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Abstract

This study examines the morphology, lithological characteristic and controlling factors of coastal sediments in the northeast
Gokova Graben (southwest Turkey). The northeast Gokova Graben is located in a region with several human settlements and
tourism activities, in the summer. The analysis used in the study is field observation, Digital Elevation Model (DEM) analysis, 18
sieve (including statistical evaluations) and 18 X-ray Fluorescence (XRF) analyses. Due to the boundary of normal faults,
predominantly faulted-rocky coasts are expected. However, four different coast types were determined in the northeast
Gokova Graben. Evolution of these coast types is dependent on orientation of the normal faults and also distribution of different
coastal rocks and rivers. The predominant coast type, rocky coasts are formed by faulted, high-resistant Jurassic-limestone.
Owing to reworking and short transportation via brooks and the force of gravity, narrow gravely shingle beaches are only
observable in front of the Quaternary-conglomerate cliff. Perennial streams form two different coasts. Long stream formed the
wide sandy beach in the eastern end of Gulf. While short streams, which obliquely cut the graben, formed the sandy-gravely
beach at the western end of the study area. Recent beachrock, coastal rock staining and wave notches are indicators for a stable sea
level in the study area. Past sea level indicators are the hanging beachrocks and wave notches located in the western part of the
study area. Past activities of the interior faults within the graben are responsible for ancient sea level fluctuations. Moreover,
global warming increases the risk of sea level rise. A possible rise in the future sea-level may destroy narrow-gravely beaches.
This risk may also threaten the wide sandy beach as well as the settlement in the area.
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Introduction

Approximately 1.2 billion people in the world prefer to live in
coastal regions (Adger et al. 2005). Estimates suggest the
number to double in the next 15 years (Adger et al. 2005).
Coastal and related marine ecosystems (as in the
Mediterranean) supply valuable commodities such as fisheries
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and summer tourism for its inhabitants (United Nations
Environment Program / Mediterranean Action Plan-UNEP/
MAP 2012; Intergovernmental Panel on Climate Change -
IPCC 2014). These inhabitants are under the threat of coastal
erosion, coastal flooding related sea level rise, tsunami, pollu-
tion, mismanagement, marine litter, etc. (Adger et al. 2005;
Galili et al. 2007; UNEP/MAP 2012; IPCC 2014). According
to the map presented by UNEP/MAP (2012), nearly all
European countries with coasts neighboring the
Mediterranean Sea, are under the threat of coastal erosion.
However, because of insufficient studies in Turkey, only few
studies were present on the map. In order to prevent such
threats, several researchers (Billé¢ 2008; IPCC 2014) presented
several adaptation measures including disaster risk manage-
ment, ecosystem management and structural-physical
structures.

Beaches are delicate environments under the equilibrium of
coastal accretion and erosion (Pirazzoli and Pluet 1991; Frihy
2001; Morner 2005; Galili et al. 2007; Cronin 2012; Engelhart
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and Horton 2012; Giil et al. 2017). This dynamic zone is under
pressure from atmosphere-land-marine environment and more
recently anthropogenic pressure (Frihy 2001;
Prospathopoulos et al. 2004; Kilibarda et al. 2014). An irreg-
ular sea floor, strength of coastal rocks, sea waves, tides, fresh-
water and sediment input are all controlling the coastal mor-
phology and coastal sedimentation (Leeder 1982; Reinson
1992; Spezzaferri et al. 2000; Giil et al. 2008a, 2008b, 2009,
2011). Good management of the coastal zones and mitigation
practises (including removal of adverse impacts) require de-
scription, classification and understanding of coasts (Frihy
2001; Galili et al. 2007; UNEP/MAP 2012).

The coastal rock characteristics (soft or hard, consolidated
or unconsolidated, soluble or insoluble), the slope of the coast
and structural properties are used in coastal classification
(Fairbridge 2004; Finkl 2004). Rocky coast was determined
as a dominant coast type for the Mediterranean and Black Sea
Coast (Furlani et al. 2004). Some rocky coasts have been
formed by fault scarp, while some of them were evolved due
to the high resistance of rocks (Furlani et al. 2004). Normal
fault may have caused the linear, steep, rocky coasts on the
Aegean Sea coast of Greece (Palyvos et al. 2005), and like-
wise on the Turkish Coast (Ulug et al. 2005; Ulug and Kaser
2007). Fault activities may lead to local sea level variations
that maybe spotted by using traces from marine organisms,
beachrocks, wave notches and historical marine structures
(Switzer et al. 2012; Woodroffe and Murray-Wallace 2012).

The Gokova Graben is one of the seismically active
grabens of southwest Turkey (Fig. 1; Goriir et al. 1995).
A recent major earthquake with magnitude of 6.6 occurred
on the 21 July 2017 in the west end of the graben. This
earthquake affected Kos Island (Greece) and Bodrum
Town (Turkey) (KOERI 2017). In addition, several prom-
inent Turkish settlements, which are leading places of
Turkey in terms of summer tourism such as Bodrum,
Akyaka and Oren are located on the margin of the
Gokova Graben, (Fig. 1). The Gokova Graben, especially
the northeastern part, has a variable coastal morphology
containing rocky cliff, gravely sandy narrow-shingle
beaches, and wide plain deltas (Figs. 1b, 2a). Ulug et al.
(2005) and Ulug and Kaser (2007) have suggested tectonic
activity and sea level fluctuation as the main controlling
agents on interior sedimentation of the Gokova Graben.
Similarly, local beachrocks and wave notches at different
levels in the northeast Gokova Graben already indicate
earlier sea level variations. In addition to tectonic activity,
global warming is also increasing the threat of rise in sea
level in this region. The main goals of this study are; to
assess the risk and effects of a future rise in the sea level on
the northeast Gokova Graben; to discuss the normal fault
orientation and coastal rock type effects on coastal mor-
phology; to determine coastal sediments characteristics,
and to show, depending on local factors, how much vari-
able coastal structures can develop in short distances.

