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Abstract

An earthquake of M=5.6 occurred on the March 20, 2019, in Acipayam, Denizli, located
in a seismically active area at the southwest Anatolian fault system, in Tiirkiye. It caused
extensive damages of infrastructures. The relevant fault (Acipayam—Serinhisar fault zone)
has not shown on the active fault map of Tiirkiye, and it has been discovered first time by
this study. The earthquake occurred on the Acipayam segment of this fault zone, which is
divided into two separate segments. Three trenches were excavated for paleoseismological
studies on this segment. The samples collected from the trenches were dated by radiocar-
bon method. The obtained data proposed three seismic events, which caused a surface rup-
ture, at BC 235-95, AD 1227-1263 and AD 1471-1738. Considering the last two events,
this fault segment produced two earthquakes of magnitude 6.0 and 6.5, 350 years apart.
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1 Introduction

Paleoseismological studies are of important for earthquake hazard assessment and
enlighten the historical earthquakes. They could help to build earthquakes models of at
scales of time and magnitude (Cinti et al. 2021). The Arabian, African and Eurasian plate
motions have caused complex tectonic features in Turkiye, and they show different paleo-
seismological outcomes (Giirboga and Gokge 2019). Tiirkiye is a part of the Anatolian
microplate, which may be a porsion of the Eurasian plate (Nyst and Thatcher 2004) as
shown in Fig. 1. The southwestern Anatolia is a tectonically active region in the Anato-
lian microplate. Active continental deformation in the Anatolian microplate is evident,
and strike slip deformation and extensional tectonic regime in the plate still continue today
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Fig.1 A Location map within the tectonic framework of the Turkey, explanations: NAF: North Anato-
lian fault, EAF: East Anatolian fault, NEAF: Northeast Anatolian fault, BZTFB: Bitlis-Zagros thrust and
fold belt (modified from Nyst and Thatcher 2004; Over et al. 2010; Catlos et al. 2021), B morphotectonic
active fault map and focal mechanism of the historical earthquakes in SW of Anatolia (Elitez et al. 2016)
(on Google Maps). Explanations: BMG: Biiyiik Menderes graben, KMG: Kiiciik Menderes graben, GAG:
Gediz-Alasehir graben, DG: Denizli graben, CBG: Civril-Baklan graben, AG: Acigol graben, BG: Burdur
graben, ASF: Acipayam—Serinhisar fault, AF: Acipayam fault, BF: Burdur fault, AyF: Altinyayla fault, KF:
Kelekci fault, CF: Cameli fault (modified from Yilmaz et al. 2000; Emre et al. 2013)

(McKenzie 1972, 1978; Le Pichon and Angelier 1981; Taymaz et al. 1991; McClusky et al.
2000; Nyst and Thatcher 2004; Catlos et al. 2021 Kalafat et al. 2011; Kadirioglu et al.
2018; Komut and Karabudak 2021). These tectonic regime and deformation have shaped a
large number of fault sets in the region. Normal and oblique faults in the Western Anatolia
have caused destructive earthquakes in historical and instrumental periods.

An earthquake with a magnitude of M,=5.6 (KOERI 2019) has struck Acipayam,
Denizli located in the southwestern part of Anatolia (Fig. 1) on March 20, 2019. The earth-
quake focal mechanism solutions of KOERI (2019) and AFAD (2019) demonstrate that
it occurred on a NW-SE trending (about N45°-50° E) and NE dipping normal fault with
a rake angle of nearly 90°. It has dip—slip normal fault characteristics based on the rake
angle. The dip angle is around 45°. More than 1000 aftershocks with magnitudes ranging
from 2.0 to 5.1 were recorded and lasted for about 5—6 months. Epicentral distributions
of the aftershocks represent an oval-shaped structure with NW direction of the long axis,
which proves that movement was on an NW-directed fault. The long axis in the oval shaped
aftershock distributions is about approximately 15 km (Fig. 2). In the region, 40 buildings
were destroyed and around 400 buildings damaged. The most of those structures are made
of mudbrick and have not received any engineering service. The underground water level
is too shallow where the damages are very intensive like Yenikoy and Ucari villages. Some
small surface cracks have also been observed in the same region.
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Fig.2 Epicenters distribution of the Acipayam earthquake aftershocks and focal mechanism solution of the
earthquake (http://deprem.afad.gov.tr; http://yerbilimleri.mta.gov.tr; AFAD 2019). Explanations; ASF: Aci-
payam—Serinhisar fault, ASFa: Acipayam segment of Acipayam—Serinhisar fault, ASFs: Serinhisar segment
of Acipayam—Serinhisar fault, AF: Acipayam fault, pink line belong to main road. B: Block diagram belong
to hypocenter distribution by depth of the aftershocks

The Acipayam basin extends approximately 4—15 km wide, 40 km long, in the N30° W
direction. The basin is in the SE region of the Aegean graben structures, in the NW part of
the NE-SW trending Burdur—Fethiye fault zone (Fig. 1). The most important neotectonic
structures of the region are the graben—forming normal faults and the Fethiye—Burdur fault
zone (Alcicek and ten Veen 2008; Elitez et al. 2016; 2018; Kaymakci et al. 2018; Ozkaptan
et al. 2018). The E-W trending graben faults in the west of the Acipayam region are the
dominant tectonic structures like Buyuk Menderes graben (BMG), Kucuk Menderes gra-
ben (KMG), Gediz—Alasehir graben (GAG), Mugla and Gokova faults. The NW-SE trend-
ing grabens (Denizli graben=DG, Dinar graben/half graben and eastern part of the GAG)
and NE-SW trending grabens (Civril-Baklan graben=CBG, Acigol graben=AG and Bur-
dur graben =BG) are the main tectonic structures (Hancer 2019) as shown in Fig. 1.

