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Abstract

The sedimentary sequence in Lake Salda has been first documented in detail by analyses of high-
resolution seismic profiles and sediment cores together with onshore outcrops along the present
coastline of the lake. Such a multi-proxy approach provides a sensitive record of changing lake level and
depositional conditions in Lake Salda during the mid-to-late Holocene. The low water level during the
middle Holocene is followed by subsequent lake level decrease until 1690 cal year BP due to a drier
climate. This prominent climate deterioration induced the coastal regression in the lake as inferred from
the progradational deltaic sequences in the high-resolution seismic record. During the same period of a
dry climate, oligotrophic lake conditions gave rise to the formation of stromatolite in the lake, timely
coinciding with the Roman Warm Period. The following period of the late Holocene is represented by
considerable lake level drop due to the enhanced dry climate that is earmarked by prominent erosional
truncation surface and channel-incisions in the seismic profiles. This aridification phase is subsequently
followed by transgressive lake level during 1690-1050 cal year BP, giving rise to a retreat of the deltaic
deposit further inland as documented in the high-resolution seismic profile. The further deepening of the
lake by contributions of both climate and tectonics during the last 650 cal year BP produced a
transgressive unit with typical of onlapping architecture in the seismic reflection profiles and the
formation of Gilbert-type fan deltas along the shoreline.

Highlights

e Definition and timing of depositional units based on seismic and core correlations.
» Water level reconstruction in Lake Salda during the last ~4,200 cal year BP.

* Interaction of clastic system with local climate and lake level.

Introduction

Lakes are dynamic response systems that incorporate environmental, climatic, and tectonic forcing into a
continuous, high-resolution archive of local and regional change. The interaction among them can be
documented by seismic stratigraphic analysis of lake sediments that in turn allow us to examine past
water-level variability. On the other hand, sediment coring in lakes provides the history of undisturbed
sedimentary sequence that is needed to be calibrated by high-resolution reflection seismic profiling in
order to obtain a robust chronology of sedimentary units deposited across the entire lacustrine
sedimentary system. For this purpose, an accurate depth correction of sediment core to seismic reflection
profiles is vital, which could be produced by synthetic seismograms calculated from the physical
properties of sediment cores.

Valuable information on regional and global scale patterns of past climate variability in the
Mediterranean region has been documented by numerous paleoclimate studies (Bar-Matthews et al.
2000; Jones et al. 2006; Tzedakis, 2007; Kotthoff et al. 2008; Schmiedl et al. 2010), but some of these
may partly explain the contradictory palaeoclimate histories. However, although the Holocene past
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climate variability in eastern and middle Anatolia has been extensively documented by numerous lake
core studies (Kempe et al. 2002; Wick et al. 2003; Jones et al. 2006; Cagatay et al. 2014; Leroy et al. 2002,
2009, 2010; Eris et al. 2018; On et al. 2018; Ocakoglu et al. 2019), there are still ambiguities on the timing
and intensity of specific climate periods due to geographical variation across the overall Anatolia during
the mid-to-late Holocene, resulting in difficulties in correlating different lake records. The perennial Lake
Salda is a unique setting for paleoclimate and paleoenvironmental studies due to Mg-rich alkaline waters,
living stromatolites and sedimentary biomarkers. Although the paleoclimate change for the latest
Holocene period in Lake Salda has been recently documented (Danladi and On, 2018), the interaction of
lake level change and depositional settings is still unknown. In this study, the analyses of the sedimentary
record of Lake Salda provide a detailed record of the lake level fluctuations, thus allowing us to establish
a complete picture of the climate condition in western Anatolia during the mid-to-late Holocene.

This study is the first attempt to establish the seismostratigraphic analysis of the depositional units by
using core-to-seismic correlation that enables us to examine the extent of various sedimentary seismic
facies and reconstruct past lake level changes during the mid-to-late Holocene. Correlation of seismic
stratigraphic units calibrated by '#C-dated sedimentary units in the studied cores and facies analysis of
outcrops along the present coastline of the lake document a robust chronostratigraphic framework of the
depositional units deposited under fluctuating water level and climate around Lake Salda.

Regional Settings

Lake Salda is located NW of the Yesilova province (Burdur/Turkey) in SW of Anatolia (Fig. 1). It occupied
a depression at an altitude of 1180 m above sea level and was surrounded by Doganbaba and Eseler
Mountain in the Taurus tectonic belt with 8.2 km length and 6.4 km wide (Kocaefe and Ataman, 1976)
(Fig. 1b). Lake Salda has a surface area of 43.7 km? with a maximum depth of ~186 m (Kazanci et al.
2004), which is covered by mainly consist of Quaternary alluvial unit, Cretaceous ultramafic rocks and
Middle Triassic/Lias limestone Sarp 1976; Caldirak et al. 2017). The Quaternary sediment wedge
constituting the coastal plain overlies the Cretaceous ultramafic rocks and Middle Triassic/Lias
limestone. The bedrock in the western catchment area of Lake Salda consists of Pliocene-aged
sandstone, claystone, marl, clayey limestone and conglomerate rocks (Senel et al. 1989).

The entire perimeter of the lake is covered by hydromagnesite stromatolites, occurring through microbial
reactions (Braithwaite and Zedef 1996; Zedef et al. 2000; Kaiser et al. 2016; Balci et al. 2020). Assorted
studies were carried out on the present limnology (Braithwaite and Zedef 1996; Kazanci et al. 2000, 2004)
and the water chemistry of Lake Salda (Kazanci et al. 2004; Shirokova et al. 2011, 2013; Mavromatis et
al. 2015; Kaiser et al. 2016). In addition, the similarity of Jezero Crater on Mars (Salvatore et al. 2018)
interests researchers in investigating Mg-carbonate deposits in Lake Salda along the present shoreline
(Horgan et al. 2020). Recently, Balci et al. (2020) presented chemical and biological factors controlling
lake water chemistry to provide a better understanding of the limnological properties and biological
productivity in the lake. In addition, some other studies documented the tectonic structure of the
surrounding (Schmidt 1987; Braithwaite and Zedef 1994, 1996; Russell et al. 1999; Zedef et al. 2000;
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Kazanci et al. 2004) the evaluation of climate and human effects on the lake region (Danladi and On
2018; Davraz et al. 2019; Dereli and Tercan 2020). Lake Salda has alkaline water chemistry with a pH of
9.1 and salinity of 1.3 g per liter. The regional climate around Lake Salda is influenced by the
Mediterranean climate to the south and the continental Anatolian climate to the north. Average
temperatures range from 2.6 °C in January to 24.7 °C in July. The precipitation is highest in winter and is
strongly controlled by the local morphology. Annual precipitation is measured from the lowlands of the
Salda valley and the surrounding mountains, ranging from 750 mm to higher than 1200 mm (Turkish
State Meteorological Service, 2015). In addition, a few current groundwater inflows provide fresh water to
the lake (Balci et al. 2018).