Fig. 1 a The study area is located in the southwest part of Turkey. b Grabens of the southwest Anatolia (obtained from www.googleearth.com)
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Fig. 2 a Digital Elevation Model (DEM) of the study area. The rocky
coast (dark grey to black color) can be delineated from low-inclined or flat
sandy beach-gravely beach areas (light grey color). b General geological

Materials and methods

The Gokova Gulf is 100 km in length, 30 km in width to the
west and 3 km in width to the east, and structurally extends
10 km farther to the east of Akyaka Town (Fig. 1; Goriir et al.
1995). This study focuses on northeast of the Gokova Gulf
(40 km in length). Sea level in this part is decreasing to the east
(Fig.2b). Sediment properties, factors controlling sedimenta-
tion, coastal morphology, and threat emanating from possible
sea level rise in the coastal region were determined using field
observations and the results of laboratory experiments.
Rocky coast, narrow gravely shingle beach, wide sandy
beach and deltas were classes of the coastal morphology of the

map of the study area (Giirer and Y1lmaz 2002). Sea level contours and
faults inside the graben were obtained from the Ulug et al. (2005)

study area. Various formation, mainly limestone and conglom-
erate, formed coastal rocks (Fig. 2b). The gravely and sandy
beaches were described based on surface sediments. During
the field study, eighteen loose sediments from surface and
four-beachrock samples were collected (Table 1). Sometimes
two loose sediment samples (representing coarse-grained and
fine-grained sediments) were collected base on surficial sedi-
ment distribution in a beach. Sieve analyses of loose sediments
(1165-2895 g in weight) with nine sieves (screen sizes ranging
from 64.0-32.0-16.0-8.0-4.0-2.0-1.0-0.5-0.25-0.125-
0.0625 mm), which were determined on the basis of dominant
grain size. Statistical parameters (including median, sorting,
skewness and kurtosis), for comparing the loose sediments, were
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Table 1 Eighteen loose beach sediments and four hard beachrock samples were collected during the field study
Region Sample No Latitude Longitude Location
Oren Deltas S1 37.02840 27.88333 Small Delta - W
S2 37.03057 27.91667 Small Delta - E
S3 37.01960 27.95000 Big Delta - Centre
S4 37.02513 27.96667 Big Delta - E
S5 37.02922 27.96667 Big Delta Coast - E
S6a (Beachrock) 37.03188 27.96667 Big Delta - Port
S6 (Sandstone)
Oren Deltas — Akbiik Region Brl, Br2, Br3, S7, S8 37.03033 27.98333 Oren Deltas — Akbiik Region
Akbiik Region S9 (fine sand-clay) 37.02643 28.06667 Akbiik Bay W - Zeytinlik Bay
S10 (gravely)
S11 37.01732 28.10000 Akbiik Bay W
S12 37.03305 28.08333 Akbiik Bay
Akbiik Region — Akyaka Town S13 37.03838 28.18333 Turnal District
S 14 37.05127 28.26667 Kandilli District
S 15 (sandy) 37.04833 28.30000 Cinar Beach
S 16 (gravely) 37.04890 28.28333
Akyaka Town S 17 37.05073 28.31667 Akyaka Town Beach
S 18 37.05010 28.31667 Gokova Delta

calculated based on suggestions of Folk (1974) from (@) values
that were obtained from the cumulative sieve retaining versus
grain size () graph. Mud, sand and gravel size sediment per-
centages (obtained from the cumulative sieve passing versus
grain size (mm) graph), which show the main grain size differ-
entiation, were determined based on Wentworth (1922) classifi-
cation. In order to display dominant grain sizes, we draw the
frequency of histograms versus grain size graphs. Mode values
(9) were fixed from this graph. General variation trends of sed-
iments were shown by correlating the graphs of different statis-
tical values, including sorting versus average grain size and
sorting versus skewness. The dominant components (limestone,
ophiolite fragments, and fossil shell fragments) were noted mac-
roscopically, and even during the sieve analysis in different
mesh. The major element analysis of twenty-two ground sam-
ples was using the Rigaku ZSX Primus II XRF equipment lo-
cated at the Mersin University (Turkey) Research Laboratory.
The main compositions of sediments and beachrock were de-
scribed using the analysis. For provenance correlation, CaO ver-
sus SiO,, TiO, versus Fe,O3 + MgO, and Al,O; / (CaO + NaO)
versus Fe,O; + MgO graphs were prepared. During the field
study, wave notches, the gray staining of coastal rock and
beachrock formations were noted as a previous sea level indica-
tor (Desruelles et al. 2009).

