaeomagnetic stud ies do not in di cate any ro ta tion from the
Plio cene to re cent times for the cen tral part of the Isparta Bend
(Kissel and Pois son, 1987).

The ex ten sion in West ern Anatolia cre ated nu mer ous bas -
ins be tween the Aegean Sea and the Isparta Bend. Gen er ally,
they were con trolled by ac tive faults, and in clude the
E–W-trending Büyük Menderes and Küçük Menderes, the
NE-trending Hoyran, Baklan, Burdur and AcÏgöl, and the
NW-trending Gediz and Di nar grabens (Fig. 1B). Seis mic stud -
ies and geo detic ve loc ity mea sure ments dem on strate that the
re gion is de formed by high strain rates along these ac tive faults, 
gen er at ing high-fre quency seis mic ity (e.g., Barka and Reilin -
ger, 1997; Kahle et al., 1998; Kurt et al., 1999; Özener et al.,
2013; DoÈru et al., 2014).

HOYRAN GRABEN

Pre vi ous stud ies in di cate that the strain re lated with the con -
ver gence be tween Af ri can and Eur asian plates was di vided be -
tween the subduction zone and the plate above. This in ter play
led tran si tions from thin- to thick-skinned thrust ing, ac com pa -
nied by re ac ti va tion of for mer seg ments within the nappe stacks 
(e.g., Faccenna et al., 2014). Con se quently, this phe nom e non
cre ated strongly curved moun tain ranges and re lated con ti nen -
tal ar eas of ex ten sion (e.g., Van Hinsbergen et al., 2020). In the
early Mio cene, de pres sions such as the Hoyran, Akêehir,
Beyêehir, Burdur and EÈirdir bas ins (Fig. 1B) formed due to tec -
tonic up lift in the West ern Taurus Moun tains (Karaman, 2010).
The de vel op ment of these bas ins, which are bor dered by ac tive
faults of var i ous ori en ta tions, is ex plained by coun ter-clock wise
ro ta tion of the area west of the Isparta Bend (Kissel and Pois -
son, 1987; Mor ris and Rob ert son, 1993; Karaman, 2010).
These bas ins were infilled by lac us trine de pos its from the Mio -
cene. 

The NE-trending Hoyran Graben is one of these grabens,
lo cated in the north ern part of the Isparta Bend (Fig. 1B). The
graben is ~80 km long and 20 km wide. Ear lier stud ies sug gest
that this graben was formed as a N–S ori ented ba sin as a con -
se quence of N–S-trending con trac tion be tween the Af ri can and
Eur asian plates which cre ated an ~E–W ori ented ten sional
stress re gime dur ing the Mid dle Mio cene. Later, this graben
was cut by the Fethiye-Burdur Fault Zone and took its pres -
ent-day ge om e try to gether with the coun ter-clock wise ro ta tion
of the west ern limb of the Isparta Bend (e.g., Karaman, 2010). 

The rock units out crop ping in the Hoyran Graben are di -
vided into two main suc ces sions, as base ment units and
graben-fill. The old est base ment unit in the area is the
Paleozoic Anamas-Akseki Autochthon that has un der gone
low-grade meta mor phism. It was first named as the Seydiºehir
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schists by Blumenthal (1947) and con sists of metasiltstone,
metashale and metasandstones in ter ca lated with light green,
grey and lo cally red dish-blue quartz ite with red and pink nod u lar 
lime stone in its lower lev els. Due to the on set of greenschist
meta mor phism, the ma trix has be come chloritized and
sericitized. Grad ing and cross-bed ding is ob served in the
metasandstones. Green, alterated vol ca nic sills in trude the
lower lev els of the for ma tion (BalcÏ, 2011a, b). These units are
tec toni cally over lain by ultra mafic rocks, con tain ing peridotite,
ser pen tin ite, harzburgite, gab bro and diabase of an ophiolitic
mélange (Beyêehir-Hoyran-HadÏm Nappes) (ªenel et al., 1981; 
Öztürk and Öztürk, 1989). Plat form car bon ates of the Lycian
Nappes, rep re sented by pe lagic lime stone in ter ca la tions, and
oolitic and oncoidal lime stones con tain ing ben thic foraminifera,
also con sti tute base ment rocks (BalcÏ, 2011a, b). The last
base ment unit, of Up per Paleo cene-Eocene flysch de pos its,
was de fined by Özgül et al. (1991). This unit, ~1000 m thick,
com prises basal beige and red, thin-bed ded micritic lime stones 
pass ing up wards into thin- to me dium-bed ded, grey, green,
beige calcarenites, micrites, clayey and sandy lime stones
interbedded with sand stones, claystones, siltstones and con -
glom er ates. 

Ba sin-fill de pos its rest un con form ably on these base ment
units. They be gin with Up per Mio cene-Plio cene pale
grey-beige, thin- to me dium-bed ded marl and green claystone.
Among these units, beige, poorly sorted, car bon ate- or clay-ce -
mented con glom er ate lenses can be ob served. The clasts are
of vol ca nic rock, lime stone, ser pen tine, quartz and radiolarite.
This level is over lain by yel low-beige, thin-to me dium-bed ded
gas tro pod-bear ing lac us trine lime stones in ter ca lated with
claystones and marls. These units are over lain by tuffaceous
sand stones, lime stones, bas alts and andesites. This se quence
is be tween 200 m and 1200 m thick (Öztürk and Öztürk, 1989;
BalcÏ, 2011a, b) and is un con form ably over lain by Qua ter nary
clastic de pos its (Fig. 1C, D).