The Fethiye—Burdur fault zone is located at the boundary between the eastern region
of the South Aegean microplate and the southwest part of the Anatolian microplate
(McClusky et al. 2000; Nyst and Thatcher 2004; Catlos et al. 2021). NE-SW trending
strike slip dominated the Southwestern Anatolia Shear Zone (SWASZ) is located at the
southeast boundary of the Aegean microplate (Cemen et al. 2006; Catlos et al. 2021).
This zone is 300 km long and 75-90 km wide and is designated as a left-lateral strike-slip
shear zone (Domont et al. 1979; Elitez and Yaltirak 2016). Burdur—Fethiye fault zone is
still active (Barka and Reilinger 1997) and moves in left direction between 3 and 4 mm/
year in the north and 8-10 mm/year in the south (Elitez et al. 2016). Yagmurlu (2000)
emphasized that this zone consists of many fault segments with lengths ranging from 10 to
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40 km. Bozcu et al. (2007) refer some faults, which cut the Quaternary sediments, in the
Burdur region. The origin of this fault is still controversial. Kaymakeci et al. (2018) propose
that there is not a significant strike slip in this zone, and it is usually composed of normal
faults. They also state that the Cameli basin in the SW, bounded by normal faults, and the
Burdur Basin in the NE are separated from each other by the NW-SE trending right-lateral
strike-slip Acipayam transfer zone.

The fault systems between Fethiye and Burdur can be classified into three main groups
based on the directions: NE-SW, NW-SE and N-S. In particular, the NE oriented faults
limiting Burdur Lake from the north and south have left oblique slip normal fault charac-
teristics. These faults cut the Quaternary formations at many locations. Then, these young
units have high slopes and stepped structures that can be observed in the alluvium. The
NW trending faults are mostly of normal fault character. They cut the NE trending faults
at different locations and caused the development of different segments on these faults
(Bozcu et al. 2007).

Acipayam fault (AF), Cameli fault (CF), Kelekci fault (KF), Altinyayla fault (AyF),
which are parallel to each other in the south of Acipayam, and the Burdur fault (BF)
located in the NE of this line are shown on the active fault map of Tiirkiye (Emre et al.
2013). The Cameli and Altinyayla faults are mainly left-lateral strike slip, and the Kelekci
fault is dip—slip normal fault on this map (Fig. 1). The Acipayam fault has a normal fault
character with a left-lateral strike-slip component. The faults mentioned above have pro-
duced many destructive earthquakes both in historical and instrumental periods.

The fault that produced the earthquake on March 20, 2019, is an unknown fault that was
not traced and mapped before. However, some researchers performed some studies in the
area. Yagmurlu et al. (2017) emphasized that the Acipayam plain is a graben structure, but
did not give any information about the formation, age, location and characteristics of the
graben and its faults. Kaymakc1 et al. (2018) and Ozkaptan et al. (2018) implemented some
paleomagnetic studies in the region and mentioned the existence of right-lateral strike-slip
Acipayam transfer zone that separates the Burdur and the Cameli basins from each other.
However, they did not state any fault, forming the transfer zone. Therefore, its existence
is unknown until the earthquake on March 20, 2019. It has been documented first time in
detail and called the “Acipayam—Serinhisar fault (ASF).” This study enlightens the paleo-
seismological characteristics and the seismic activity of the region by using trench studies
in last two millenniums.

2 Geological-tectonical settings of the region

The Anatolian microplate holds the active tectonic structures consist of the North Ana-
tolian Fault (NAF), the East Anatolian Fault (EAF), the Bitlis—Zagros Fold and Thrust
Belt (BZTFB), the Dead Sea Fault Zone (DSF), the Cyprus—Hellenic Arc System and
the graben systems in the west. The Cyprus—Hellenic Arc System in the west and the Bit-
lis-Zagros Fold-Thrust Belt in the east are formed the border of African—Arabian and
Anatolian Plates (Fig. 1). The northward movement of the African—Arabian Plate at the
end of the Middle Miocene creates compressional tectonic regime on the Anatolian Plate
and causes westward movement of the Anatolian Plate along the NAF and EAF. The west-
ward movement of the Anatolian microplate turns southwestward in the counterclockwise
direction at the west, and thus, the deformation in the western Anatolia still continues
(Dewey and Sengor 1979; Le Pichon and Angelier 1979; Domont et al. 1979; Sengor et al.
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1985; Meulenkamp et al. 1988; Reilinger et al. 1997; Yilmaz et al. 2000). Various hypoth-
eses have been proposed for the tectonic evolution of the Western Anatolia: (1) the west-
ward escape of the Anatolian Microplate (Dewey and Sengtr 1979; Sengor 1979; Sengor
et al. 1985), (2) the NE-SW back-arc extension of the Aegean region (McKenzie 1978; Le
Pichon and Angelier 1979; Meulenkamp et al. 1988; Yilmaz et al. 2000), (3) the subduc-
tion-transform edge propagator fault zone related to the motion of the Hellenic and Cyprus
arcs (Govers and Wortel 2005; Hall et al. 2014) and (4) the compressional region of the
Western Taurides (Aksu et al. 2009, 2014; Hall et al. 2009, 2014).