Materials And Methods
High-resolution seismic reflection data

High-resolution seismic (HR) data of Lake Salda were acquired in 2014 and 2019 with Innomar SES2000
compact system mounted on the side of the coring platform (Fig. 1b). During the survey, signals are
penetrated ~ 30 m below lake floor with an optimum frequency range between 2.75 to 6.75 kHz, centered
at 3.5 kHz and 40 dB gain level. Sound velocity was converted from time to depth using 1550 ms™ " in the
water column. The data from the sub-bottom profilers and the navigation system were recorded in XTF
format. The HR data of 75 km length was analyzed using the scripts on MATLAB programming language
consisting of XTF-SEGY convert, delay-time correction, gain recovery, amplitude scaling, amplitude
envelope calculations and interpreted with IHS Kingdom Suite based on 2D Hunt amplitude difference
tracing module. The seismic stratigraphic interpretation was performed by using KINGDOM Suite (2018
version) and was based on the identification of unconformity- or conformity-bounded seismic units
characterized by distinctive seismic facies.

Sediment cores

The studied sediment cores were retrieved on a portable platform during two different field excursions in
Lake Salda during 2014 and 2019 (Fig. 1b). A piston core Salda2014-P02 (3.62 m.) was previously
examined and described by On et al. (2017), whereas an additional gravity core Salda-2 (1.41 m) has
been analyzed in this study (Fig. 1b; Table 1). Split core halves were analyzed in the Core Analyses
Laboratory of the Eastern Mediterranean Centre for Oceanography and Limnology (ITU-EMCOL) in
istanbul Technical University. Following detailed lithological descriptions, all halves were used for the
Multi-Sensor Core Logger (MSCL) analyses and radiocarbon sampling.
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Table 1
Studied cores on Lake Salda (mblf, meters below lake floor)

Core Site Water Depth Core Length Survey Latitude Longitude
(m) (m) (N)
Year
Salda2014- Western -29.00. 3.55. 2014 37.54824  29.66210
P02 shelf
Salda-02 Western -13.50 1.35. 2019 37.53305  29.66963
shelf

Multi-Sensor core logger (MSCL)

The physical properties (gamma density, P-wave velocity and magnetic susceptibility) of the sediment
cores were performed by GEOTEK Multi-Sensor Core Logger (MSCL) in the EMCOL. The split-half piston
cores were logged for MSCL physical properties at 1 cm resolution in the ITU EMCOLSs Core Analysis
Laboratory. Standard calibration and logging methods described by Weaver and Schultheiss (1990) were
applied for the MSCL analysis. P-wave velocities and Gamma-ray density is calculated from measured p-
wave travel time in the halve of the sediment core within counted protons, respectively. The MSCL
analysis of core Salda2014-P02 was previously reported by On et al. (2017), whereas core Salda-2 was
first analyzed and examined in this study.

Synthetic seismogram and WLS modeling

During HR seismic acquisition survey, Hilbert Transform is used on the accomplished signals to eliminate
the undesired amplitudes on different sedimentary zones on acquisition. With this transformation in the
processing step, the oscillating parts of the data were missed in both positive amplitude levels. Hence,
synthetic seismograms are generated from the calculated reflection coefficients for each sampling
interval using density and P-wave velocity values with Klauder wavelet with a zero-phase embedded from
auto-correlated Chirp signal are used to acquire these oscillations accurately (Eq. 3.1). The estimated
Klauder wavelet with ultimate frequency (f) derivate from the time (t) variables is calculated from

Eq. (3.1). In this order, the sampling rate is 1.10”° with 0.01 sec. signal long including with 2—-7 kHz
bandwidth.

s (t) = cos [27? (flt + %*ﬁ)] Eq. (3.1)

To reduce the side oscillations and increase the resolution of the Klauder wavelet, frequency domain
spike deconvolution was performed using Eq. (3.2), besides the € parameter is taken as %1 in this study.
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These entire domain transformations, convolution and amplitude corrections on sediment cores are
applied in the MATLAB programming language.

K@) =KV )1 4 eomali) Eq(32)

One of the main prominences in this study is to set up the chronostratigraphy based on HR seismic
reflection profiles with generated synthetic seismograms within the time domain. White (1980) discussed
filtered synthetic traces via the goodness-of-fit of the least-squares to detect a coherent (signal) to
incoherent (noise) ratio. Thus, a 2D layered model with Weighted-Least Squares (WLS) analyses on two
sediment cores was applied to calculate the desired relevant acoustic properties to get more determinable
boundaries. On acoustic properties in which are expressed as the P-wave velocity, bulk density and
magnetic susceptibility from MSCL analysis according to the general formula:

[(w(w,zi)% RN B :,uddzzjl - zz)] ~ {p (x,2i) 11w (x, zi) :11ms(x, zi) | Eq. (3.3)
i

In this iterative scheme of computing the horizon zi + 7(x) at the ith iteration, used weights as W(x,zi) and

p,w,ms present the density and interval velocity on the previously updated amplitude. Alliterative

modeling and their modifications were calculated on MATLAB used with “nlinfit’ function.

Bathymetry and topographic interpolations

Over ~ 70 km of seismic lines enable us to image the subsurface of the lake with a dense grid of five
north to south lines, six east to west lines and some additional lines in selected areas (Fig. 1b). Spline
interpolation and triangular irregular network (TIN) methodology with overall was applied to generate a
bathymetric map using the mblf points reached from HR seismic dataset. Furthermore, 300-DEM of the
Shuttle Radar Topography Mission (SRTM3) dataset was used and interpreted to generate topography
from multispectral images of the region and the present shoreline (Dereli et al. 2020). These
interpolations were applied by Global Mapper v20 mapping software.