Geological settings of the study area

The study area is surrounded by the Lycian Nappes. They
include Triassic clastic, Jurassic carbonates (denoted as an
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Lmst in Fig. 2b), Upper Cretaceous clastic; Campanian-
Maastrichtian ophiolite containing dunite, harzburgite,
peridodite and dolerite dikes (denoted as an Oph in Fig. 2b),
and Upper Cretaceous-Paleocene flysch and ophiolite
mélange (Fig. 2; Ersoy 1990; Goriir et al. 1995; Senel 1997;
Collins and Robertson 1997, 1998, 1999). The Lycian Nappes
tectonically overlie the Menderes Metamorphic Massif (in-
cluding Precambrian augen gneiss and metagranites in core;
schist, marbles, and limestone in the cover) in the north (Okay
1989; Bozkurt and Satir 2000; Bozkurt 2001; Ozer et al.
2001).

The Gokceoren Formation (Upper Oligocene-Lower
Miocene) unconformably overlies the Lycian Nappes, and
consists of shallow marine conglomerates (including mainly
ophiolite pebbles and limestone pebbles) and sandstone
(Fig.2b; Giirer and Yilmaz 2002). The Akbiik limestone
(Upper Oligocene-Lower Miocene) conformably overlies the
Gokgedren Formation (Goriir et al. 1995; Giirer and Yilmaz
2002; Gtrer et al. 2013). The Turgut Formation consists of
sandstone, siltstone, claystone, lignite, clayey limestone and
marl, while the Sekkdy Formation contains limestone and
marl (Atalay 1980; Goriir et al. 1995; Giirer and Yilmaz
2002). The Upper Miocene Yatagan Formation consists of
conglomerate (including gneiss, quartz phyllite, and chert
pebbles bearing), sandstone, siltstone, claystone, clayey lime-
stone, limestone and tuff (Atalay 1980; Goriir et al. 1995;
Giirer and Yilmaz 2002). The Gokova Formation comprises
of Quaternary lithified conglomerates (including ophiolite and
limestone pebbles with varying ratio) and sandstones cropping
out between the Akbiik bay and the Akyaka Town (Ersoy



Morphology of coast and textural characteristics of coastal sediments (NE Gokova Graben, SW Turkey) 421

1991; Goriir et al. 1995). The youngest unit of the study area is
alluvial deposits including slope debris, alluvium, delta sedi-
ments and beach sand. Slope debris or colluvium contains
poorly sorted, angular-sub angular rock fragments derived
from the slope rocks, while alluviums contain well-rounded
sediments (Goriir et al. 1995). Recent beachrocks are present
in different parts of the Gokova Gulf (Goriir et al. 1995; Dirik
et al. 2003), whereas, in the context of this study; they are
existent only in the Oren Delta.

Coastal properties between the Oren
and Akyaka towns

The area between the Oren and Akyaka towns contains mainly
rocky coasts, many narrow, sandy gravely shingle beaches,
and wide, plain sedimentation areas (Oren delta, Akbiik bay
delta, Gokova delta-Akyaka sandy beach). The morphological
properties, sieve analysis results of the coastal sediments, their
chemical analysis results, and sea level changes are given
below.

Morphological properties

The study area morphologically includes four different coast
types.

Rocky coast

The rocky coast is the main coast type of the study area (Figs.
1, 2). Dark gray and black parts in the DEM model refer to
rocky coasts (Fig. 2a). The maximum height of the hill is
around 600 m between Oren Town and Akbiik bay (the
summits and height of some hills are presented in Fig. 2b).
The coastal rock of this area is the Jurassic limestone of the
Lycian Nappes (Fig. 1b, 2; Goriir et al. 1995; Senel 1997).
These limestones include calcite filled, fractured, fine-to-
medium crystalline or micritic, and crystallized limestone—
dolomitic limestone. They are classified as medium to high
strength rock based on Schmidt Hammer Rebound Values
(Senel 1997; Giil et al. 2013; Giil 2015). The region in be-
tween the Akbiik bay and Akyaka Town (20 km long) has the
steep, rocky, active normal faulted coast. The maximum
height of this section reaches up to 1000 m (Fig. 2). The host
rock of this area comprises the lithified conglomerates of
Gokova Formation with patchy outcrops of the Jurassic lime-
stone of the Lycian Nappes (Fig. 1b, 2; Goriir et al. 1995;
Giirer and Yilmaz 2002). In some places, those rocky coasts
are separated from the sea by the narrow, short gravely sandy
and shingle beaches. They were classified as a fault controlled
cliff coast type by Giil et al. (2017) based on the Fairbridge
(2004) coastal classification system. Finkl (2004) compiled
separate coastal classification systems that were prepared by

different researchers (Johnson 1919; Shepard 1948; Owens
1994) based on different properties of the coast. The rocky
coast of the study area can also be classified as a Fault Coast -
Neutral Coast (Johnson 1919); or Fault coast - Shaped by
diastrophism of the Coast by non-marine agencies (Shepard
1948).