The Aegean and south Marmara microplates are located at the west the northwest of
the Anatolian microplate, respectively (Nyst and Thatcher 2004). The western Anatolia is
positioned at the boundary between the Aegean and Anatolian microplates. This region is
transition zone compressional and extensional tectonic regimes. The extension of the West-
ern Anatolia is accepted as a rollback of the Arabian slab along the Hellenic arc (Catlos
et al. 2021). The tearing process of the Aegean and Anatolian microplates leads to interme-
diate-depth seismicity. Hence, the Aegean and Anatolian microplates are seismically active
(Sengor and Yilmaz 1981; Okay et al. 1996; Reilinger et al. 1997; Nyst and Thatcher 2004;
Meighan et al. 2013; Catlos et al. 2021).

As a result, numerous destructive earthquakes have occurred in Anatolia from past to
present (Soysal et al. 1981; Ayhan et al. 1986; Ambraseys and Finkel 1987; Ambraseys and
Jackson 1998; Engdahl and Villasenor 2002; Ersoy et al. 2010; Emre and Duman 2011;
Royden and Papanikolaou 2011; Yolsal-Cevikbilen et al. 2014; Karasozen et al. 2016).
The western part of the North Anatolian fault in the north, the graben systems, Havran-
Balikesir fault zone, Izmir-Balikesir transfer zone, Usak-Mugla transfer zone, Southwestern
Anatolia Shear Zone in the middle and the Fethiye Burdur fault zone in the south (Cemen
et al. 2006; Oner et al. 2010; Sozbilir et al. 2011; Gessner et al. 2013; Ozkaymak et al.
2013; Uzel et al. 2013; Karaoglu and Helvaci 2014; Seghedi et al. 2015; Hall et al. 2014)
deform Western Anatolia tectonically (Fig. 1). The Acipayam region is located in SW Ana-
tolia and lies between the east of the graben systems and the Fethiye—Burdur fault zone.
There are a large number of studies on the active tectonics and seismicity of the region,
and geo-tectonical evaluation of it is still controversial. Some researchers (Domont et al.
1979; Saroglu et al. 1987; Barka and Reilinger 1997; Elitez and Yaltirak 2016) claim that
the Fethiye—Burdur fault zone is left-lateral strike—slip faults, while some others (Kog¢yigit
1984; Kaymakei et al. 2018; Ozkaptan et al. 2018; Alcicek and ten Veen 2008) suggest that
the relevant zone has normal fault characteristics.

There are a large number of earthquakes in the region between Fethiye and Burdur
both in historical and instrumental periods (Fig. 1). The most familiar one in the histori-
cal period has destroyed the ancient city of Kibyre at AD 23. In the instrumental period,
some of them were Burdur (M,,=7.1) in 1914, Mugla (M,,=5.7 and 6.0) in 1941, Fethiye
(M,=7.1) in 1957, Koycegiz (=5.7) in 1959, Karamanli (M, =5.7) in 1967, Fethiye
(M,,=6.2) in 1969, Burdur (M, =6.2) in 1971, Golhisar (M,,=5.3) in 1990 and Cameli
(M, =5.1) in 2007 (Ergin et al. 1967; Soysal et al. 1981; Ambraseys and Finkel 1987;
Taymaz and Price 1992; Taymaz et al. 1990; Akyiiz and Altunel 2001; Kumsar et al. 2007;
Tan et al. 2008; Alcicek 2010; Over et al. 2010). The most of these earthquakes mentioned
above are on the Fethiye-Burdur fault zone. The historical earthquake records were found
by the paleoseismological studies on the Acipayam fault. Kiircer et al. (2016) detected a
seismic event by trench data on the Acipayam fault in Orenkdy site (south of Acipayam)
at BC 3030-2410. The instrumental records show an earthquake with a magnitude of 5.3
occurred in 1936 (Kumsar et al. 2020). The epicenter of this earthquake corresponds to the
north end of the NE-SW trending Acipayam fault. However, there is not clear evidence as
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to whether this earthquake was on the Acipayam fault of the Burdur—Fethiye Fault Zone or
on the Acipayam—Serinhisar fault.