The graben is bounded by the Hoyran Fault to the north and 
by the Uluborlu, Senirkent and KumdanlÏ faults to the south
(Fig. 1C, D). The 45 km long and N55°E trending fault, ex tend -
ing be tween Uluborlu and AêaÈÏ KaêÏkara, is named as the
Hoyran Fault for the first time on the ba sis of fault-slip data in
this study. This tec tonic struc ture is mor pho log i cally dis tinc tive
be tween Büyükkabaca and Taºevi, and pos si bly ac tive, from
the dis tri bu tion of earth quake epi centres. The fault is di vided
into six seg ments for geomorphic anal y sis ac cord ing to their po -
si tion and step-over zones: H1–H6. The H1 seg ment is 7 km
long and bounds base ment units with Qua ter nary col lu vium
and al lu vium. It con sti tutes the west ern part of the Hoyran Fault. 
The next seg ment (H2) is 4 km long and jux ta poses base ment
units with Qua ter nary al lu vium. H3, 6 km long, is east of H2 and
sep a rates base ment units from Qua ter nary col lu vium, as does
H4, 3 km long. H5 is 11 km long and jux ta poses Mio cene lac us -
trine de pos its with Qua ter nary col lu vium and al lu vium. H6 is 13
km long and bounds Mio cene lac us trine de pos its with Qua ter -
nary col lu vium, form ing the east ern most part of the Hoyran
Fault.

The Uluborlu Fault was de fined by Emre et al. (2013) as a
Ho lo cene fault, be ing dip-slip and nor mal. The gen eral trend of
the fault is N65°E with NW-dip ping fault planes. It forms the
con tact be tween Qua ter nary al lu vium in the north and the Me -
so zoic lime stones in the south. As this fault was mapped as a
sin gle seg ment by Emre et al. (2013), the name “U1” is given for 
geomorphic anal y sis. It is ~10 km long and lies be tween
Uluborlu and Senirkent (Fig. 1C). 

The Senirkent Fault, iden ti fied by �aroÈlu et al. (1987), is
20 km long. It ex tends from the east of Senirkent to the south ern 
part of Lake EÈirdir. Ac cord ing to Emre et al. (2013), it is a nor -
mal, dip-slip Qua ter nary fault, gen er ally strik ing N75°E with
NNW-dip ping planes. The Senirkent Fault is di vided into two
seg ments, S1 and S2, which are con sis tent with those iden ti fied 
by Emre et al. (2013). Both seg ments are ~9 km long and jux ta -
pose base ment units with Qua ter nary col lu vium. Al lu vial fans,
hang ing val leys, and old ter races are com monly ob served
along these all seg ments (Fig. 2).

The KumdanlÏ Fault was firstly de fined by KoçyiÈit (1983) as
the Gökçeali Fault. How ever, this fault was termed as the
Burdur-Hoyran Fault (Karaman, 1988, 1989; YaÈmurlu, 1991) and 
the KumdanlÏ Fault (�aroÈlu et al., 1992). In this study, the
“KumdanlÏ Fault” is used to pre serve con sis tency and clar ity of de -
scrip tion. The KumdanlÏ Fault is 27 km long and de fined as a Ho lo -
cene fault with N50°E strike and NW-dip ping planes on the up -
dated Ac tive Fault Map of Türkiye (Emre et al., 2013; Fig. 3A, B).

Fault planes ob served in the north of Celeptaº have a nor -
mal fault char ac ter with a sinistral strike-slip com po nent
(Fig. 3C, D). This struc ture is di vided into three seg ments,
namely K1, K2, and K3. The seg ment K1 is the west ern one, ~6
km long, and jux ta poses base ment units and Mio cene lac us -
trine de pos its with Qua ter nary units. The K2 seg ment, 8 km
long, lies be tween AêaÈÏ TÏrtar and Celeptaê, and also cuts the
base ment and the Mio cene lac us trine de pos its. K3 is the east -
ern most seg ment, ~12 km long and sep a rat ing base ment units
and Mio cene lac us trine de pos its from Qua ter nary al lu vium. 

The study area is called the “Turk ish Lakeland”. In this re -
gion, there are sev eral ter mi nal lakes of var i ous di men sions,
most of which are bounded by ac tive faults. Lake EÈirdir is one
of these lakes and is po si tioned at an el e va tion of 915 m a.s.l.
The north ern part of this lake is lo cated in the Hoyran Graben.
This part of the lake is bounded by the H6 seg ment of the
Hoyran Fault to the north west, and the K1 and K2 seg ments of
the KumdanlÏ Fault to the south east (Fig. 1C).

MATERIAL AND METHODS

In this study, 30 m Shut tle Ra dar Top o graphic Mis sion
(SRTM) dig i tal el e va tion model (DEM) data (avail able at
https://earthexplorer.usgs.gov) were used to eval u ate the
geomorphic in di ces for the Hoyran Graben. The drain age
sub-bas ins and river net work of the re gion were drawn us ing
ArcGIS® Desk top Arcmap (v.10.8) on the DEM pro vided. Pos si -
ble gaps in the DEM were filled through in ter po la tion (Filldem
tool) to ob tain a ho mo ge neous data set. The drain age bas ins
and river net work of the re gion were ex tracted from the DEM
with re lated tools (Flowdir and Flow acc tools) with the D8 al go -
rithm and these river net works were com pared with the net -
works on the top o graphic maps. A to tal of 12 fault seg ments
were de fined in re la tion to their po si tions and/or step-over
zones as de fined by Biddle and Chris tie-Blick (1985) and Pea -
cock et al. (2000), and 84 drain age sub-bas ins con trolled by
these seg ments were de ter mined for the cal cu la tions. Ac tive
tec ton ics and rock units di rectly con trol mor pho log i cal fea tures
such as drain age pat tern, stream gra di ent, moun tain front ge -
om e try, and ero sional pro cesses. In this study, seven
geomorphic in di ces were used in the light of pre vi ous stud ies
which were ap plied to sev eral re gions, show ing sim i lar geo log i -
cal and struc tural con tents (e.g., AzaÔón et al., 2015;
SaÈlam-Selçuk, 2016; He et al., 2018; Valkanou et al., 2020).
These are the hypsometric curve and in te gral, moun tain-front
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sin u os ity, val ley floor width-to-val ley height ra tio, drain age ba sin 
asym me try, stream length-gra di ent and nor mal ized chan nel
steep ness in di ces (Fig 4).