Delta

Deltas make up the largest recent sedimentation in the study
area. Gray colors, and plain coastal areas in DEM view were
evaluated as delta (Fig. 2a). They are located at the mouth of
perennial streams. Two fan-shaped deltas are in the Oren re-
gion (Figs. 1, 2). The small Oren delta is located in the west
and covers about 2 km?. However, the big Oren delta is situ-
ated in the east and covers about 10 km? (Figs. 1b, 2). This big
delta serves as a residential area, containing many hotels, hos-
tels and agriculture field. The gravel beach of the big Oren
delta is a home for summer holidays. The port there is used for
military purposes and for fish boats. The A-A’ cross section
was taken from the big Oren delta coast (Figs. 2b, 3). Fig. 4
shows the coastline of the Oren delta that has gravely and
sandy beaches, and patchily distributed beachrock occur-
rences. An apparent thickness of the Oren delta sediment in-
creases towards the north (max. 10 m). According to marine
geophysical measurements, the thickness of the deltaic sedi-
ments increases up to 50 m into sea (Ulug and Kaser 2007).

Another small delta is in the Akbiik bay (Figs. 1, 2, 3¢, 5).
This delta has a narrow gravely beach, 5-6 m in width and
1 km in length (Figs. 3c, 5). The northern side of the beach
contains swamp with reeds. The biggest delta of the study area
is the Gokova delta, where a widespread sandy beach is pres-
ent (Figs. 1, 2). The Akyaka Town is on the northeastern side
of this delta.

This type of coast was classified as a ‘soft, weakly consol-
idated and erodible coast’ type by Giil et al. (2017) based on
the Fairbridge 2004 classification system. It can also be
denominated as a Delta Coast - Neutral Coast type (Johnson
1919); Delta coast - river deposition - terrestrial (subaerial)
deposition of the coast shaped by non-marine agencies
(Shepard 1948); pebble-cobble beaches - unconsolidated ma-
terials (Owens 1994).

Narrow gravely and sandy beaches

These are 2-250 m in width and 50 m-2 km in length (Figs.
2a, 3b, d, 4c, 6). They have a patchy distribution in front of the
cliff. They start with colluvial deposits in front of the Jurassic
limestone and Quaternary conglomerate cliffs (generally
faulted). The structural (fracture) and lithological properties
of the coast rocks and brooks may lead to the formation of
such beaches and fix their place. The western narrow beach in
front of the Oren-Akbiik rocky coast, which has links with the
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Fig. 3 Schematic coastal profiles
of the study area were prepared
based on field observations. Their
locations are shown in Fig. 2b

Oren delta, includes well-rounded limestone-ophiolite-marl
gravels. However, the coastal rocks of the Oren delta contain
Jurassic limestone (Goriir et al. 1995; Giirer and Yilmaz
2002). The source of the sediments of the recent beach may
well be the reworking of the big Oren delta by the longshore
current.

The narrow beaches between Akbiik bay and Akyaka
Town contain similar sediments with the Gokova Formation
(Fig. 6¢). After disintegration, the Gokova Formation sedi-
ments have been transported to the coasts by gravity or
temporary-seasonal brooks. They form rounded reworked

@ Springer

conglomerate pieces and limestone-ophiolite gravels (the re-
lease of gravel depending on the weathering of the matrix).
Winnowing of the finer-grained sediments among gravels by
sea wave promotes gravely (shingle) beach formation.

Gl et al. (2017) (based on the Fairbridge (2004) coastal
classification system), classified those small and narrow
coasts under the ‘soft, weakly consolidated and erodible coast’
type. They can be classified as sand-pebble beach’s-unconsol-
idated materials (Owens 1994). However, their textural char-
acteristics are different from the delta and the wide-sandy
beach.
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Fig. 4 a Field view of the gravely beach of the small Oren delta. b Field for scale: 33 cm). d Close view of the gravely shingle beach sediments in

view of the western side of the big Oren delta (man in the circle for scale: front of the beach rock (L: limestone fragments; Op: ophiolite rock
1.75 m). ¢ Field view of the beachrock development in eastern side of the fragments; Q: Quartz fragments; S5: loose sediment sample; Brl:
Oren port. The B-B' cross section belongs to this region (hammer in circle Beachrock level)

Fig. 5 Field view of sandy
gravely beach of the Akbiik bay
(man in circle for scale: 1.75 m).
The C-C' cross section belongs to
this region. (S12: loose, beach
sediment sample)
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Fig.6 a Field view of the sandy gravely beach of the Cinar beach (man in
circle for scale: 1.75 m). The D-D’ cross section belongs to this region. b
The conglomerates of the Gokova Formation limited the beach. Grey
color staining is the results of recent sea level fluctuation. ¢ Western

Wide sandy beach

This beach is 35 m in width, and 300 m in length and located
in Akyaka Town (E-E’ section in Fig. 3e). It extends to the
south (25-50 m in width and 1.7 km in length). This delta is
the widest flat region (20 km?) of the study area and contains
sand size sediments (Figs. 1, 2, 3e, 7). It offers its visitors a
places for swimming and, the wind and kite surfing during
summer time. This wide sandy beach is located where the
Gokova delta and the Gokova gulf meet. The hinterland of
the Gokova delta contains the Jurassic limestone of the Lycian
Nappes, the Gokova Formation clastic in the north (steep
rocky areas), and ophiolite in the southern part (small hill;
Fig. 2).