The NE-SW trending Acipayam fault, close to the studied earthquake, is in a normal
fault character with N35° E orientation. It consists of two separate segments and has a total
length of 50 km. Radiocarbon dating suggest that it was active in the Holocene (Kiircer
et al. 2016). After the Acipayam earthquake it was supposed that it arose on the NE-SW
trending Acipayam segment, which is a part of the Fethiye Burdur fault zone, and its epi-
center was located in the Acipayam plain. However, the focal mechanism solutions given
by KOERI (2019) and AFAD (2019) suggest that a NW-SE trending NE dipping normal
fault has produced the earthquake. The distribution of the aftershocks of the earthquake
according to their depth illustrates that they are concentrated at an average depth of 10 km
(Fig. 2).

Geologically, the rocks of Lycian nappes are seen intensively along a NE-SW trending
line extending from Fethiye to Burdur. Lycian nappes, which cross the Menderes Massif
with the closure of the northern part of Neotethys along the Izmir—suture zone and move
onto the Beydaglari autochthon, consist of ophiolitic rocks, limestone blocks and melange
type units. They are observed as various tectonic slices in SW Anatolia, and their settle-
ment ages are post-Lower Miocene (Burdigalian) (Graciansky 1967; Brunn et al. 1970;
Ersoy 1990). In the upper part, there are Miocene—Pliocene terrestrial-lacustrine clastic
and carbonate sediments (Alcicek and ten Veen 2008; Emre et al. 2013; Elitez et al. 2016;
Elitez et al. 2018; Yagmurlu et al. 2017; Kaymakci et al. 2018). There are Quaternary aged
talus deposits and alluvium units at the top.

3 Tectonic and paleoseismological settings of the study area
3.1 Acipayam-Serinhisar Fault (ASF)

The Fethiye—Burdur fault zone is mainly consists of normal faults and shows partially
oblique slip (Kaymakct et al. 2018; Ozkaptan et al. 2018; Alcicek and ten Veen 2008).
This system extends in NE-SW direction. The Acipayam fault forms the NW end of this
zone. ASF is NW-SE trending and is a release fault that develops perpendicular to the
Fethiye—Burdur fault zone and therefore to the Acipayam fault. The ASF is a dip slip nor-
mal fault, and its slickenlines and dip slip can be clearly seen on a fault surface at a road
cut in south of Acipayam (Fig. 4d). Additionally, the strata inclinations on the hanging wall
of the fault support the above data. Synthetic and antithetic fractures shown in Figs. 6 and
7 characterize the tectonic extension. Elitez et al. (2016) state that the Fethiye—Burdur fault
zone has a slip rate of 3—4 mm/year in the north and 8—10 mm/year in the south. The Aci-
payam Serinhisar fault is a small fault with a length of 9 km in the system.

The Acipayam—Serinhisar Fault, which caused the earthquake on March 20, 2019, starts
from the south of Acipayam town and extending toward Serinhisar town in the NW, and
it has an average N45° W strike, dipping NE with an angle varying between 55° and 65°
(Fig. 3). ASF can be divided into the Acipayam segment (ASFa) in the south and the Serin-
hisar segment (ASFs) in the north (Fig. 2). The length of the ASFa is about 12 km and can
be traced up from Acipayam to the NW of Alaattin town. The extension of the fault from
that point further to the NW (toward the Serinhisar town) is indistinct. Because in the NW
of Alaattin town, where the fault should continue, there is a morphological barrier consist-
ing of a large limestone block. Along this obstacle, the ASF leaps approximately 2.5 km
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Fig.3 Geological, tectonial map showing figure and trench locations of the study area and position Aci-
payam segment (ASFa) of the Acipayam—Serinhisar fault (ASF) (https://opentopomap.org)

NE. This leap is quite evident in the morphotectonic structure of the region. The SW bor-
der of the plain continues along a line between Alaattin town and Yassihoyiik suddenly
narrows at NE. The Acipayam plain is 12 km wide in the south; it is 67 km wide in the
northern part. Thus, the continuation of the ASF to the NW remains around Yassthoyiik
and ends around Serinhisar (Figs. 2, 4a, b).

There is a morphological lineament between Yassihiiyiik and Serinhisar, but there is not
any other fault evidence at this 9 km long section. Moreover, the distribution of aftershocks
is concentrated in the southern region of Yassthiiyiik. They were not recorded between
Yassihiiyiik and Serinhisar. Therefore, its section between Pinaryazi in the south and Alaat-
tin town in the north has been studied in this paper. The continuation of the fault toward SE
has not been detected after Pinaryazi because of the alluvium sediments.

The fault zone is observed as three separate segments parallel to each other at Acipayam
town, and the main fault in this zone can be clearly witnessed at the Acipayam State Hos-
pital. Its position at this location is N52° W/85° NE (Fig. 4). The slickenlines of the fault
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: Acipayam - Plain

Gencer Hill

Fig.4 General view of Acipayam and Serinhisar segments of the ASF on the region (A), location of the
fault segment in south of Acipayam (B), general (C) and close (D) images of the Acipayam—Serinhisar fault
south of the Acipayam State Hospital (view direction from N to S)

plane, which are in the Miocene terrestrial clastics, indicate some left oblique component.
The rake angle on the plane is 82°. At this location, there is a 2-3-m-wide fault zone con-
sisting of small fractures next to the main fault. The same fault was observed at approxi-
mately 1 km SE of this point, about 1 km SE and further south with the positions N46°
W/70° NE and N44° W/76° NE, respectively (Fig. 5).