Radiocarbon dating and age-depth modeling

The AMS (accelerator mass spectrometry) radiocarbon dating from two samples of pollen fossils were
analyzed for radiocarbon dating in the TUBITAK-MAM AMS laboratory (Table 2). Except for the
radiocarbon datings, a prominent tephra layer in core Salda2014-P02 has been previously defined and
dated by On et al. (2017), giving an age of ca. 3560 + 15 years BP. All ages in core Salda-2 were calibrated
with the “intcal20” calibration curve (Reimer et al. 2020). Calibrated ages were processed on a statistical
development environment named R-Studio using the “Clam” script, based on non-bayesian statistics to
obtain an age-depth model for the core's sedimentary units (Blaauw 2010). A Clam module depending on
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a linear age-depth model with the estimation of the error rates on the core is specified, and a more
realistic model is constructed.

Table 2
Radiocarbon ages obtained for studied cores and peat sample.
Dated Fossil (lab. Core / Unit Core Radiocarbon  Calibrated
Number) Location (Depth) Age Radiocarbon
(years BP) Age
(years BP)
Pollen Salda-2 Unit 57-59 920+ 25 847+ 25
S-1 cm
Pollen Salda-2 Unit 132-134 1890+ 25 1792+15
S-2 cm
Tephra SALDA2014-  Unit 302 cm. 3560+ 15
P02 S-3
Layer
Peat L1 70055
Results
Seismic stratigraphy

The seismic stratigraphy of sedimentary infill in Lake Salda has been examined by 14 high resolution
(HR) seismic profiles with the NW-SE orientated grid (Fig. 1b). In the HR seismic profiles, four seismic
units (S4 to S1 from the bottom upward) are bounded by three main reflector surfaces below the lake
floor (reflectors SR-1 to 3) (Figs. 2—4). Only seismic units S1, S2 and S3 can be widely traced in the
seismic profiles and penetrated by the sediment cores, whereas the deeper unit S4 does not provide a
continuous record in all studied profiles. The overall succession of sediments observed in the HR seismic
profiles begins in the base section with unit S4 (Figs. 2—-4). It extends towards the inner shelf to a water
depth of at least 12 m, and has an apparent thickness ranging from 1 to 4 m. On the inner shelf, unit S4
contains acoustically moderate to transparent internal reflectors in seismic profile SLD-01, reflecting
slightly inclined clinoforms (Figs. 2b and 3a). The same unit also appears as highly reflective
conformable parallel beds on the deeper site of the lake (Fig. 2c). In the HR seismic profiles, unit S4 is
overlain by unit S3, the two being separated by the erosional reflection surface SR-3, truncating the
internal reflectors of the underlying unit (Figs. 2a, 2b and 3a). The same reflection surface SR-3 in seismic
profile SLD-11 is traced as an undulatory surface, extending down upto - 40 m (Fig. 3b).

In the HR seismic profiles, unit S3 is penetrated by core Salda2014-P02 on the inner shelf (Fig. 2a),
whereas the same unit basinward in the lake is recorded at the base of core Salda-2 (Fig. 4). This unit
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(S3) indicates different facies associations based on various reflection configurations. It extends laterally
as shallow as - 7 m over reflector surface SR-3 (Fig. 4), and indicates nearly horizontal and strong
continuous internal reflectors in the inner shelf (Figs. 2a and 2c). The lakeward-dipping sedimentary
sequence of unit S3 in the seismic profiles (SLD-01 and SLD-05) is represented by moderate to strong
continuous reflectors, indicating progradational clinoforms with ca.3 m thickness (Figs. 2b and 3a). On
the NW of the lake, the same unit (S3) in seismic profile SLD-11 indicates depositional mounds with

ca.11 m thickness, in which undulatory nature of reflection surfaces SR-3 and SR-2 is documented below
- 20 m (Fig. 3b). These mounds in the SE of the lake show a conical shape, whereas smoothed and sub-
rounded morphology can be documented in the other parts of the lake. According to the HR seismic
profiles, the length of these mounds is recorded up to 1.5 km. The most remarkable seismic facies of unit
S3in the seismic profiles is recognized by oblique clinoforms with acoustically strong internal reflectors
between the main reflection surfaces SR-3 and SR-2 in the inner shelf, representing prograding foresets of
a deltaic-complex (Fig. 4). On the basis of the estimated seismic velocity (~ 1550 m/s), the foreset beds
in the deltaic unit are marked by high-amplitude internal reflectors with ~ 3 m thickness, indicating dips of
4-8°. In seismic profile SLD-07, the foresets are truncated at their top by reflection surface SR-2 (Fig. 4).
The foreset-topset transition of this deltaic unit occurs at water depth of 19 m.

The overlying unit S2 in the HR seismic profiles indicates strong continuous internal reflectors on the
inner shelf with local evidence of coastal onlapping (Figs. 2b and 3a). In seismic profile SLD-01, it
extends toward the inner shelf to a water depth of at least 7 m (Fig. 2). This unit (S2) also displays
moderate to strong continuous sub-horizontal reflectors with a maximum thickness of 3 m on the deeper
side of the lake (Figs. 2c and 3a). In the NW of the lake, unit S2 appears as channel-fills characterized by
wedge-shaped lenticular mud drape deposited above the channel-like nature of reflection surface SR-2
(Fig. 3b). In seismic profile SLD-07 from the SW of the lake (Fig. 4), unit S2 is also represented by oblique
clinoforms with acoustically strong reflectors, reflecting a deltaic succession in unit S2 between reflection
surfaces SR-2 and SR-1 as superimposed on the older one. In the seismic profile, the thickness of this
deltaic deposit is around 3.5 m, comparatively thicker than the older one (in unit S3) (Fig. 4). The foreset
height ranges between 1 and 1.5 m, and its transition with topset occurs at a water depth of 8.5 m. The
foresets are capped by flat-lying reflection surfaces, representing the topset of the deltaic succession.
According to the architectural features in the seismic profile (Fig. 4), the deltaic succession of unit S2
comprises lower progradational foresets and upper aggradational topset beds. The basinward
equivalence of the deltaic deposits in seismic profile SLD-07 is penetrated by core Salda-2 (Fig. 4),
whereas the same unit in seismic profile SLD-01 is also obtained by core Salda2014-P02 on the inner
shelf (Fig. 2a).