Gil et al. (2017) also classified this coast as a ‘soft, weakly
consolidated and erodible coast’ type (based on the Fairbridge
(2004) system). This type can also be classified as a Delta
Coast - Neutral Coast type (Johnson 1919); Delta coast - river
deposition - terrestrial (subaerial) deposition of Coast shaped
by non-marine agencies (Shepard 1948). However, if the
material/sample properties are considered, they can be classi-
fied as sand beach-unconsolidated materials (Owens 1994).

Sieve analysis of coastal sediments
Sediment composition and grain size supply information

about the transportation process, and about source rocks
(Carranza-Edwards et al. 1998). The sieve analysis of loose
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side of the Cinar beach contains gravely beach. d Close view of the
Gokova Formation contains well-rounded rock fragments, which are sim-
ilar to recent beach gravel

beach sediments provides more information about energy and
environmental condition of the beach (Sahu 1983;
Ramamohanarao et al. 2003). Table 2 shows the sieve analysis
results. Fig. 8 presents the frequency curves, cumulative sieve
retaining (%) versus grain size (@), and cumulative sieve pass-
ing (%) versus grain size (mm) graphs. Fig. 9 exhibits Mean
(9), Sorting (9), skewness (0) and Kurtosis (4) versus sam-
ple number graphs. Fig. 10 shows sorting (@) versus average
grain size (4), and skewness () versus sorting (@) correlation
graphs.

Figures 8 and 9 indicate that the examined coastal sedi-
ments of the study area mainly include poorly sorted, fine-
skewed, leptokurtic, pebble and to a lesser extent, fine-
grained sand sediments. However, some strong deviations
from the general trend were determined. The average grain
size of the study area sediments has an inversely proportional
relation with sorting. An increasing of the finer-grained sedi-
ments ratio (+@ values) promotes the well sorting (close to
zero, Fig. 10a). Most of the sediment then drops into the river
sediment section (Fig. 10b).

The S1 sandy gravel sample (small Oren delta) contains
well-rounded mainly limestone (gray-dark gray-white) frag-
ments, and to a lesser extent ophiolite rock pieces (dark green-
black-red) and quartz grains (glassy). The S2 sample consists
of mainly ophiolite gravels. The S3, S4 and S5 samples (east-
ern side of the Oren delta) include well-rounded, limestone
and ophiolite fragments with variable ratio. The beachrocks
(Figs. 3b, 4c¢) have composition similar to the loose beach
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Fig. 7 Field view of the sandy
beach of Akyaka Town (man for
scale: 1.75 m). The E-E’ cross
section belongs to this region
(S17: beach sediment sample)

sediments. The Brl and Br3 beachrock levels abundantly in-
clude limestone gravels, while Br2 has an equal ratio of the
ophiolite and limestone fragments (Fig. 4c).

The S9 and S10 samples (Zeytinlik bay to the west of
Akbiik bay), contain well-rounded limestone gravels, and to
a lesser extent the ophiolite rock and shell fragments. The S11
sample (from the pocket beach to the south of Akbiik bay), has
a similar composition to the S9 and S10 samples. The S12
sample (Akbiik bay beach; Figs. 3c, 5) is made up of well-
rounded, very fine-to-fine gravel size limestone and ophiolite
fragments, and to a lesser extent shell fragments, plant frag-
ments and coal-lignite pieces.

The S13 sample (Turnali District) contains reworked con-
glomerate fragments in addition to the other mentioned con-
tents. The S14 sample (Kandilli District) has similar properties
to the S13 sample without shell fragments. The Cinar beach
mainly includes gravels (S16) and to a lesser extent sands
(S15).

Macroscopically, the S17 sample (Akyaka Town, E-E’ sec-
tion in Figs. 3e, 7) consists of ophiolite rock fragments, shell
fragments and coal-lignite pieces with the size of fine-very
fine gravel and very coarse sand. Macroscopically, the S18
sample (300 m to the southeast of the S17 sample location)
contains ophiolite and to a lesser extent limestone fragments
of granule-pebble size; shell fragments of granule size; and
coal-lignite pieces of the size of coarse-grained sand.

Chemical analysis of the coastal sediments
In order to determine the source rock characteristics and var-

iations of the source depending on drainage system of the area,
we apply XRF analysis on the coastal sediments. Applying the

XRF analysis was especially to understand the source type of
fine-grained sediments because we did not macroscopically
define the fine-grained sediments. In order to clarify the sim-
ilarities of components in Table 3, the higher values were
marked as a bold compared to the average values.

The main chemical components of the examined coastal
sediments of the study area are CaO, SiO, and to a lesser
extent Fe,03, Al,O3 and MgO (Table 3). There is an inverse
relationship between CaO and SiO, (Fig. 11a). CaO was com-
ponent of the limestone, while SiO, was from the ophiolite
and quartz bearing sedimentary rock. TiO, has a linearly pro-
portional relationship with Fe,O; + MgO (Fig. 11b).
Similarly, (Al,O3/NaO + CaO) has linearly proportional rela-
tion with Fe,O5 + MgO (Fig. 11c¢).

The highest SiO, values were determined from sediments
collected in the western (the Oren deltas) and eastern (the
Akyaka Town) sides of the study area (Table 3). However, the
highest CaO were found in sediments obtained in the middle
part of the study area (rocky coast with narrow shingle beaches,
the Akbiik, Akbiik-Akyaka; Table 3). The sediments of the
Oren delta and Akyaka Town beach were transported by peren-
nial river further away from the depositional site (Figs. 1, 2).
Sometimes, variable source results in an equal amount of CaO
and SiO, ratio. The recent beachrock in Oren delta (S6a-Br) has
higher SiO, than the older beachrocks (Brl, Br2, and Br3).
Depending on a local source change, some deviations from
the main trend as in the S1, S5, and S7 samples have occurred.