There are some synthetic and antithetic fractures developing parallel to this fault just
at the south of it. A synthetic fracture was detected 300 m south of the main fault, and its
position is N47° W/66° NE. The fault zone, which is seen again in the southern and eastern
parts of Acipayam, is a line consisting of many parallel fractures. The positions of the faults
are N75° W/85° SW, N50° W/72° NE and N60OW/55° NE along the about 10 m long line
(Fig. 6). Another fault zone consisting of synthetic and antithetic fractures was observed

@ Springer



Natural Hazards (2023) 116:2245-2268 2253

N Fault

Fig.5 General image of the Acipayam plain and fault (view direction from W to E) and near images of the
fault in the North of the Gencer Hill (A, B) (view direction from NW to SE)

nearly 20 m north of this location, with the positions of N41° W/78° SW, N45° W/70°
SW and N52° W/66° NE (Fig. 7). The main fault continues toward NW, and it resurfaced
again in the north of Ayvazca Hill, approximately 2 km SW of the Alaattin town. Here, the
position of the main fault with a synthetic fracture is N30° W/66° NE (Fig. 8). Yang et al.
(2020), using Sentinel 1A interferometric satellite radar images after the earthquake, point
out that the earthquake occurred because of normal faulting and that the NE—sloping fault
had very little post—directional strike—slip component. They were also expressed that the
fault, caused the earthquake, was a blind fault, and there was some increased stress in the
NW and SE segments of the fault which could produce earthquakes of M =4.8-4.9.

3.2 Paleoseismological studies

Historical earthquake data are vital for a hazard risk assessment of the region. Some paleo-
seismological trench studies were carried out at three different locations on the fault line to
trace the earthquakes in the past a few millenniums. They were mapped and documented,
and the details are given below.

3.2.1 Trench-1(T1)

The continuation of the ASF fault zone toward the NW was followed, and it was decided
to open Trench-1 on the location where the geological-topographic conditions are suitable
(Fig. 4c, d). Trench-1, excavated at the west of Acipayam State Hospital, is in the direction
of N45° E and is 21 m long, and the study was carried out on the SE wall of it. The coordi-
nates of SW end NE end of the trench are 29.33383619; 37.42816728, and 29.33398103;
37.42835046, respectively. The trench stratigraphy is as follows:
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Fig.6 General and close images (A, B) of the synthetic and antithetic faults in the SW of the Acipayam—
Serinhisar fault zone (view direction from SE to NW)

At the bottom, there is gray- and white-colored marl (unit A). The base of the unit can-
not be seen, and it is located in the middle and the NE part of the trench. It has 70-80 cm
thickness, and it gets thinner up to 10-15 cm at the upper level. In the upper level, there is
a dark gray clay (unit B) with a thickness exceeding 2 m. A white—gray—white marl layers
(unit C) embedded in unit B as a thin layer. It is seen throughout the entire trench. Over
it, toward the NE end of the trench, there is a light gray-colored clay (unit D) reaching
up to 2 m thick, as it decreases up to 20 cm toward the SW end of the trench. A thin layer
of yellow clay (E unit) lies above this unit. Above it, a light gray-yellow clay (unit F) in
70-80 cm thickness and a brown-yellow clay (G unit) are found at the top. These units are
belong to Neogene aged sediments, and they are overlain by a gray clay silt (unit H). It is
observed at the NE end of the trench, and its thickness is around 1 m. Stratigraphically,
there is young brown clay, sand and gravel (unit I) at the top. Colluvial wedge looking this
unit is settled in front of the fault zone. At the top, there is an irregular level of clay, sand
and gravel (unit J) covering all units and fault. This unit, whose thickness increases toward
the NE edge of the trench, especially after the fault zone, is considered as the second young
sedimentary level. An artificial fill (unit K) reaching approximately 3 m is spotted at the far
NE end of the trench (Fig. 9).
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Fig. 7 General and close images (A, B) belong to the synthetic and antithetic faults of the Acipayam—Serin-
hisar fault zone far from 15 m north of Fig. 6 (view from SE to NW)

Fig.8 General and close images of the Acipayam—Serinhisar fault zone in the SW of Alaattin Town (view
from NW to SE)

A fault zone has been traced between 10 and 11 m from the NE end of Trench-1
(Fig. 10). The main fault in this zone, which is observed on more than one plane, is a
normal fault oriented in N52° W/58° NE direction and has 105 cm total dip slip. The fault
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Fig.9 View of Trench-1 and the geological cross section on the SE wall of the trench (explanations of the
geological units and faults are in text)
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Fig. 10 Detailed views of the cross section between 9 and 12th m (A) and 17th and 18th m (B) from NE to
SW in Trench-1 (fault lines in red, unit boundaries in yellow). (Explanations of units and faults are in text)
(see Fig. 9)
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zone is covered by two distinct young sedimentary units, namely a mixture of brown clay,
sand and gravel, and irregular clay, sand and gravel. The fracture plane, formed just after
the first movement, is covered by the first young sedimentary unit (unit I). The obtained
field data on the same fracture showed that this unit (unit I) was also cut by the later move-
ment of the same fault plane. The new fracture formed with the later movement of the fault
plane is covered by the second young unit (unit J). The offset of the fault in this section is
around 55 cm. The data suggest that the fault has relocated in two different periods, and the
displacement of the first fracture is around 50 cm. Some samples from the basement levels
of these sediments covering the both fault planes were collected for “C dating. The date
of the sample (ACNE-1) taken from the brown clay sand gravel level from the lower sedi-
mentary package is 840 +24 years. The calendar age is AD 1168—1263. The '*C age of the
sample (ACNE-2) taken from the upper level of this sedimentary overlay is 344 +30 years,
while the calendar age range is between AD 1471 and 1638.