Moun tain-front sin u os ity (Smf) is a tool for ex press ing the
bal ance be tween tec tonic ac tiv ity and ero sional forces. Straight
moun tain-fronts (low Smf val ues) are ob tained when high tec -
tonic ac tiv ity and re lated up lift over come ero sional pro cesses.
When tec tonic ac tiv ity is low, ero sional pro cesses cre ate more
si nu soi dal moun tain-fronts (high Smf val ues; Keller and Pinter,
2002; Fig 4).

Vf is a use ful tool for eval u at ing val ley in ci sion and shape
be tween fault seg ments. Higher tec tonic ac tiv ity and re lated up -
lift rates will re veal deeply in cised, V-shaped val leys (lower Vf
val ues). By con trast, in ero sion-dom i nated ar eas, the val leys
are broad- and flat-floored (higher Vf val ues) (Bull and
McFadden, 1977; Keller and Pinter, 2002; Fig 4). 

SL de scribes the stream-chan nel slope along the river bed
and in di cates un ex pected slope changes ow ing to ero sional
dis sim i lar i ties among lithological bound aries and/or faults. A
gen tle slope along the river bed gives low SL val ues whereas
sharp drops gen er ate high val ues (Keller and Pinter, 2002). 

Ksn con trols slope gra di ent anom a lies along the river chan -
nels (Ouimet et al., 2009; Whittaker, 2012). In a drain age ba sin,
the slope of the river bed grad u ally de creases down wards. This

sit u a tion can be changed by lithological bound aries due to rock
re sis tance to ero sion or by ac tive fault ing, gen er at ing ver ti cal
dis place ment. The ex po nen tial re la tion ship be tween chan nel
slope (S) and up stream area (A) in graded rivers are de fined as
a power-law (Hack, 1957), stated by:

S = KsA–q

In this for mula, Ks rep re sents the chan nel steep ness-in dex
and q re fers to the con cav ity in dex (Flint, 1974). Dis par i ties as
ac tive tec ton ics, cli mate and river-bed li thol ogy di rectly dis turb
the slope of the chan nel and up stream area, shift ing the Ks and
q in the equa tion (Wobus et al., 2006; Kirby and Whipple, 2012). 
For the de ter mi na tion of Ks and q in a river pro file, re gres sions
are ex e cuted in log a rith mic slope-area plots (Ferrater et al.,
2015). These plots can be used to lo cate knickpoints and dis -
tinct ar eas of dif fer ent up lift (Wobus et al., 2006; Kirby and
Whipple, 2012; Burbank and An der son, 2013; Whipple et al.,
2013).  These knickpoints oc cur due to con stant changes that
hap pen in bound ary con di tions as base-level falls ac cord ing to
up lift-rate changes or vari a tions in cli ma tic con di tions (Snyder
et al., 2003; Bishop et al., 2005; Kirby and Whipple, 2012). The
con cav ity in dex (q) ranges be tween 0.4 and 0.6 in most sit u a -
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Fig. 2. Al lu vial fans set along the Senirkent Fault

A – Google Earth im age; B – field view
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Fig. 3. The KumdanlÏ Fault be tween KumdanlÏ and Celeptaê

A – Google Earth im age; B – slope-breaks along the KumdanlÏ Fault; C – fault plane ob served to the north of Celeptaº; D – close-up
view of the fault plane and slickenlines
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Fig. 4. Sum mary of the morphometric pa ram e ters used to eval u ate rel a tive tec tonic ac tiv ity among the bound ary faults 
of the Hoyran Graben (from Özkaymak, 2014; ÖzsayÏn, 2016; ÖzsayÏn et al., 2023)
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tions and is rel a tively un af fected by ac tive tec ton ics, lithological
and/or cli ma tic changes (Kirby and Whipple, 2012; Whipple et
al., 2013). The “nor mal ized” steep ness in dex (Ksn) is used for
river reaches of static “ref er ence” con cav ity (Wobus et al.,
2006), used in morphometric stud ies (e.g., Wobus et al., 2006;
Kirby and Whipple, 2012; Whipple et al., 2013; Ferrater et al.,
2015; Camafort et al., 2020; SaÈlam-Selçuk and Kul, 2021).
There fore, the q value is ac cepted as 0.5 dur ing the cal cu la tions 
in TecDEM tool box anal y sis (Fig 4).

The drain age ba sin asym me try fac tor (AF) was de vel oped
to de tect the tilt ing of small- scale drain age bas ins due to ac tive
tec ton ics. This fac tor per mits res o lu tion of the over all tilt of the
ba sin land scape re gard less of whether the tilt is lo cal or re -
gional (Hare and Gardner, 1985). If the AF is higher than 50, the 
main chan nel has moved to the down stream left-hand side of
the drain age ba sin. If the AF is less than 50, the chan nel has
shifted to the down stream right-hand side of the drain age ba sin
(Hare and Gardner, 1985).

Fault-slip data from dif fer ent seg ments of the faults were
col lected in the field for palaeostress anal y sis. Win-Ten sor
(v.5.9.3) soft ware, de vel oped by Damien Delvaux, was used to
eval u ate 34 kinds of fault-slip data from the fault planes where
the fault type can be de ter mined. R val ues of each palaeostress 
anal y sis, which in di cates the shape of the stress el lip soid that
will oc cur de pend ing on the po si tion ing of the prin ci pal stress
axes, were used to ex press the pe riph eral con di tions that the
faults re flect. Ac cord ing to the R val ues, the ten sional stress
field (s1 ver ti cal) can be ra dial ten sion (0 < R < 0.25), pure ten -
sion (0.25 < R < 0.75) or transtension (0.75 < R < 1). For the
strike-slip stress field (s2 ver ti cal), the R val ues 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 (s3 ver ti cal) it may re flect ra dial com pres sion (0.75 < R <
1), pure com pres sion (0.25 < R < 0.75) or transpression (0 < R
< 0.25; Delvaux et al., 1997; Delvaux and Sperner, 2003).
Faults that were con sid ered to be prod ucts of dif fer ent tec tonic
re gimes due to their re la tions in the field were eval u ated sep a -
rately. More over, the Win-Ten sor soft ware also in di cates un -
con form able fault-slip data, re sult ing from to dif fer ent stress re -
gimes. Thus, these fault-slip data were re moved from the anal -
y sis and the stresses were re cal cu lated. 