The Jurassic limestone of the Lycian Nappes and the
Quaternary Gokova Formation form the primary coastal rocks
of the study area. Therefore, the main source of the CaO com-
ponents of the study area were limestones The higher amount
of MgO and CaO values comparative to the average values
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Fig. 8 a Frequency curves, b
Cumulative sieve retaining (%)
versus grain size (9) and ¢
Cumulative sieve passing (%)
versus grain size (mm) graphs of
the eighteen loose samples of
beach sediment of the study area

indicate that they are from the dolomitic rocks of the Lycian
Nappes. The samples with higher values in comparative to the
average values of Fe,0;, Al,O3, TiO, and SiO, show the
same source rock (sourced from ophiolite rocks and/or the
Gokova Formation; Fig. 2b). The northern and eastern sides
of the study area include sedimentary rock with various lithol-
ogy and small ophiolite and limestone nappes; they may result
from the local source variation (Fig. 2b).

Sea level changes in the study area

The understanding the coastal morphology, the coastal sedi-
mentation characteristics, the controlling factors on

sedimentation and the investigation of the effects of sea level
changes on the coast require the determination of recent and
ancient sea level variations (Switzer et al. 2012; Woodroffe
and Murray-Wallace 2012).

The Oren delta includes a 30 cm thick gravely beach plain,
which is 70 cm above the present sea level (A-A’ section; Figs.
1, 2,3a, 4a, b). The recent beachrocks and wave notch at the
east edge of big Oren delta show stable recent sea level (Fig.
3a). The B-B’ section contains two wave notches and two
beachrock levels, which are located 2 km east of edge of the
Big Oren delta (Figs. 1, 2, 3b). Both beachrock levels consist
of small organisms’ cavity (Fig. 4c). Those beachrocks were
classified as a ‘soluble: beachrock and eolinite’ type by Giil
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Fig. 9 Frequency histograms and statistical evaluations of the eighteen loose samples of beach sediment of the study area

et al. (2017) based on the Fairbridge (2004) system. The col-
luvium and beachrocks are tightly attached to fault mirror-
footwall. After cementation of the beachrocks and colluvium,
they may be moving upward with the periodic movement of
the footwall. Thus, the uppermost beachrock levels indicate
previous sea levels. At least, such beachrock levels point to the
local tectonic effects on local sea level changes in the study
area.

The beachrocks were not present at the east of the Oren
Deltas; only wave notch and gray color staining were fixed at
the bottom of the rocky coast in the limestone of the Lycian
Nappes. They show stable recent sea level similar to other
eastern regions (D-D’ section; Figs. 3d, 5). There is one beach
plain, 50 cm above the recent sea level in the Akbiik bay beach
(C-C' section; Figs. 3c, 5). The beachrock and beach plain did
not develop in the east of Akbiik bay even in the submarine
side (based on observation sea depth of 2-3 m) and in the
Akyaka Town beach (E-E’ section; Figs. 3e, 7).

Previous sea level indicators were present only in the west-
ern and middle part of the study area, but they were not present

Fig. 10 Graphs of correlation of
the different statistical values. a
Sorting (@) versus Average grain
size (D). b Skewness () versus
Sorting (0) show the
differentiation river and beach
sands (Friedman 1967)

@ Springer

on the eastern side. The evolvement of the older beachrocks
was local with very limited exposures in the Oren. Similarly,
the wave notches also have limited exposures. Wave erosion
or weathering in other parts may have destroyed them. The
beachrock, beach plain and wave notch represent the recent
stable sea level. The stable sea level should develop during
tectonically inactive period.

Results

The Quaternary activity of boundary faults of the Jurassic
limestone of the Lycian Nappes and Quaternary Gokova
Formation conglomerate formed the northern horst of the
Gokova Graben (Figs. 1, 2; Goriir et al. 1995; Barka et al.
1996; Eyidogan et al. 1996; Briickner 1997; Giirer and
Yilmaz 2002; Aktar et al. 2006).

The colluviums in front of the limestone cliff include
angular-sub angular limestone fragments. Longshore current
is transporting and redistributing them. They have formed the
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Fig. 11 XRF analysis results were evaluated based on graphs proposed by Bhatia (1983). a SiO, (%) - CaO (%) diagram. b TiO, (%) - Fe,O3 + MgO (%)

diagram. ¢ Al,03/(CaO + NaO) - Fe,03 + MgO (%) diagram

narrow gravely beach with restricted distributions (Fig. 3b).
Similarly, the narrow-strip shaped gravely shingle beaches in
between the Akbiik bay and the Akyaka Town (Figs. 2b, 3d)
were evolving in front of the Gokova Formation cliff. Gravity
and seasonal brooks as a result of down dip direction in this
part transported conglomerate fragments (reworked), lime-
stone and ophiolite gravels. The longshore current has distrib-
uted them in front of the hill. Moreover, sea wave may win-
now the fine-grain size sediments and promote the develop-
ment of gravely shingle beach.