In the HR seismic profiles, the youngest seismic unit S1 over reflector surface SR-1 is initially represented
by moderate to strong continuous horizontal to sub-horizontal internal reflectors in the inner shelf to a
water depth of at least 7.5 m (Figs. 2a and 4). The lakeward-dipping sedimentary sequence of unit S1 is
confined between the shelf break and slope, indicating weak to moderate continuous reflectors (Figs. 2b
and 3a). The thickness of unit S1 reaches 5.5 m in the deeper side of the lake (Fig. 2c), whereas it
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displays a thinner succession (< 1.5 m) on the inner shelf (Figs. 2a and 4). This youngest seismic unit is
penetrated by cores Salda2014-P02 and Salda-2 (Figs. 2 and 4).

Core lithology

Core Salda2014-P02 was recovered at ~ 29 m water depth from SW of the lake (Fig. 1). The detailed
lithostratigraphic analysis of the piston sediment core enables us to differentiate three sedimentary units,
labeled as unit L3 to L1, from the base (oldest) to the top (youngest) (Fig. 5). The upper 80 cmblf of core
Salda2014-P02 is represented by unit L1, comprising a light gray homogenous clay intercalated with light
green laminated silty clay. This youngest unit is associated with highly-fluctuated magnetic susceptibility
values (Fig. 6). Unit L2 appears as light olive to olive green silty clays alternated with rosy green clay
between 80 and 158 cmblf. This layer is underlain by light gray silty homogenous clay intercalated with
olive green clay between 158 and 235 cmblf. Unit L2 as a whole is assigned to a downsection gradual
decrease in magnetic susceptibility values (Fig. 6). The upper part of unit L3 between 235 and 278 cmblf
in the core is represented by olive to light gray homogenous clays intercalated with rosy green clay. The
underlying layer of the same unit until 317 cmblf is composed of dark gray to black homogenous clay
with a high organic matter. In the core, a thin veneer of black layer (3020—3050 mm) in unit L3 has been
previously determined as a tephra layer based on the physical properties and elemental composition (On
et al. 2017). The similarity of its geochemical composition with the Minoan eruption provides a high-
precision radiocarbon dating at 3560 + 15 cal years BP (Frederich et al. 2006). A similar tephra layer was
previously reported from the other sites of the Anatolian and Aegean regions (Sullivan, 1988; Soles et al.
1995; Eastwood et al. 1998; Aksu et al. 2008; Satow et al. 2015), thus, providing an essential
chronostratigraphic marker for the late Holocene time period. The lowermost part of the core below 317
cmblf contains light greenish gray homogeneous clay. The lowermost unit L3 is marked by the least
magnetic susceptibility values (Fig. 6).

Core Salda-2 was recovered at ~ 16 m water depth from SW of the lake (Fig. 1). The main lithology in the
core is divided into two different lithostratigraphic units, L1 and L2 (Fig. 5). The youngest unit L1
comprises black homogenous clay in the uppermost 8 cmblf. This part of the core is represented by
slightly lower magnetic susceptibility values (Fig. 6). An AMS "4C dating obtained from pollen fossils
between 57-59 cmblf gives an age of 847+/-25 cal years BP (Fig. 5; Table 2). Downward in the core until
79 cmblf, the rest of unit L1 is represented by a dark gray homogenous clay that is marked by decreasing
magnetic susceptibility values (Fig. 6). Unit L2 in the core contains high variable lithologies; the upper
part between 79 and 91 cmblf contains yellowish green clay intercalated with dark gray thin clay layers
(Fig. 5). The layer down to 98 cmblf comprises alternations of yellowish light and dark green clays. The
slight increase in magnetic susceptibility values (Fig. 6) between 108 and 98 cmblf corresponds to a
brownish dark green clay layer. This layer is underlain by alterations of dark and light gray clays down to
118 cmblf. The lowermost part of unit L2 between 118 and 129 cmblf is associated with yellowish green
and underlying dark gray clay with lower magnetic susceptibility values (Figs. 5 and 6). The other
radiocarbon dating in the core obtained from pollen fossils between 132-134 cmblf gives an age of
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1870+/-45 cal years BP (Table 2). The lowermost unit L3 at the lowermost 8 cmblf in core Salda-2 is
composed of dark greenish gray homogenous clay.

Core-seismic correlation and chronology

In the present study, the determination of the depositional units with an accurate chronology in the
studied cores is necessary for precise core-to-seismic correlation and dating the key reflector surfaces of
the main sedimentary units in the seismic profiles. The analysis of high-resolution seismic profiles and
accurate core logging provides more precise matchings between lithostratigraphic layers recognized in
the studied cores (Salda2014-P02 and Salda-2) and seismostratigraphic units in the seismic profiles
(SLD-01 and SLD-07) by using synthetic seismograms (Fig. 6). The seismic profiles basically reflect
changes in acoustic impedance (i.e., Z,¢ = V. Lyhq), Which do not essentially resemble lithological
boundaries or facies changes. However, measured p-wave velocities and density values of a sediment
core are the basis for a precise synthetic seismogram that enables precise correlations between seismic
and core units. These seismograms were compared with the main seismic reflectors (SR-1, SR-2 and SR-
3) in order to confirm the correlation between the sedimentary units and the seismic signal attributed to
the facies characterizations of the seismic units. According to the synthetic seismograms, the remarkable
reflection surfaces in the seismic profiles coincide with sudden variations in the density and P-wave
profiles of the cores (Fig. 6). The main reflection surfaces could be detected in seismograms based on
vast amplitude differences rather than other internal reflective layers sandwiched between the main
boundaries in the seismic profiles. Amplitudes of the side-oscillations sourced by interbedded sediments
were reduced during producing of synthetic seismograms on both cores. Thus, amplitude levels and
absorption points of the interbedded sediments are well-detected on down sections, whereas these
amplitude peaks are used to detect local boundaries on the age-depth model of core Salda-2 (Figs. 6 and
7).