RESULTS

FIELD OBSERVATIONS AND PALAEOSTRESS ANALYSIS 
OF THE FAULT-SLIP DATA

In or der to de ter mine the fault char ac ter is tics and their re -
lated mor pho log i cal fea tures, field stud ies along the mar gins of
the Hoyran Graben were per formed in this re search. The south -
east ern mar gin of the graben is bounded by the Uluborlu,
Senirkent and KumdanlÏ faults from west to east, re spec tively.
The Hoyran Fault forms the north west ern mar gin of the Hoyran
Graben. 

The Uluborlu Fault rep re sents sharp top o graphic slope-
breaks with lin ear moun tain-fronts. Small al lu vial fans are
aligned along the fault. Rivers cut the Uluborlu Fault per pen dic -
u larly and none of them are off set by fault ing (Fig. 1C). Most of
the fault planes are cov ered with the Qua ter nary col lu vium de -
pos its.

The Senirkent Fault con sti tutes the cen tral part of the south -
ern mar gin and off sets it ~3 km to the SE of the Uluborlu Fault in 
the east ern part of Senirkent. This fault shows si nu soi dal moun -
tain-fronts with re spect to the Uluborlu Fault. Well-de vel oped,
larger al lu vial fans are aligned along it (Figs. 1C and 2).

Gen eral trend of the Senirkent Fault im me di ately changes
at the moun tain pass of Lake EÈirdir and con tin ues as the
KumdanlÏ Fault, which lim its the north ern part of the lake to the
SE and forms the southeasternmost part of the graben. The
west ern part of the KumdanlÏ Fault is cov ered by the lake, and
its lin ear shore line co in cides with the fault. In this sec tion, only a
lin ear drain age pat tern, per pen dic u lar to the shore line, can be
seen. In the east ern part, along the KumdanlÏ Fault, si nu soi dal
moun tain-fronts can be traced, where a lim ited num ber of fault
planes jux ta pose the base ment units with Qua ter nary al lu vium
(Figs. 1C and 3).

By con trast, the west ern part of the Hoyran Fault rep re sents 
lin ear moun tain-fronts and sharp top o graphic slope-breaks. In
this area, the base ment units jux ta pose with Qua ter nary al lu -
vium and col lu vium. Al lu vial fans, lo cated in the cen tral part, are
char ac ter is tic of this sec tion. The cen tral to east ern part of the
Hoyran Fault ex hib its si nu soi dal moun tain-fronts and in cised
river pro files. The Mio cene units also jux ta pose with Qua ter nary 
al lu vium and col lu vium along the fault, with larger al lu vial fans.
This sec tion re flects the flat to pog ra phy com pared to other parts 
of the study area (Fig. 1C).

A to tal of 34 kinds of fault-slip data from avail able fault
planes were mea sured at three lo ca tions to cal cu late prin ci pal
stress ori en ta tions. The mea sure ments were taken from the U1
seg ment of the Uluborlu Fault, the H2 seg ment of the Hoyran
Fault, and the K3 seg ment of the KumdanlÏ Fault. The anal y sis
of fault-slip data col lected from U1 rep re sents pure ten sion,
while the H2 and K3 seg ments show a ra dial ten sional stress
ten sor with N52°W, N13°W and N79°W ori en ta tions, re spec -
tively (Fig. 5 and Ta ble 1). 

GEOMORPHIC INDICES

HYPSOMETRIC CURVE AND INTEGRAL (HC-HI)

The hypsometric curves of the drain age sub-bas ins, con -
trolled by 12 fault seg ments in the Hoyran Graben, were cal cu -
lated and di vided into three groups. Con vex cur va ture, in di cat -
ing rel a tively high tec tonic ac tiv ity, was ob tained from the U1
(1), S1 (3), K3 (3), H5 (1, 7, 8, 9, 10, 11), H6 (1, 3, 5, 9, 17, 18)
seg ments. S-shaped or lin ear re sults, show ing mod er ate ac tiv -
ity, were de ter mined 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,
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Lo ca tion Fault type Num ber of slip data s1 s2 s3 R

U1 seg ment Oblique-slip 11 61/226 29/036 04/128 0.66

H2 seg ment Oblique-slip 8 81/295 01/198 09/108 0.17

K3 seg ment Oblique-slip 15 56/210 31/003 12/167 0.12

T a  b l e  1

Chart show ing the prin ci pal stress axis and R val ues eval u ated for the U1, H2, and K3 seg ments
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6, 8, 12, 13, 15) seg ments. The re main ing sub-bas ins, rep re -
sent ing con cave cur va ture, rep re sent highly eroded re gions
(Fig. 6).

Mean HI val ues of sub-bas ins con trolled by each seg ment
range be tween 0.40 and 0.73 (Fig. 7 and Ta ble 2). The high est
val ues (> 0.5) were ob tained from the U1, S1, S2, K1, K2, K3,
H3, H5 and H6 seg ments, and mod er ate val ues (0.4 < HI < 0.5)
from the H1, H2 and H4 seg ments.

MOUNTAIN-FRONT SINUOSITY (Smf)

The re sults of the Smf anal y sis range from 1.05 to 2.02
along the moun tain-fronts of the Hoyran Graben (Ta ble 2).
While the low est Smf value was ob tained from the K2 seg ment,
the high est value was ac quired from the H6 seg ment. Over all,
the south ern seg ments show lower Smf val ues than do the
north ern seg ments (Fig. 8A, B).