The deltaic sediments of Oren Town, Akbiik bay and
Akyaka Town were observed in front of the perennial stream
mouth (Figs. 1, 2, 3). The wide sandy beach has evolved in
shore of the Akyaka Town, while the rest of the Gokova delta
beach contains a bimodal sandy gravel beach. The longest
stream of the study area, located in the Akyaka region may
form the finest and the widest sediment accumulation
(Table 2; Figs. 1, 2, 3). Short streams feed the Oren deltas,
the Akbiik and Zeytinlik bay beaches (Fig. 2b). The hinterland
of these streams contains durable-resistant limestone and less
durable ophiolite. Under similar weathering and transportation
condition, limestones form coarser sediments. The main
chemical components of the examined sediments from the
Gokova Gulf coast are CaO because of feeding from lime-
stone. The SiO, and to a lesser extent Fe,Os3, Al,O5; and
MgO are other components and sourced from ophiolitic rocks,
or from reworking of old conglomerate, which have the same
source (Table 3).

@ Springer

The recent and old beach rock formations and beach plain
development were only observed in the western part of the
study area. They are not present in the eastern part.

Discussions

In this section, we discussed the environmental implication of
future sea level rise on the NE Gokova Graben. Followed by a
clarification of the reasons of variable coastal structures for-
mation at short distances such as normal fault orientation,
coastal rock type differences, and fresh-water entrance.

Sea level variations around the study area
and environmental implications of Future Sea level
changes

The southwest Anatolia and Gokova Graben have suffered
from coastal line changes, sea level variations and seismic
activities since ancient times (Briickner 1997; Bekaroglu
2008; Desruelles et al. 2009; Briickner et al. 2010). For exam-
ple, the Ephesus and Miletus ancient port cities were land-
locked areas as a result of the high sediment input from the
Biiyiik Menderes River (Fig.1; Briickner 1997; Briickner et al.
2010). A sea level fall of 2 m hit the ancient city of Knidos
(southwest of the Gokova Gulf) during the fourth century AD
(Fig. 1; Kayan 1988). Ulug et al. (2005) determined that the
sea level was (—110 m) lower than present in 18 millennia BC
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in the Gokova Gulf. They determined a 0.3 to 0.4 mm/year
basin collapse from sedimentary records. An 8 cm rise in sea
level occurred in Bodrum Town between 1985 and 2005
(Demir et al. 2011). Yildiz et al. (2003) emphasized that there
were no sea level changes depending on the tectonic activities
in Bodrum between 1992 and 2002. Therefore, a rise of 8 cm
sea level between 1985 and 2005 (Demir et al. 2011) might
have been from climatic effect. Based on Bodrum observatory
station measurements, Alpar et al. (2000) reported annual sea-
sonal wave variation between —12.6 cm (on May) and 6.2 cm
(December) after 1985.

Ulug et al. (2005) and Ulug and Kaser (2007) worked on
the subaerial and subaqueous parts of the Oren delta. They
reported the tectonic activities of local structures affecting
sedimentation and sea level fluctuation during Late
Quaternary. Balas and Inan (2011) and Balas et al. (2011)
emphasized that the coastal erosion and shore line changes
in the easternmost part of the Gokova Graben were due to
man-made structure. Biiyiiksarag et al. (2010) used geophys-
ical techniques to point out the site of the ancient harbor city
called Idyma to the east of the Akyaka Town. Sediments of the
Gokova delta have covered this city (Biiyiiksarag et al. 2010;
Fig. 2b). High sediment input and coastal erosion control the
coastal line change and local sea level variation in the eastern
end of the Gokova Gulf.

Desruelles et al. (2009) emphasized that during the stable
(probably for several centuries) shoreline, evolution of
beachrocks occurred. Moreover, they emphasized that the
beachrock is a less reliable sea level indicator than the
bioerosion and wave notches. Galili et al. (2007) reported that
cementation of beachrock may occur within a few centuries or
decades or a thousand years like the beachrock in the Carmel
coastal plain (Israel). Therefore, there is no consensus on the
duration of a stable sea level for beachrock formation.
Climatic condition, Ca*? and CO{2 concentrations, organic
activity, cold-fresh water entrance and the clarity the of sea
may control the beachrock formation (Turner 2005). A warm
sea, high Ca*? and CO; “concentrations, high organic activity
and limited fresh water entrance promotes the beachrock for-
mation in a short time. The Oren delta is under subtropical
climatic condition, with fresh-cold water input and a lack of
high organic activity. Thus, the recent beachrock formation
may need longer time, more than a decade or even centuries.
Their presence in the restricted region is due to local fault. On
the other hand, subsequent wave actions, residential areas,
road constructions or agricultural activity may destroy the
local fault extension. The recurrence time of the boundary of
normal fault in a graben and its correlation with the age of
beachrock are required in determination of tectonically in-
duced sea level changes.