Chronology of the core sediments with AMS '4C datings is necessary for discussing the timing of
different depositional units (L3, L2 and L1) differentiated on the basis of lithological and physical
properties of the sediment cores. Adjustment of the radiocarbon-dated chronostratigraphic units in two
studied cores correlating with seismic units executed by precisely matching core depths with sub-bottom
depths in the HR seismic profiles. Thus, more accurate thickness assignments of the lithostratigraphic
units in the cores were established (Fig. 6). The core-to-seismic correlations by using synthetic
seismograms indicate that unit L1, L2 and L3 in the cores are the chronostratigraphic equivalence of
seismic units from S1 to S3 in the HR seismic profiles. According to the core chronology of the studied
cores based on radiocarbon dates (Table 2) and tephrochronology (Minoan tephra), we examine the
sedimentary sequence of Lake Salda older than 3560 * 15 cal years BP (Fig. 7). The age-depth model of
core Salda-2 is established by using two radiocarbon ages, and thus, we can tentatively date the
lithological boundaries of units L3, L2 and L1 (Fig. 7; Table 2). According to the core chronologies, the
youngest unit L1 was deposited during the last 1050 cal year BRE, whereas the base of unit L2 was dated
at 1690 cal years BP. A single age obtained from the tephra layer (Minoan) in core Salda2014-P02 is not
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adequate for a robust age-depth model, which only provides us to estimate an approximate age of unit L3
that must be older than 3560 £ 15 cal years BP. On the basis of correlative stratigraphy in the seismic
profiles together with AMS '4C datings in the cores, unit L4 was presumably deposited earlier than the
late Holocene.

Lake bathymetry and morphology

The lake expedition with a seismic profiler system carried out in 2019 provided the first bathymetric map
of Lake Salda, providing important information about the general morphology of the lake floor (Fig. 8).
The bathymetric map shows an overall ellipsoidal-shaped lacustrine basin, having a surface of
approximately 43.7 km? and a volume of 79.2 km3. The deepest part of the lake depression close to the
SE corner of the lake possesses ~ 192 m water depth, which can be described as a flat basin, forming a
slightly upward-concave bowl. Laterally, this deepest part of the lake is surrounded by steep sides,
representing the slopes of the lake margin (Fig. 8). The northern and eastern shelves are much wider than
the western and southern shelves, surrounded by mostly smooth coastlines. Steep slopes of the lake with
angles up to 10° to 12° down to a water depth of ~ 70 to ~ 90 m. Based on the bathymetric and seismic
data, the shelf break along both northern and southern shelves occurs at a water depth of 25 m. The SE
and NE shores of Lake Salda are bounded by steep slopes due to surrounding mountains that are
associated with dense drainage networks. The most extensive drainage systems are Degirmen and
Kocakayak rivers, forming the largest present-day delta plains around the lake shoreline (Fig. 8). Several
streams and ephemeral creeks draining from the surrounding catchments likely provide a high amount of
water and sediments to the lake.

Onshore study

Along the present coastal plain around Lake Salda, a series of ancient lake terraces exist at different
elevations, implying past water level variations during the late Holocene (Balci et al. 2020). The highest
lake terrace is documented at ~ 22 m above the present lake level at the eastern part of the lake (site L-2
in Fig. 1b). The terrace deposit at this location consists of beige color clayey hydromagnesite sand with
well-rounded pebbles due to well reworking that is likely typical for a deposition at the coastline (Fig. 9).
The similar terrace deposits were previously examined at 3 m and 6 m above the present lake level, giving
ages of 625 cal years BP and 750 cal years BP (Balci et al. 2020). Apart from the lake terraces, two
prominent deltaic successions are well exposed in road cuts around Lake Salda (sites L-3 and L-1 in Fig.
1b). The eastern deltaic-complex close to Yesiloava town (site L-1 in Figs. 1b and 10) occupies ~ 10 m
above the present lake level (1180 m), whereas the western one at the Salda Village is located at a much
higher elevation (1194 m) (site L-3 in Figs. 1b and 10). A thin layer of peat deposit from the eastern
deltaic-complex (Fig. 11b) is dated by AMS '4C analysis, giving an age younger than 650 cal years BP
(Table 2). Therefore, the delta generation along the coastline timely coincides with deposition of the
youngest seismic unit S1 (after 1050 cal years BP) in the lake. According to the sedimentological and
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architectural properties, the vertically stacked succession of multiple coarse-grained fan deltas on both
sides of the lake are of quite similar origin. Each successive sequence is divisible into bottomset, foreset
and topset facies (Figs. 10a and 10d). The bottomset facies in the lower sequence of both deltaic
complexes comprises alternations of low-lying thin layers of fine sandy clays and pebbly fine sand. The
foresets of each deltaic sequence separate subhorizontal topset and bottomset beds, and indicate steep
(~11-16") clinoform beds with thicknesses ranging from 15 to 0.45 m (Figs. 10a and 10d). It consists of
poorly to moderately sorted conglomerate intercalated with better-sorted medium to coarse-grained
conglomeratic sandstones (Fig. 10e). However, foresets are truncated by topsets in the deltaic sequences
that are made up of relatively thinner beds of poorly-sorted pebbly sandstones alternated with muddy
sandstones and sandy mudstones with a high amount of organic material (Figs. 10b and 10c). The
pebbles in the topset, foreset and bottomset beds are sub-angular to sub-rounded, and derived mostly
from ultramafic rocks and limestone.

Discussion

Depositional settings of sedimentary units

The source and period of the sedimentary sequence in the lake can be confidently deduced from the
correlation of '#C-dated onshore outcrops and depositional units described in the high-resolution (HR)
seismic reflections profiles with the chronostratigraphic units in the cores. The internal seismic
configurations of the sedimentary successions in the HR seismic profiles (units S4 to S1) reveal different
depositional conditions in the lake, each subject to distinctive hydrological and sedimentological
processes, implying a dynamic depositional history with respect to changing water level and climate
conditions. The oldest sedimentary unit S4 over the acoustic basement in the HR seismic profiles could
not be penetrated by the sediment core, but its age can be confidently deduced from the correlation of the
seismic stratigraphic units with the chronostratigraphic units in the cores. According to the core
chronologies together with the synthetic seismograms (Figs. 6 and 7), the age of unit S3 is estimated to
be much older than 3560 + 15 cal years BP (Fig. 11), thus, the older unit S4 might have possibly been
deposited in the lake during the earlier phase of middle Holocene (~ 4.200 cal years BP). The internal
seismic configurations such as conformable parallel beds with lakeward thickening (Fig. 2¢) and slightly
inclined clinoforms (Figs. 2b and 3a) are evidence for a regressive deposition in Lake Salda.