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

In the Vf anal y sis, trans verse val ley pro files were taken be -
tween ~200 and ~250 m (rep re sen ta tive as sess ment of the val -
ley mor phol ogy) up stream of the moun tain fronts (Fig. 8A, B).
The mean Vf val ues range be tween 0.11 and 1.34 (Ta ble 2).
The low est Vf value was ob tained from the S1 seg ment, rep re -
sent ing highly in cised and V-shaped val leys. The high est value
was de ter mined from the H6 seg ment, cor re spond ing to
flat-floored val leys.

DRAINAGE BASIN ASYMMETRY (AF)

The drain age ba sin asym me try fac tor in dex was cal cu lated
for all sub-bas ins in the study area and the re sults were di vided
into three cat e go ries. Sym met ri cal sub-bas ins are shown as
green two-sided ar rows, left-hand side tilt ing red, and right-hand 
side tilt ing blue ar rows (Fig. 8A, B). Ac cord ing to the re sults ob -
tained, the AF val ues are be tween 13.76 and 87.03 and the
sub-bas ins are mostly asym met ri cal (Ta ble 2). The U1, S2 and
H3 seg ments mostly rep re sent west wards tilt ing ones, while the 
S2, K3, H5 and H6 seg ments slope eastwards. 

STREAM LENGTH GRADIENT INDEX (SL)

The SL val ues for streams cut ting through the fault seg -
ments ranged from 1.48 to 9450 (Fig. 9). The low est val ues
were ob tained for the Hoyran Graben’s main drain age re gion
and the up stream reaches of the drain age sub-bas ins. The

high est val ues, re lated to faults rather than to lithological
changes, were ob tained for the U1, S1, S2, K1, K2 seg ments
and rep re sent streams con sis tent with the faults’ strikes.

NORMALIZED CHANNEL STEEPNESS INDEX (Ksn)

The Ksn val ues cal cu lated in the Hoyran Graben range be -
tween 2.38 and 990.38. The high est val ues (Ksn > 400) are lo -
cated at the south west ern part of the graben (U1, S1 and S2),
while lower val ues were ob tained from its cen tral to north east -
ern part (Fig. 10).

DISCUSSION

INTERPRETATION OF GEOMORPHIC INDICES AND RELATIVE
TECTONIC ACTIVITY ASSESSMENT OF SEGMENTS

The low est Smf val ues cor re spond to the U1, K1 and K2
seg ments, in di cat ing rel a tively high tec tonic ac tiv ity (1.05 < Smf 
< 1.12). They are fol lowed by the val ues ob tained for the S1,
K3, H1, H2, H3 and H4 seg ments (1.20 < Smf < 1.41). A third
group have higher val ues (S2, H5 and H6; 1.62 < Smf < 2.02)
that in di cate mod er ate ac tiv ity (classes are taken from
Özkaymak and Sözbilir, 2012; Özkaymak, 2014). 

The Vf val ues cal cu lated for the val leys con trolled by the fault 
seg ments range be tween 0.11 and 1.34. The Vf and Smf val ues
are com pat i ble for the U1, S1, K1, H1 and H4 seg ments, hav ing
V-shaped val ley pro files, with the low est val ues in di cat ing high
tec tonic ac tiv ity (Vf < 0.34). The high est Vf val ues cor re spond to
the H5 and H6 seg ments that are highly eroded, the val leys be -
ing flat-floored and re flect ing lower tec tonic ac tiv ity (Bull and
McFadden, 1977; Keller and Pinter, 2002). The Vf val ues can be
cor re lated with the Smf val ues, which made it pos si ble to es ti -
mate the ac tiv ity class and up lift rate for each seg ment as sug -
gested by Rockwell et al. (1984; Fig. 11). Ac cord ing to this clas si -
fi ca tion, the U1, S1, K1, K2, K3, H1, H2, H3 and H4 seg ments
show high tec tonic ac tiv ity with an up lift rate of > 0.5 mm/y, while
the H5 and H6 seg ments dem on strate mod er ate ac tiv ity and
have an up lift rate of 0.05–0.5 mm/y. These up lift rates are com -
pat i ble with those of the Plio cene rates (0.2–0.3 mm/y) sug -
gested for the West ern Ana to lian Prov ince (Demir et al., 2004),
and with those of the Qua ter nary rates (0.1–0.2 mm/y) for the
Büyük Menderes re gion (Westaway et al., 2003). 

The hypsometric curves of the fault seg ments in di cate that
the high est po ten tial for tec tonic ac tiv ity should be ex pected at
the south east ern mar gin of the Hoyran Graben, in par tic u lar in
the S2, K1 and K2 seg ments which show a con cave cur va ture.
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Fig. 5. Ste reo graphic plots of fault-slip data col lected from the U1, H2 and K3 seg ments on a Schmidt lower hemi sphere, where s1,

s2, s3 are prin ci pal, in ter me di ate and least stress axes, re spec tively, which are ob tained us ing Win-Ten sor (v.5.9.3) soft ware
(Delvaux et al., 1997; Delvaux and Sperner, 2003) (red ar rows show pri mary hor i zon tal com po nent of extensional deviatoric stress
while green ar rows show al ter nate com po nents)
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https://doi.org/10.1016/j.geomorph.2012.06.003
https://doi.org/1%E2%80%9338.%2010.1016/S0040-1951(97)00210-2
https://doi.org/10.1144/GSL.SP.2003.212.01.06
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Fig. 6. Hypsometric curves of the Hoyran Graben’s drain age sys tem

The col our codes for dif fer ent fault seg ments are in di cated in the leg end
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Fig. 6 cont.
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Seg ment no. Ba sin no.
Ba sin area

[km2] AF
AF

(mean) VF VF
(mean) HI HI

(Mean)
Lmf
[km]