Threat to coastal regions may emanate from global
warming (extreme temperature rise, rainfall reduction,
drought, coastal erosion, and flooding of shores and low-

altitude areas) and pollution of ground water due to seawater
intrusions (Morner 2005; Bindoff et al. 2007; Christensen
et al. 2007; IPCC 2007; Cronin 2012; Engelhart and Horton
2012; Switzer et al. 2012; Woodroffe and Murray-Wallace
2012; IPCC 2014). According to IPCC (2014), the last thirty
years are the warmest period of the last 1400 years due to
anthropogenic factors. The sea level will continue to rise for
centuries and will continue to pose a threat to coasts and low-
lying areas, even if global mean temperature is stabilized
(IPCC 2014). In addition to the natural process (such as storms
and tsunami), the agricultural process, urbanization and mis-
management of the coastal region, rapid and uncontrolled
coastal structures and buildings have affected the coastal re-
gion in the last millennium (Frihy 2001; Switzer et al. 2012).
Mediterranean societies must develop adaptation strategies to
avoid the negative effects of climate changes (Billé 2008).
Possible sea level rise will affect the Turkish coasts, which
may result in loss of Turkish gross national income
(Demirkesen et al. 2008; Simav et al. 2008). The possible
sea level rise will affect Mugla, the city with the longest coast
in Turkey.

Karymbalis and Seni (2005) proposed that the low-lying
region including agricultural and settlement area in the Argos
Gulf (Greece) is the area most sensitive to future sea level rise;
land below 1.0 m was considered to be a high-risk area, 1.0—
2.0 m was considered to be medium-risk, and the region be-
tween 2.0 and 4.0 m was considered a low risk area. They also
concluded that the possible sea level rise would not signifi-
cantly affect the rocky coast; however, erosion due to sea level
rise would destroy the narrow shingle beaches. Moreover, the
6.6 magnitude earthquake on 21 July 2017 caused a 13 cm
height tsunami wave and a sea wave 3040 cm in height. The
tsunami waves climbed to a height of 1.9 m in some regions of
Bodrum Town and dragged the cars into the sea (KOERI
2017). Fig. 2a shows the high risk and medium risk area of
study region. Those regions contain settlements and are very
important for summer tourism (beaches of the Oren deltas,
Akbiik bay and Akyaka Town). They are under a great risk
of wave erosion and invasion of seawater.

In order to avoid these adverse effects, such coastal areas
should be closed to urbanization, ground water extraction
should be limited and the additional gauge station should be
established in different part of the Gékova Gulf in order to
monitor the sea level fluctuations. Relocation of some residen-
tial buildings close to the shoreline may be considered.

Coastal morphology under the effects structural
properties, coastal rock, and sediment input

According to geophysical studies, steep normal faults form the
northern edge of the Gokova Graben, while the southern edge
contains low inclined normal faults (Kurt et al. 1999; Ulug
et al. 2005). In addition to master faults, the NW-SE oriented
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small faults are located inside this graben (forming submarine
rifts and trenches) and obliquely cut the basin margin (Giirer
and Yilmaz 2002; Ulug et al. 2005).

The normal fault scarps formed the rocky coasts of the
eastern and western side of the Oren Town (Fig. 2). The rocky
coasts to the west of Zeytinlik bay are formed by high resistant
limestone. The durable Quaternary conglomerates form the
rocky coast between Akbiik bay and Akyaka Town (Fig. 2).
Margin faults (normal fault) in this region have led to the
formation of the steepness of the cemented conglomerate.
The subsequent wave erosion promotes this steepness.

Relatively big and longer rivers pour into the Gokova Gulf
in the Oren and Akyaka Town area. Their hinterland proper-
ties (source rock type, climate and structural properties) con-
trol the type and amount of sediment input, leading to sandy
beach development in the Akyaka Town area and gravely
sandy beaches in Oren Town. Despite the short transportation
distance, the narrow-gravely shingle beach in the study area
contain well to moderately rounded sediments. These narrow-
gravely shingle beaches sediments were mainly reworked
from the Quaternary fluvial Gokova Formation (Goriir et al.
1995).

The present study pointed out that different controlling fac-
tor (river, hinterland of river, fault orientation, coastal rock
type), which may significantly affect the coast type and coast-
al sedimentation even in a short distance. A more detailed
study dealing with tectonic induced sea level variation in the
graben is recommended, since subsequent tectonic activities
may cause rapid and inevitable sea level rise. Continuous, but
small-scale sea level rise due to global warming increases the
risk of coastal invasion. Recently, these coastal regions are
under the threat of high urbanization, the construction of
man-made structures, global warming and the rise of sea level
due to tectonic activities. Therefore, the nature and morphol-
ogy of the coast must be explored in detail before any con-
structive, restorative and preventive measure.

Conclusion

The coastal rock type (limestone and conglomerate), the struc-
tural features of the study area (normal faults, fractures) and
rivers have led to the formation four different coasts: the rocky
coast, delta, narrow gravely shingle beach and wide sandy
beach. The narrow gravely shingle beaches of the study area
contain poorly to very poorly sorted, well-rounded gravel and
sandy gravels. The longer transportation of sediments by river
results in well to moderately sorted, fine-grained sediment
bearing sandy beach. The recent beachrocks, wave notch
and beach plain development indicate the long-term static-
stable sea level in the study area. However, emerged
beachrocks and wave notch levels indicate previous sea levels,
which evolved, as a result of the normal fault activities. The
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coastal rock type and tectonic activities are primary control-
ling factors on the coastal type and on sedimentation in the
Gokova Gulf. Local sea level changes, longshore current,
drainage path, and weathering are the other factors controlling
beach sedimentation.
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