A N40° W vertical fault was traced around 17 m from the NE edge of the trench. It has
65 cm vertical slip and was assessed as an antithetic fracture that developed approximately
parallel to the main fault zone observed far from 10-11 m of the trench.

3.2.2 Trench-2(T2)

The continuation of the ASF fault zone toward the NW was followed, and it was decided
to open Trench-2 on the location where the geological-topographic conditions are con-
venient (Fig. 5). The SE continuation of the fault, which was identified in the south of the
Acipayam State Hospital and in Trench-1, was traced on the northern slope of Gencer Hill,
south of Acipayam. The N45° W/70° NE-oriented fault is observed on a road cut. Trench-2
was excavated 40 m away from this point. The 17-m-long SE wall of the trench in the
N40° E direction was documented. Trench-2 is about 1.5 km SE of Trench-1. The coordi-
nates of SW end NE end of the trench are 29.34744035; 37.42043078, and 29.34760129;
37.42057563, respectively. The trench stratigraphy is as follows:

There is gray plastic clay (unit A) at the bottom. In the upper part, near the SW end of
the trench, there is white sandy clay of about 20-30 cm. It is commonly seen in the SW
part of the trench. There is a rarely observed white sandy clay level (B unit) above this unit.
At the top, near the SW end of the trench, there is a red gravel (C unit) with a thickness
of more than 1 m. The rest of the units on latter is seen throughout the trench. They start
with brown silt, clay (unit D) unit in which thin white clayey limestone (unit E) lenses are
found with thicknesses of 70—-80 cm. In the upper part, there is a light-yellow sand (unit F)
level with a thickness of about 20 cm in the SW of the trench. Further above, the gray—yel-
low clay (unit G) level is observed along the whole trench. Its thickness reaches up to 1 m
and nestle 40-50 cm gray light brown lenses (unit H). This unit may reach a height of
one meter in some places and include some sand lenses (unit I), particularly on the upper
levels. In the upper part, there is a white sandy clay unit (unit J) and they are commonly
observed as interbedded layers in other units. A light-yellow clay (K unit) positioned on the
above units, and it is seen predominantly in the middle and NE sections of the trench. The
unit may reach up to more than one meter in some places and contains thin lenses of clayey
limestone and sand. In the upper part of the trench, the dark brown—green layered clay (unit
L) is densely located in the NE part, and it includes white sand lenses. The clay, sand and
gravel (unit M) may reach up to 60 cm in thickness and cover all those the units and fault.
Therefore, it is the critical level in the trench. At the top, there are irregular clay, sand,
gravel, block and grounded levels (unit N) (Fig. 11).
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Fig. 11 View of the Trench-2 and the geological cross section on the SE wall of the trench (explanations of
the geological units and faults are in text)

A main fault was traced 8-10 m from the NE end of Trench—2. The fault zone reaches
about in 7-12 m width with the antithetic faults developed parallel to the main fault
(Fig. 12). Here, the position of the fault is N48° W/44° NE, and the dip slip of the fault is
around 40 cm. An another antithetic fracture was spotted 2—-3 m from the NE of Trench-2
and its offset is around 15 cm. Additionally, two more faults were detected at NE of the

Fig. 12 Detailed views of the cross section between 8 and 11th m (A) and, 14th and 16th m (B) from NE to
SW in Trench-2 (Fault lines in red, unit boundaries in yellow) (explanations of units and faults are in text)
(see Fig. 11)
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trench. They form a mini graben structure, and the distance between them is 14—16 m.
These faults cut the antithetic fault, which is synthetic to the main fault. The offsets of the
both faults are around 15-20 cm.

The fault detected between 9 and 10 m from NE of Trench-2 was assessed as the main
fault of the trench, and the others as synthetic and antithetic fractures developed parallel to
this fault. The '4C dating sample (ACNE-3) taken from the bottom of the sediments overly-
ing the main fault offered 720 + 36 years of age. The calendar age is AD 1227-1308 or less
likely AD 1363-1385.