Ls
[km] Smf

U1

U1-1 1.38 79.72

63.61

0.31

0.25

0.39

0.51 10.56 9.4 1.12

U1-2 1.45 36.62 0.18 0.51

U1-3 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

U1-6 1.00 74.65 0.08 0.57

U1-7 1.37 82.62 0.17 0.55

U1-8 1.17 65.68 0.39 0.45

U1-9 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

S1-1 8.31 55.63

51.44

0.20

0.11

0.57

0.52 10.54 8.79 1.20

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

S1-5 12.40 52.88 0.13 0.50

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

S2-1 5.01 74.31

59.07

0.41

0.14

0.58

0.56 15.82 9.79 1.62

S2-2 0.69 67.35 0.09 0.59

S2-3 13.84 62.46 0.05 0.61

S2-4 0.83 61.16 0.03 0.53

S2-5 0.71 50.83 0.02 0.46

S2-6 1.11 38.32 0.25 0.56

K1

K1-1 0.75 82.40

64.87

0.11

0.29

0.75

0.73 7.32 6.56 1.12K1-2 0.74 44.75 0.09 0.71

K1-3 0.79 67.47 0.66 0.72

K2
K2-1 1.79 52.27

57.07
0.14

0.66
0.54

0.62 4.2 4.01 1.05
K2-2 1.40 61.87 1.18 0.69

K3

K3-1 1.74 45.16

49.73

0.22

0.81

0.67

0.57 20.76 16.46 1.26

K3-2 5.22 30.69 0.41 0.72

K3-3 18.43 69.94 0.21 0.49

K3-4 4.12 21.78 0.32 0.56

K3-5 1.73 71.59 0.80 0.52

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

H1-1 0.98 35.20

53.21

0.02

0.33

0.47

0.41 10.19 7.54 1.35

H1-2 16.60 19.99 0.12 0.29

H1-3 1.04 54.27 0.21 0.30

H1-4 1.64 70.96 3.12 0.46

H1-5 35.98 85.63 0.75 0.54

H2

H2-1 1.22 49.28

64.89

0.83

0.70

0.46

0.49 6.18 4.37 1.41

H2-2 3.10 56.21 0.19 0.56

H2-3 4.38 77.71 0.09 0.48

H2-4 1.73 74.16 1.97 0.53

H2-5 12.66 67.10 0.41 0.44

H3

H3-1 2.72 54.31

56.83

0.58

0.53

0.72

0.56 7.39 5.75 1.29

H3-2 8.83 69.35 0.85 0.63

H3-3 0.73 65.98 0.12 0.53

H3-4 1.95 30.94 0.68 0.43

H3-5 1.72 63.55 0.43 0.47

T a  b l e  2

Mor pho log i cal prop er ties of fault seg ments in the Hoyran Graben show ing ba sin area, drain age ba sin asym me try (AF),
val ley floor width-to-val ley height tratio (Vf), hypsometric in te gral (HI) and moun tain-front sin u os ity (Smf)
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H4 H4-1 0.71 48.06 48.06 0.34 0.34 0.43 0.43 4.35 3.31 1.31

H5

H5-1 0.62 87.03

41.11

0.73

1.16

0.39

0.4 18.73 11.11 1.69

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

H5-6 1.17 30.89 4.07 0.46

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

H6-1 1.63 40.64

42.70

0.68

1.34

0.34

0.47 26.22 13.01 2.02

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

H6-10 1.88 30.75 0.60 0.67

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

Tabl. 2 cont.

Fig. 7. Map show ing the hypsometric in te gral (HI) val ues of drain age sub-bas ins of the Hoyran Graben 
(see Fig. 4 for the ex pla na tion of HI val ues)
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Fig. 8. Sche matic wa ter shed map of the Hoyran Graben show ing the tilt ing of the drain age sub-bas ins con trolled by fault seg ments

A – the west ern part; B – the east ern part; Lmf and Ls are the lines used for the cal cu la tions of Smf in the study area
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Fig. 9. Sim pli fied map show ing the SL val ues along the drain age of the Hoyran Graben where the rock strength clas si fi ca tion
(Selby, 1980) is shown on a geo log i cal map of the study area

Fig. 10. Map show ing the knickpoint dis tri bu tion, re lated to lithological changes and ac tive fault ing, and sen si tiv ity 
of the nor mal ized chan nel steep ness in dex (Ksn) of the study area to ac tive tectonism in the Hoyran Graben

https://doi.org/10.1127/zfg/24/1984/31


They are fol lowed by the U1 and H3 seg ments show ing slight
con cav ity. The re main ing seg ments mostly in di cate a lin ear
and/or con vex cur va ture, cor re spond ing to lower tec tonic ac tiv -
ity or sta ble con di tions. The HI cal cu la tions mostly sup port the
HC, Smf and Vf re sults, with some dif fer ences that sug gest rel -
a tively higher ac tiv ity for the U1, S1, S2, K1, K2, K3 and H3 seg -
ments (HI > 0.5). These val ues are com pat i ble with those cal cu -
lated for the SpildaÈÏ (HI > 0.61) (Özkaymak and Sözbilir,
2012), the Honaz Fault (0.61 < HI < 0.73) (Özkaymak, 2014)
and the Çameli Ba sin (0.31 < HI < 1.05) (ÖzsayÏn, 2016) lo -
cated in the west ern part of the study area.