In the HR seismic profiles, the various seismic internal configurations of the younger unit S3 between SR-
3 and SR-2 reflection surfaces indicate distinct depositional facies deposited in the lake until 1690 cal
year BP during the late Holocene. The most remarkable facies of this unit is recorded as an acoustically
chaotic internal configuration in seismic profile SLD-11 (Fig. 3b), indicating the formation of a
stromatolite in the lake. Its present form was previously described as hydrated Mg-carbonates
stromatolites along the present shoreline of the lake (Balci et al. 2020). On the other hand, the lakeward-
dipping seismic configuration of unit S3 deposited as thick clinoforms between SR-3 and SR-2 reflector
surfaces (Figs. 2b and 3a) provides strong evidence for progradational shoreface facies. The
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stratigraphic equivalence of the same unit in seismic profile SLD-07 consists of oblique clinoforms,
implying the existence of a buried delta-complex (Fig. 4). The general clinoform architecture of this
deltaic sediment is represented by the foreset bed with dips ranging between 4° and 8°. Therefore, the
depositional mode could have been river-dominated, implying hyperpycnal mixing in the lake during the
delta deposition. The termination of delta progradation in the lake timely coincides with the formation of
remarkable erosion along the reflector surface SR-2 (Fig. 4) that has removed topsets from the lakeward
rim of the deposit. Contrariwise, the channel-like nature of the same reflection surface (SR-2) in seismic
profile SLD-11 (Fig. 3b) is considered to have resulted from the submerged channel incision soon after
deposition of the mounded stromatolite (1690 cal years BP) due to the progradation of fluvial systems
along the lake catchment.

The migration of the deltaic system further inland produced a younger deltaic-complex in unit S2 between
seismic reflectors SR-2 and SR-1 in seismic profile SLD-07 (Fig. 4). According to seismic-to-core
correlation together with the age-depth model of core Salda-2 (Figs. 6 and 7), the superimposed
deposition of this younger deltaic unit (52) over the older one in unit S3 took place in the lake between
1690 and 1050 cal years BP. However, the transgressive nature of unit S2 is also evidenced by channel-
fills (Fig. 3b) and coastal onlapping seismic configurations (Figs. 2b and 3a). The youngest depositional
seismic unit S1 could have been deposited during the last 1050 cal years BP as parallel-bedded mud
drape, covering the older sedimentary units in the HR seismic profiles (Figs. 2-4).

In addition to the seismic stratigraphic units in HR seismic profiles, the latest Holocene sedimentary
onshore sequence along the coastal plain of the lake is represented by the deposition of Gilbert-type fan
delta, attesting to the possible interaction between tectonic and the depositional condition in the lake.
According to the radiocarbon date from a peat layer in the delta topset (Fig. 10b; Table 2), the accelerated
tectonism along the lake margin around 650 cal years BP episodically provided an environment suitable
for fan-delta formation by creating marked topographic relief and accommodation space in the lake. The
lack of well-developed stratification and cross-bedding may be due to rapid deposition with little or no
reworking. However, the absence of wave and storm-stratification features within the foreset and topset
beds point to a gravelly fan deltaic system in which the receiving basin may have been a low-energy,
protected lake embayment.

Implications for lake level and climate changes

The seismic-to-core matchings by using the synthetic seismograms (Fig. 6) allow us to calibrate seismic
stratigraphic units and serve to explore the chronology of the lake level changes due to paleoclimate
variations. Each of these units represents various depositional facies that could be attributed to the high
variations in lake level, likely controlled by the local climate and sediment availability. The multi-proxy
records from the Eastern Mediterranean lakes indicate a series of downward trending wet-to-dry
oscillations during the mid-to-late Holocene (Roberts et al. 2011). During this period, remarkable climate
oscillations and water level changes took place in the Anatolian lakes, as indicated by the proxy-climate

Page 14/34



data (Kempe et al. 2002; Wick et al. 2003; Jones et al. 2006; Litt et al. 2009; Kuzucuodglu et al. 2011; Eris,
2013; Cagatay et al. 2014, Eris et al. 2018). Although the seismic configuration of unit S4 could not be
recorded continuously in the HR seismic profiles, its general seismic configuration (Figs. 2b, 2c and 3a)
suggests regressive deposition due to lake level decrease due to the prevailing dry climate during the late
phase of middle Holocene (prior ~ 4,200 cal years BP). However, general aridification during the mid-
Holocene was also inferred from d'80 and d'3C records of speleothems in Israel (Bar- Matthews et al.
2000), and by geochemistry and pollen data from crater-lake sediments in central Turkey (Roberts et al.
2001).Since the deposition of unit S4 could not take place above the minimum depth of the overlying
reflector surface SR-3 in the HR seismic profiles (Figs. 2—4), the possible water depth during its deposition
in the lake could not have exceeded - 10 m.

The distinct seismic reflection configurations of unit S3 reveal different depositional facies that is likely
attributed to variations in the depositional conditions across the lake. The lake level decrease during its
deposition is inferred from the lakeward-dipping clinoforms recorded in seismic profile SLD-01 (Fig. 2a).
The most prominent evidence for progradational facies of the same seismic unit (S3) is also evidenced
by the existence of river-dominated deltaic deposition in seismic profile SLD-07 (Fig. 4). The possible
reason for a progradational deposition in the lake could be explained by subsequent lake level decrease
due to continuous dry climate until 1690 cal years BP. The same arid interval around Lake Salda
correlates with similar hydrological conditions in Lake Van, Lake Tecer, Lake Nar and Lake Hazar (Lemcke
and Sturm, 1997; Kempe et al. 2002; Landmann and Kempe, 2005; Eris et al. 2018). The relatively finer
grain composition together with lower magnetic susceptibility value (Figs. 5 and 6) of unit L3 in core
Salda2014-P02 indicate low detrital input to the lake due to drier climate conditions (Fig. 11). Moreover,
the sediment supply during the deltaic deposition could have exceeded the available accommodation
space as a result of the enhanced water level decrease in the lake, which was quickly filled with sediment,
leading to a coastal regression. In the seismic profile (Fig. 4), the topset/foreset transition of the deltaic
deposit of unit S3 occurs at - 15 m, implying a minimum lake level during the entire period of growth of
this deltaic sequence in the lake. A similar delta progradation under a general dry climate condition was
previously recorded from Lake Hazar in eastern Anatolia on the basis of seismic and core data (Eris 2013;
Erig et al. 2018). The another unique facies association of unit S3 in the lake is documented as an
extensive and thick (~ 11 m) stromatolite formation (Fig. 3b) that could be likely promoted by
oligotrophic conditions due to a dry climate. According to the age interval of unit L3 in the cores (older
than 1650 cal years BP), the formation of extensive stromatolite in the lake timely coincides with the
Roman Warm Period (2600 and 1550 cal years BP, Wick et al. 2003; Tudryn et al. 2013). Such
phenomenon indicates that the mid-Holocene humid phase associated with African monsoon forcing
apparently was also more weakened around Lake Salda at the beginning of the late Holocene. According
to other paleo-proxy records from well-dated sediment cores in the Anatolian lakes (Lemcke and Sturm
1997; Kempe et al. 2002; Landmann and Kempe 2005; Kuzucuoglu et al. 2011; Roberts et al. 2011; Ulgen
et al. 2012), the cold and dry climatic condition during the same period gave rise to significant lake level
drops. The late Holocene in Anatolia is represented by water level decreases in lakes due to cold and dry
climatic conditions initiated at around 3.0 ka BP (Eris et al. 2018). The arid climate during the same
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period prevailed in the northeastern Mediterranean, as indicated by isotope data (Roberts et al. 2008,
2011b; Leng et al. 2013) and lake-level reconstructions (Harrison and Digerfeldt, 1993; Digerfeldt et al.
2007; Magny et al. 2011). However, the positive excursion in the §'3C record at Sofular Cave in the same
interval indicates diminished precipitation (Fleitmann et al. 2009).