3.2.3 Trench-3 (T3)

The continuation of the ASF fault zone toward the SW was followed, and it was decided to
open Trench-3 on the location where the geological-topographic conditions are conveni-
ent (Fig. 8). The fault caused the earthquake was traced toward NW, and a fault zone was
observed on the western slope of Ayvazca Hill at the NW of Acipayam (W-SW of the
Alaattin town). The Trench—3 was excavated at a convenient location in this region. The
trench length is 17 m in N80° E direction, and its NW wall is documented. The coordi-
nates of the trench are at the SW and NE 29.29827546; 37.46178367, and 29.29847395;
37.46181774, respectively. The trench stratigraphy is as follows:

At the bottom, there is weathered serpentinite (unit A) with a thickness exceeding 1 m
at the SW end of the trench. Above this, a serpentine (B unit) with a thickness of around
1.0-1.5 m is placed. These units are not observed on the hanging wall of the fault detected
in the trench. In the upper part, there is a melange (unit C), mostly composed of ophiolitic
origin material. It is located at 1-5 m, 7-9 m and 9-12 m on the hanging wall of the fault
and presents an irregular and heavily altered structure. Stratigraphically, a brown clay (unit
D) overlies the melange. This unit is found on the hanging wall of the fault with a thickness
of more than 2 m. There are clayey gravel (unit E) levels with 15-20 cm thickness embed-
ded in the latter unit. All these units and the fault zone are covered by a unit (unit F), which
is a mixture of clay, sand and gravel and it covers the fault. At the top, there is an irregular
level of clay, sand, gravel and block (unit G), referred to as natural soil (Fig. 13).

A fault was found at 7-9 m away from the SW end of Trench-3. It is a normal fault in
N30° W/42° NE direction (Fig. 14). While there are rock units such as serpentinite in the
footwall of the fault, there are sedimentary rocks on the hanging wall. The fault has a total
dip slip of 60 cm. A sample was taken for dating from the base level of the young sediment
overlying the fault and coded as ACNE-5. Its average age is about 2162 +34 years. The
results are different in calendar years; BC 235-95 (53.9% probability) and BC 359-276
(36.6% probability). It may unlikely be BC 74-56 and BC 261-244.

4 Summary of paleoseismological observations

Paleoseismological studies were carried out in three trenches on the Acipayam—Serinhisar
fault zone and the results evaluated based on the '“C data. A NW-SE trending, NE dipping
fault with 60 cm offset in Trench-3 was detected and it covered by clay, sand and gravel
(unit F). The dating sample (ACNE-5), taken from the basement level of the sediments
covered the fault, has proposed its age as 2162 + 34 years. As the calendar year, it is at BC
235-95 with 53.9% probability, 359-276 BC with 36.6% probability, BC 74-56 with 2.6%
probability and BC 261-244 with 2.4% probability (Table 1). It offers that there was a
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Fig. 13 View of the Trench-3 and the geological cross section on the NW wall of the trench (explanations
of the geological units and fault are in text)

Fig. 14 Detailed view of the cross section between 7th and 10th m from SW to NE in Trench-3 (fault lines
in red, unit boundaries in yellow) (explanations of units and faults are in text) (see Fig. 13)
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seismic event on the Acipayam—Serinhisar fault zone at BC 235-95. It has caused a 60 cm
slip around Alaattin town at the NW part of the fault zone. However, it may be hard to
reach the sound comment it is because that only one fault was traced in the trench and the
dating range is very wide.

The Trench-2 was opened in the north of Gencer Hill in the SE area of the fault in the
Acipayam—Serinhisar fault zone. A fault zone was observed 8—12 m from the NE end of
the trench. Additionally, seven faults in various sizes were detected in this zone. The main
fault cuts the others and has more slip amount with NW-SE trending and NE dipping. The
dating analysis was implemented on the samples (ACNE-3) taken from the bottom of the
young sediments overlying the fault. Two more faults resembling a graben structure were
observed 14-16 m from the NE of Trench-2, and the fault observed in 16 m was consid-
ered as the main fault, because it cuts the other units. The ACNE-3 sample taken from the
same trench indicates 720 + 36 years. This corresponds to the calendar year AD 1227-1385
with 83.1% probability and AD 1363-1385 with 12.4% probability. This designates that
there was a seismic event in the range of AD 1227-1385 in the SE part of the fault zone
(Fig. 15).

Two fault zones were identified in the Trench-1 opened in the middle of the Aci-
payam—Serinhisar fault zone. The fault, which was detected around 17 m from the NE end
of the trench, is nearly vertical and was appraised as a small fracture plane developed par-
allel to the main fault. The fault detected 9—12 m from the NE end of the trench is paleo-
seismologically remarkable. The detailed studies proved that it is the same fault detected in
Trench-2. The comprehensive practice in Trench-1 propounds the seismic event of the fault
at two different times. It is because the fault zone includes two planes. The first fault plane
cuts and offsets the prior sediments by 50 cm. The first plane was cut by the second one
and seperated about 55 cm.
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Fig. 15 Distribution chart of probable earthquakes on the Acipayam—Serinhisar fault zone based on radio-
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3. (detailed explanations are given under the “Summary of Paleoseismological Observations” title in text)
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One of the young sediments (brown clay, sand, gravel) is covered some part of the fault
plane (first fracture plane), and the other part of this level was cut by another plane of the
same fault (second fracture plane). This sedimentary level was evaluated as the first young
sedimentary unit (unit I) after the fault movement. In the SW of the trench, a small part of
the same level was observed on the hanging wall of the fault.