Ac cord ing to the re sults of drain age ba sin asym me try ob -
tained, the AF val ues are be tween 13.76 and 87.03. For the U1, 
S2 and H3 seg ments, the sub-bas ins tilt mostly west wards,
sug gest ing higher tec tonic ac tiv ity. On the other hand, for the
K1, K2 and K3 seg ments of the south east ern mar gin, the asym -
me try of sub-bas ins does not rep re sent uni form tilt ing. This sit u -
a tion may be a con se quence of lower tec tonic ac tiv ity and/or
the ex is tence of the lake and re lated depositional pro cesses.
The ex is tence of the lake, cre at ing a lo cal base level for a drain -
age sys tem, may have re duced the in ci sion of the river pro file.
This sit u a tion may also in crease sed i men ta tion and af fect ba sin 
ge om e try. At the north west ern mar gin, tilt ing of the sub-bas ins
show that the cen tral part of the H1 seg ment matches the be -
hav iour of nor mal faults as in di cated by Faulds and Varga
(1998). Tilt ing along the H2 seg ment also sug gests the ac tiv ity
of the H1 seg ment as most of the sub-bas ins tilt to the west. The 
H3 and H4 seg ments do not rep re sent a uni form pat tern, while
the H5 and H6 ones show eastwards tilt ing. This asym me try

may sug gest high ac tiv ity along the north ern mar gin of the Lake
EÈirdir, but morphometric anal y sis does not in di cate higher ac -
tiv ity for this sec tion. This might be a con se quence of lithological 
dif fer ences, as the footwalls of the H5 and H6 seg ments are
com posed of Mio cene lac us trine de pos its, which are less re sis -
tant to ero sion than are base ment units.

The SL val ues also sup port the re sults of other geomorphic
in di ces. Higher SL val ues were ob tained from the U1, S1, S2,
K1 and K2 seg ments. They sug gest higher ac tiv ity at the south -
east ern mar gin of the Hoyran Graben. In this sec tion, the
slope-breaks are mostly re lated to tec tonic ac tiv ity, in di cat ing
rock strength changes due to the jux ta po si tion of the base ment
units with Qua ter nary de pos its along the fault seg ments. By
con trast, at the north west ern mar gin, the SL val ues mostly
change due to lithological dif fer ences rather than to fault ac tiv -
ity, with the ex cep tion of the H2 and H3 seg ments. Thus, the up -
hill in crease of the SL val ues is not as high as at the south ern
mar gin of the Hoyran Graben and can not be di rectly as so ci ated
with fault ac tiv ity.

The Ksn val ues in di cate three ma jor ar eas that have the
high est val ues. These are lo cated at the south ern parts of the
U1, S1, S2 and K2 seg ments. Rel a tively higher Ksn val ues
were also ob tained at the north ern part of the H1 seg ment. Due
to higher Ksn val ues, it can be sug gested that the fault seg -
ments which con trol the south west ern part of the Hoyran
Graben rep re sent higher tec tonic ac tiv ity. Nev er the less, the
lower val ues lo cated at the north east ern part are thought to
have been gen er ated from lithological changes, where the
base ment units are un con form ably over lain by the ba sin infill.
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Fig. 11. Chart show ing the Smf (moun tain-front sin u os ity) ver sus Vf (ra tio of valley floor width-to-valley height in dex) val ues
(ver ti cal bars show stan dard de vi a tions for Vf val ues) for the moun tain fronts of the Hoyran Graben and in ferred ac tiv ity classes

(Silva et al., 2003) where the up per x-axis in di cates in ferred up lift rates (mm/y) (from Rockwell et al., 1984; YÏldÏrÏm, 2014)

https://doi.org/10.1130/0-8137-2323-X.1
https://doi.org/10.1080/09853111.2014.957504
https://doi.org/10.1016/j.geomorph.2012.06.003
https://doi.org/10.1016/j.geomorph.2012.06.003
https://doi.org/10.1080/09853111.2015.1128180
https://doi.org/10.1016/S0169-555X(02)00215-5
https://doi.org/10.1016/j.tecto.2014.05.023
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Fig. 12. Dig i tal el e va tion model of the Hoyran Graben and sur round ing re gion show ing the epi centres of earth quakes 

A – with mag ni tude Mw ³ 3.5 which oc curred in the north west ern part of the Isparta Bend be tween 1901 and 2023; B – with mag ni tudes
M ³ 2.0 which oc curred in the Hoyran Graben be tween 1901 and 2023 (KOERI, 2023); ac tive faults are taken from Emre et al. (2013)

http://www.koeri.boun.edu.tr/scripts/lasteq.asp


To sum ma rize, the re sults of geomorphic in di ces clearly
show that the high est rel a tive tec tonic ac tiv ity should be ex -
pected from the U1, S1, S2, K1 and H1 seg ments. Mod er ate
ac tiv ity is in di cated in the K2, K3, H2, H3 and H4 seg ments,
while rel a tively lower ac tiv ity should be ex pected from the H5
and H6 seg ments. The high est rel a tive ac tiv ity is cal cu lated for
the south west ern part of the Hoyran Graben. 

The dif fer ence in ac tiv ity is re lated to the lo ca tion of the
graben. Ac cord ing to the GPS data, both flanks of the Isparta
Bend are mov ing to the west, and the west ern one is faster than 
the east ern (Reilinger et al., 1997; McClusky et al., 2000). This
ve loc ity vari ance is sug gested to cause higher tec tonic ac tiv ity
in the south west ern part of the Hoyran Graben.

INTERPRETATION OF SEISMIC ACTIVITY IN THE HOYRAN GRABEN

The north west ern part of the Isparta Bend is one of the most 
seis mi cally ac tive re gions in Anatolia. This area is char ac ter -
ised by sev eral seis mi cally ac tive faults, hav ing dif fer ent ori en -
ta tions. Sig nif i cant earth quakes oc curred in 1995 (Di nar: Mw
5.9) and 2002 (Çay: Mw 6.5). The earth quake dis tri bu tion is
con cen trated in three re gions around the study area (Fig. 12A).
These are the Akºehir Fault Zone, Di nar Fault Zone and the
Lake EÈirdir re gion. The NW-trending Akºehir Fault Zone is
com posed of sev eral seg ments that show nor mal fault char ac -
ter is tics (KoçyiÈit and Özacar, 2003; Emre et al., 2003; Akyüz et 
al., 2006). The epi centre of the 2002 Çay earth quake was lo -
cated at the west ern end of this zone. The fo cal mech a nism so -
lu tions of earth quakes clus tered in this area re flect ap prox i -
mately E–W ori ented ex ten sion. Some of the so lu tions which
rep re sent nearly N–S ex ten sion may be re lated to stress vari a -
tion as the re gion is lo cated at the hinge zone of the Isparta
Bend.