The termination of the delta formation of unit S3 in the seismic profile (Fig. 4) during the late Holocene
was accompanied by erosion along reflector surface SR-2 that partly removed topsets prior to the
subsequent phase of the younger deltaic deposit in unit S2. In addition, the progradation of the fluvial
system at the catchment area during the same time can be inferred from the undulatory surface
characteristic and channel-incision over the same reflector surface (SR-2) in seismic profile SLD-11

(Fig. 3b). On the basis of seismic-to-core correlation (Figs. 4 and 6), this prominent erosional truncation
corresponds to the sharp lithologic boundary between units L3 and L2 in core Salda-2 (Fig. 5), suggesting
an abrupt facies change in the lake as a result of further water level decrease. According to the core
chronology (Figs. 5 and 7), the timing of this regressive phase of the lake must be younger than 1690 cal
years BP. Such remarkable climate deterioration due to a continuous dry climate during the termination of
Roman Warm Period has been previously documented in the Nar and Tecer lakes (Jones et al. 2006;
Kuzucuoglu et al. 2011).

After a brief water-level decrease in Lake Salda prior to the deposition of unit S2 (~ 1690 cal years BP),
initiation of transgressive lake level produced a younger deltaic complex of unit S2 as superimposed on
the older deltaic deposit in unit S3 (Fig. 4), implying the migration of the coastal deposition further inland.
This new deltaic unit (S2) is different with having a lesser inclination of the foresets and a prominent
aggradational topset. Such seismic configuration likely suggests that deltaic deposition took place when
sediment supply rate never caught up the lake level rise due to continuously increased precipitation soon
after 1690 cal years BP. Nevertheless, this circumstance would have induced a relatively highest
sedimentation rate (2.1 mm/year) during the unit S2 deposition (Fig. 11) based on the age-depth model
of core Salda-2 (Fig. 7), although it progressively decreased towards the termination of this unit. The
lithostratigraphic equivalence of this seismic unit (S2) in the studied cores (unit L2) is represented by the
coarser-grained lithology together with elevated magnetic susceptibility values (Figs. 5 and 6), implying
higher detrital input to the lake due to a wetter climate. The water depth of the topset/foreset transition (-
8.5 m) in the younger deltaic sequence in seismic profile SLD-07 (Fig. 4) is 6.5 m shallower than the older
one as a result of lake level rise. This younger deltaic deposition (1690 - 1050 cal years BP) under a
wetter climate condition timely coincides with the onset of the Dark Age period, initiating after 1600 cal
years BP in the late Holocene. In the HR seismic profiles, other implications for a transgressive lake level
during the unit S2 deposition are documented by other seismic configurations such as coastal onlapping
(Fig. 3a) and wedge-shaped lenticular channel-fills (Fig. 3b).

According to the onshore observations around Lake Salda (sites L-1 and L-3 in Fig. 1b), the formation of
thick sequences of Gilbert-type fan deltas (Fig. 10) during the last 650 cal years BP suggests a possible
interaction between tectonic and the lake level in the latest Holocene. Their deposition could be attributed
to a brief period of extremely rapid basin subsidence, resulting in a deepening of the lake. Comparison of
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elevations of the delta outcrops (1190-1194 m) with the present lake level (1180 m) implies that the
higher lake level in compare to earlier period of the late Holocene (prior to ~ 650 cal years BP) must have
been existed during the deltaic deposition. Considering the chronology seismic units, the formation of
Gilbert-type fan deltas along the coastline is almost timely equivalence of seismic unit S1 (younger than
1050 cal years BP) deposited in the lake. Its lithostratigraphic equivalence in core Salda-2 is represented
by dark to black homogenous clay due to high organic matter content (Fig. 5), likely implying a warm and
productive lake during the same period. The seismic configuration of this unit (Figs. 2—-4) in the HR
seismic profiles reveals a transgressive mud drape deposited over the older seismic units (S3 and S2)
during the increased lake level. Another evidence of a higher lake level during the latest Holocene is
documented by the existence of an ancient lake terrace at ~ 22 m above the present lake level (Fig. 9).
The ages of similar ancient lake terraces along the present coastline gives 625 cal years BP and 750 cal
years BP (Balci et al. 2020), timely coinciding with the fan delta deposition during higher water level in the
lake in the latest Holocene.