The other sedimentary level (irregular level of clay, sand and gravel) is covered the first
fracture plane of the fault and the first young sedimentary unit. This level is called as the
second young sedimentary unit (unit J), and it is clearly witnessed that it completely cov-
ers the both planes of the fault. Therefore, it is clear enough that the fault zone has moved
50 cm in the first and 55 cm in the second seismic event at this location.

5 Discussion and conclusion

A fault segment, which is a part of NW section of the Acipayam—Serinhisar fault zone, has
been detected in Trench-3. It has NW-SE trending, NE dipping with 60 cm offset. The dat-
ing of the sample (ACNE-5) taken from the basement level of the sediments overlying the
fault indicates a carbon age of 2162 +34. As a calendar year, it refers to BC 235-95 with
a probability of 53.9%. The obtained data suggest a seismic event on the Acipayam—Serin-
hisar fault zone in BC 235-95. Thus, an earthquake that caused a 60 cm offset might have
occurred around Alaattin town in the NW part of the fault zone. Nevertheless, reaching to
the sound results may be difficult due to tracing only one fault in the trench and a very wide
range of '“C age.

However, a magnitude 6.5 earthquake may be arisen at the region in the mentioned
period and may have caused a 14-km-long surface rupture based on comparison of the
observed data to the literature (Schwartz and Coppersmith 1984; Wells and Coppersmith
1994; Pavlides and Caputo 2004). This may be considered as the first seismic event (Event-
1) based on the obtained data in the trenches.

The '“C age of the ACNE-1 taken from the bottom level of the first young sedimen-
tary unit in the Trench—1 is 840+24, and its calendar age is AD 1168-1263. The date
of ACNE-3, which is on the same fault and detected in the Trench-2, shows the calendar
year AD 1227-1308. This finding proposes that the fault may have produced an earthquake
that created a surface rupture in these years, especially at AD 1227-1263. The damage
and death rate may be ignored because of the low population of Acipayam and nearby
750-800 years ago. The first seismic event has generated 50 cm slip in Trench-1 and 40 cm
slip in Trench-2. Considering that a fault creates a maximum slip of 50 cm, it corresponds
to an earthquake M, =6.3-6.4 according to the earthquake—fault empirical relations men-
tioned above. The probable surface rupture length in the earthquake should be around
10 km according to the literature (Schwartz and Coppersmith 1984; Wells and Copper-
smith 1994; Pavlides and Caputo 2004). This activity was called as the second seismic
event (Event-2) based on the data obtained from the trenches.

A second seismic event may have occurred in Trench-1 after the first one. The dating
sample (ACNE-2), which was taken at the base level that cut the first young sedimen-
tary unit and re-cut the second younger sedimentary unit overlying the fault, points out
344 + 30 years and the calendar age of the AD 1471-1638. It verifies that the fault has bro-
ken and moved 55 cm at AD 1471-1638 for the second time. Such an earthquake has not
declared in the historical records. This seismic event probably corresponds to a magnitude
6.3-6.4 earthquake and about 10 km surface rupture (Schwartz and Coppersmith 1984;

@ Springer



2264 Natural Hazards (2023) 116:2245-2268

Wells and Coppersmith 1994; Pavlides and Caputo 2004). This case suggests the third seis-
mic event (Event-3). The March 20, 2019, a magnitude of 5.6 earthquake was considered
as the fourth seismic event (Event-4) in this fault zone. Apart from the mentioned events,
the earthquakes with deep hypocenters and without any surface rupture may have occurred
in the same fault zone. In this case, detecting these earthquakes is not possible because of
untracable deformation structures on or near the surface. Although the studied earthquake
was effective and destructive, it has not caused any surface rupture. Therefore, any surface
deformation has not occur after this earthquake with a 10.7 km hypocenter.

As a result, the Acipayam—Serinhisar fault may have produced earthquakes with surface
ruptures three times at BC 100-200, AD 1200s and AD 1500-1600. Considering the last
two earthquakes detected in the same trench and on the same fracture, it can be supposed
that the fault has broken twice at the same place with an interval of 350 years. However, the
350-year recurrence period suggested by evaluating the age data of only these two seismic
events detected in the same trench may not be a proper approach. More data are needed to
suggest an appropriate recurrence period because of a long time interval between Event-1
and Event-2. However, the structure of the fault and the deformation structures in under-
ground are not regular and uniform. Moreover, the hypocenter and the magnitude of the
earthquake, like the one in 2019, may not create fractures on earth and more earthquakes
might be occurred outside of these dates. The historical records reference an earthquake of
5.3 magnitude in the region in 1936 (Kumsar et al. 2020). Although the epicenter of this
earthquake appears in the middle of the basin, it also corresponds to the Acipayam fault in
the south. Therefore, there is not any evidence about the source fault of this earthquake,
and the epicenter location is very likely inaccurate.

The recorded and unrecorded earthquakes (like M, =6.3—6.4) happened in the past
might not be reported in historical literature because of limited destructions and/or long
distances to crowded towns. As a result, a fault, not shown on the Active Fault Map of Tiir-
kiye, has been mapped and documented in the lights of the field studies and paleoseismic
data. Unearthing the unknown faults, updating the active fault map and illuminating the
seismic history of these faults are essential for the seismicity and hazard evaluation of the
region.
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