The sec ond clus ter re lates to the Di nar Fault Zone, where
the Di nar earth quake took place in 1995. This fault zone is also
char ac ter ised by NW-trending nor mal faults, com pat i ble with
the fo cal mech a nism so lu tion of the Di nar earth quake (Altunel
et al., 1999; Özalp et al., 2018; Kürçer et al., 2021). The third
clus ter cor re sponds to the Lake EÈirdir re gion with
NNE-trending nor mal faults. The fo cal mech a nism so lu tions of
earth quakes, clus tered in this area, in di cate ap prox i mately
E–W-ori ented ex ten sion. Some of the so lu tions which show
strike-slip dom i nated fault ing can be gen er ated by trans fer
faults, bound ing the stepover zones of NNE-trending nor mal
faults (Faulds and Varga, 1998).

Within the stress dis tri bu tion, the palaeostress anal y sis re -
sults ob tained for the U1, H2 and K3 seg ments of the Hoyran
Graben mostly fit with those re corded in the Lake EÈirdir re gion. 
The seis mic ity in the graben is typ i cally clus tered along the
Uluborlu, KumdanlÏ and east ern part of the Hoyran faults (cen -
tral part of Lake EÈirdir). The dis tri bu tion of the earth quake epi -
centres par tially over laps with the re sults of the morphometric
anal y sis, as they in di cate lower tec tonic ac tiv ity for the H5 and
H6 seg ments. The east ern part of the Hoyran Graben con sti -
tutes the low est el e va tion of the de pres sion, where most of the
epi centres are lo cated. This sit u a tion may be the re sult of bur -
ied fault ing and/or rel a tively high seis mic ac tiv ity along the H5
and H6 seg ments.

Ad di tion ally, the re sult of the palaeoseismological stud ies of 
the KumdanlÏ Fault show traces of earth quakes that formed a
sur face rup ture dur ing the Late Pleis to cene–Ho lo cene in ter val
(Özalp et al., 2017). In this case, the pos si bil ity of bur ied faults
should be taken into con sid er ation, as no de struc tive earth -
quakes have been re corded along the Hoyran Graben faults.
How ever, the low-mag ni tude earth quake epi centres doc u -

mented dur ing the in stru men tal sur vey pe riod in di cate that
these faults are still seis mi cally ac tive (Fig. 12B). More over, the
faults form ing the Hoyran Graben, lo cated at the cen tre of three
seis mi cally ac tive zones (Lake EÈirdir, Akºehir and Di nar), have 
a sig nif i cant earth quake risk po ten tial, which can be con sid ered
as a seis mic gap.

Fur ther more, pre vi ous stud ies have out lined the de vel op -
ment of the Hoyran Graben as a N–S-ori ented de pres sion, re -
sult ing from con trac tion be tween the Af ri can and Eur asian
plates (e.g., Karaman, 2010; Faccenna et al., 2014; Van
Hinsbergen et al., 2020). Sub se quently, it was pro posed that
the cur rent mor phol ogy of this de pres sion is a re sult of its in ter -
sec tion with the Fethiye-Burdur Fault Zone and si mul ta neous
coun ter-clock wise ro ta tion. How ever, seis mic anal y ses of three
ac tive re gions sur round ing the study area re veal no ev i dence of 
strike-slip fault ing. This ob ser va tion raises the pos si bil ity that
the Fethiye-Burdur Fault Zone, which likely in flu enced the for -
ma tion of the Hoyran Graben and ad ja cent de pres sion ar eas,
may cur rently be in ac tive or that its fault planes ex hibit re ac ti va -
tion with dis sim i lar char ac ter is tics.

CONCLUSIONS

In this study, the faults bound ing the Hoyran Graben in
West ern Anatolia were eval u ated in the light of field ob ser va -
tions and geomorphic in di ces and the fol low ing re sults were ob -
tained.

1. The Hoyran Graben, trending ap prox i mately NE, is de lin -
eated by the Hoyran, Uluborlu, Senirkent and KumdanlÏ faults,
rep re sent ing seis mic ac tiv ity.

2. The Hoyran Fault, es tab lish ing the north ern limit of the
graben, com prises six seg ments, while the Uluborlu Fault,
form ing its south ern bound ary, con sists of one seg ment; the
Senirkent Fault has two seg ments, and the KumdanlÏ Fault
com prises three seg ments.

3. The mor phol ogy formed by the bound ary faults of the
Hoyran Graben was eval u ated quan ti ta tively through 7
geomorphic in di ces. The Uluborlu Fault (U1), Senirkent Fault
(S1-S2), and KumdanlÏ Fault (K1) seg ments, con sti tut ing the
south ern bor der, along with the Hoyran Fault (H1) seg ment at
the south west ter mi nus, ex hibit the high est lev els of tec tonic ac -
tiv ity. Cal cu la tions in di cate that the south west side of the
Hoyran Graben ex pe ri ences more rapid de for ma tion (> 0.5
mm/y) com pared to the north east (0.05–0.5 mm/y).

4. The vari a tion in de for ma tion rates on op pos ing sides of
the Hoyran Graben is at trib uted to the swifter west wards move -
ment of the west ern flank of the Isparta Bend on the outer part
of the wing com pared to the in ner side.

5. The Fethiye-Burdur Fault Zone prob a bly has sig nif i cant
im por tance in shap ing the ge om e try of de pres sions such as the
Hoyran Graben. Nev er the less, con tem po rary pro jec tions sug -
gest that the fault planes within this zone are ei ther in ac tive or
ex hibit re ac ti va tion with dif fer ent char ac ter is tics.

6. Po si tioned within a seis mi cally ac tive re gion, the Hoyran
Graben has ex pe ri enced earth quakes in neigh bour ing fault
zones. The ab sence of de struc tive earth quakes dur ing the pe -
riod of in stru men tal sur veys along the graben is con sid ered a
note wor thy gap in terms of seis mic ac tiv ity.
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