Conclusion

Seismic—-stratigraphic and chronostratigraphic analyses of the sedimentary sequence in Lake Salda
provide important information on sedimentation and lake level changes during the mid-to-late Holocene.
This study mainly contains offshore and onshore studies, including lithology of sediment cores, high-
resolution seismic profiles and sediment outcrops along the present coastline. Integrating the high-
resolution seismic and sediment core data provide correlating seismic stratigraphic units and core
lithologies, which allowed us to establish an accurate chronology of the sedimentary successions
deposited in the lake. Based on the detailed core lithology together with seismic reflection configurations,
different depositional units are distinguished within the sedimentary sequence of Lake Salda, covering
the time period beyond 3560 cal year BP. At the core sites, the overall succession of sediments observed
in the high-resolution seismic profile consists of four depositional units, i.e., S4 to S1 from the bottom to
top, reflecting high variations in the past water level in Lake Salda. The termination of the middle
Holocene is marked by progradational shoreface facies of unit S4 in the seismic profiles, likely reflecting
the low lake level due to the dry climate. The later depositional period until 1690 cal year BP is
accompanied by the further lake level decrease that produced the lakeward-dipping seismic configuration
of the overlying unit S3 on the lake slopes and delta progradation in the inner shelf of the lake. This
regressive depositional period coincided with the formation of stromatolite along the lake floor during the
Roman Warm Period. The return to a wetter climate period after 1690 cal year BP is documented by the
retreat of the river-dominated deltaic deposition further inland, implying transgressive lake level until 1050
cal year BP. The formation of Gilbert-type fan delta along the present coastline of the lake implies a
higher lake level during the last 650 cal year BP, which is also evidenced by ancient lake terraces above
the present lake level.
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Figure 1

a) Simplified map showing the location of Lake Salda in the northwest of Turkey. b) A DEM map (digital
elevation model) based on Satellite Radar Topography Mission (SRTM) indicating the present topography
of the catchment area around Lake Salda. The map also shows locations of the studied sediment cores
(green dots) and onshore outcrops (red dots) and high-resolution seismic reflection profiles (dashed dark
blue lines) collected during lake surveys of 2014 and 2017. The locations of L-1 and L-3 (red dots) along
the present coastline represent the delta outcrops, and L-2 indicates the location of the highest lake
terrace documented in this study.
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Figure 2

Raw data of NE-SW oriented high-resolution seismic profile SLD-01 at the top, showing location of core
Salda2014-P02. (a) The main seismic facies configurations of units S4 to S1 in the inner shelf and (b)
and (c) in the outer shelf. Core Salda2014-P02 penetrates unit S3 in the seismic profile. Unit S4 is

truncated by the reflection surface SR-3, over which unit S3 is deposited with lakeward dipping internal
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reflectors (c). Unit S2 is represented by moderate to strong sub-horizontal internal reflectors with coastal
onlaps (b).
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Figure 3
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(@) Raw data (upper) and interpretation (lower) of NE-SW oriented high-resolution seismic profile SLD-05,
showing the main seismic facies configurations of units S4 to S1. Unit S4 is truncated by the reflection
surface SR-3, over which unit S3 is deposited with prograding clinoforms. Unit S2 is represented by
moderate to strong sub-horizontal internal reflectors with coastal onlaps. (b) Raw data (upper) and
interpretation (lower) of NE-SW oriented high-resolution seismic profile SLD-11, showing the main seismic
facies configurations of units S3 to S1. In this profile, the formation of a stromatolite (unit S3) above the
acoustic basement is marked by mounded morphology. In the profile, the wedge-shaped lenticular
channel-fills of unit S2 overlies reflection surface SR-2 that implies channel-incisions.
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Figure 4

Raw data (upper) and interpretation (lower) of SW-NE oriented high-resolution seismic profile SLD-07 at
the top shows the location of core Salda-2. The main seismic facies configurations indicate two discrete
deltaic complexes of units S3 (older) and S2 (younger), implying delta retreat in the inner shelf of the
lake. Core Salda-2 penetrates the uppermost of unit S3 that is the lakeward equivalence of the older
deltaic sediment.
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Figure 5
Lithostratigraphic subdivisions of the studied cores Salda2014-P02 and Salda-2 based on the lithologic

and textural variations, showing the late Holocene sedimentary units deposited in Lake Salda (for
locations of cores, see Fig. 1).
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Figure 6

Synthetic seismograms (two-way travel time (TWTT) domain in millisecond) of the studied cores based
on MSCL analyses, providing precise matchings between lithostratigraphic and seismic stratigraphic
units defined in the studied cores and seismic profiles SLD-01 and SLD-07. According to the synthetic
seismograms, the remarkable reflection surfaces (SR-1 and SR-2) in the seismic profiles coincide with
sudden variations in the density and P-wave profiles of the cores.
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Figure 7

Age-depth model of sediment core Salda-2 based on AMS '4C ages by using Bacon.r Script. Red line
represents the mean age of the iteration. Green dots represent '*C AMS datings. Core to seismic
correlations based on synthetic seismograms allow us to estimate ages of seismic reflection surfaces
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SR-1 and SR-2 shown as yellow dots in this figure. Grayscale background indicates the iteration of
distribution.

X (SW) SLD-07 X (NE)

Oﬁse“:m)q...a.'.a'.. i ol
TWIT

0.025

Depth (M)~ E

IR
Multiple Reflector |

o 2T

Figure 8

A relief map around Lake Salda produced from DEM datasets shows the main drainage networks on the
catchment area and present delta plains around the lake. The figure also shows interpolated general lake
bathymetry based on the HR seismic data. The bathymetric depths (meters) are represented by different

colors.
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Figure 9

a) Google Earth image from NE sector of lake coastline showing location (black dot) of the lake terrace
above ~22 m from present lake level and its trace along the coastline. b) outcrop picture showing the
latest Holocene lake terrace. (¢ and d) detailed lithology and texture of paleoshoreline deposits,
comprising beige color clayey hydromagnesite sand with well-rounded pebbles.
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Figure 10

a) (1) The outcrop picture of the eastern deltaic-complex (location L-1 in Fig.1), showing bottomset,
foreset and topset beds. b) detailed lithology and texture of the topset of the deltaic and AMS '4C dating
(red star) obtained from a peat layer, giving an age younger than 700 year BP. ¢) detailed lithology and
texture of the bottomset of the delta. d) The outcrop picture of the western deltaic-complex (location L-3
in Fig.1). ) outcrop picture of the deltaic deposits, showing bottomset, foreset and topset beds.
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Figure 11

Synthetic seismogram and reflection coefficient sourced regression model in sediment core Salda-2 on
age/time domain. Red line graph indicates the calculated sedimentation rate based on the age-depth
model of the core. The figure also shows relative lake level variations during the deposition of seismic
stratigraphic units in the lake during the late Holocene.
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