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Our study aims to understand the palaeohydrological history of Lake Iznik and unravel the complex interplay be-
tween climatic, tectonic, and environmental factors that have shaped this Turkish basin. Through the analysis of
seismic stratigraphy and sediment cores, we reveal a significant lowstand, indicating a lake level 60 m lower than
today at ~70 ka BP. Subsequently, a major phase of stepwise transgression is evidenced by 13 buried
palaeoshorelines between ~70 and 45 ka BP. From 45 to ~10 ka cal BP, strong currents controlled the sedimenta-
tion in the lake, as evidenced by the occurrence of contourite drifts. Between ~14 and 10 ka cal. BP, a major
lowstand indicating a drier climate interrupted the current-controlled sedimentation regime. From ~10 ka cal.
BP, the subsequent increase in lake level occurred at the same time as the reconnection between the Mediterra-
nean and Black seas. Archaeological evidence, including submerged structures of a basilica, establishes a link be-
tween lake-level changes and human settlement during the last millennium. The level of Lake Iznik has since
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continued to fluctuate due to climate change, tectonic events, and human activity.
© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

Climate . : ;
Palacohydrology (http://creativecommons.org/licenses/by/4.0/).
Human activities

Tectonics

1. Introduction the precipitation-to-evaporation ratio (P-E) across the watershed

Lakes provide essential ecosystem services to society, including irri-
gation of agricultural crops and recreational areas. Understanding past
and future changes in lake levels is essential for human development,
as these fluctuations can lead to population displacement due to rising
or falling lake levels and affect water resources and human settlements.
They also represent wildlife habitats for many species (e.g. Jenny et al,,
2020; Ozulug et al., 2005). These fluctuations, whether caused by rising
water impacting settlements or acting as a limiting factor in water re-
source availability (e.g. Guédron et al., 2023), are often associated
with climate change in closed basins. They respond to variations in

* Corresponding author at: EDYTEM, Université Savoie Mont-Blanc, CNRS, Le Bourget
du Lac, France.
E-mail address: renaldo.gastineau@univ-savoie.fr (R. Gastineau).
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(Abbott and Anderson, 2009). Lake levels may also be influenced by tec-
tonic factors, such as subsidence due to normal faulting (e.g. Lezzar and
Tier, 2002), or by geomorphological processes, such as landslides affect-
ing outlets or inlets in hydrologically open systems (e.g. Fouinat et al.,
2018). Notably, human activities, such as water use for agriculture or in-
dustry, have induced significant lake-level variations globally over the
last century (e.g. Ariztegui et al., 2010; Davraz et al., 2019), unless regu-
lated by humans controlling the lake's outlet (e.g. Geyer et al., 2001).
Here, we investigate Lake Iznik, Turkey's fifth-largest lake. Our objec-
tive is to understand the various regional factors that have influenced the
hydrological history of the lake for over 70 ka BP. More than 126,000 peo-
ple are living in the two largest cities on the lake shoreline i.e. Orhangazi
and Iznik (www.nufusu.com: data from 2023) so that many people are af-
fected by lake-level changes. The lake's hydrology is notably influenced by
tectonics, particularly the middle strand of the North Anatolian Fault

0037-0738/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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bordering the south of the lake (MNAF; e.g., Dogan et al., 2015; Gastineau
et al., 2021; Oztiirk et al., 2009). Coupled with a persistent human foot-
print dating back to 6000-5400 BCE (Miebach et al., 2016; Roodenberg,
2013), and climatic variations evidenced by a long-term reconstruction
indicating intervals of deeper and shallower water depths since 31 cal.
BP (Roeser et al., 2016), the environmental history of Lake Iznik appears
complex. Recent discoveries, such as a dynamically fluctuating shoreline
(e.g., Roeser, 2014) and the Basilica of St. Neophytos dating from the
fourth or fifth century CE (e.g. Sahin, 2014; Fig. 1), have raised numerous
questions regarding long- or short-term lake-level variations in Lake
Iznik. Based on high-resolution seismic stratigraphic data, sediment
cores, and a comprehensive literature review, this study examines local
climate patterns, tectonic activity, and the impact of human activities
over the last 70 ka BP. The aim is to contribute to the global discussion
on lake-level reconstructions and reveal the unique environmental his-
tory of Lake Iznik within the Turkish landscape.

2. Study site
2.1. Lake settings

Lake Iznik has a maximum depth of ca. 70 m and is located in the
southeastern extension of the Marmara Sea. It has a surface area of
298 km? and is located at ~83.5 metres above sea level (m.a.s.l.)
(Gastineau et al., 2021). It extends N-S and E-W by 12 and 32 km, re-
spectively (Fig. 1b). Five main rivers drain water from the catchment
to the lake, whilst only a single output is present westwards (the
Golyatagi dere; dere = river in Turkish), which drains water from
the lake to the Marmara Sea (Fig. 1b). The modern lake has a salinity
of ~0.5-1.0 mg L™' (Roeser et al., 2016). The catchment, presenting
a surface area of 1257 km?, is relatively small compared to the lake's
surface area. The climate in the catchment area is dominated by a

Marmara Sea
Gemlik Gulf
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Mediterranean pattern characterised by typical warm and dry summers
and mild and moist winters, expressed by an inverse pattern between
average in humidity and temperature (e.g. Képpen, 1900; Miebach
et al,, 2016; Ulgen et al,, 2012).

Lake Iznik comprises three subbasins (Fig. 1b). One subbasin is iso-
lated in the western part of the lake (WSB; maximum depth: ca. 45 m).
An E-W elongated ridge at ~45 m depth separates the central part of
the lake into two subbasins, a north-eastern sub-basin (NESB; max
depth: ca. 55 m) and a south-eastern sub-basin (SESB; max depth: ca.
75 m). The SESB is delimited to the south by the MNAF, which has a nor-
mal component at this location and explains the deepest part of Lake Iznik
(Dogan et al., 2015; Gastineau et al., 2021; Oztiirk et al., 2009), and to the
north by the Iznik Fault, which seems to have a mainly strike-slip compo-
nent and small normal component, the fault currently has a vertical topo-
graphic step of ~1 m (Gastineau et al.,, 2021; Fig. 1b). The Iznik Fault's last
rupture at the NESB's northern margin occurred at 1065 CE and showed a
vertical offset of ~40 cm (Gastineau et al., 2021; Fig. 1b).

2.2. Previous studies of changes in lake level and water column depth

Lake-level variations in the Iznik Basin have already been described
at different timescales by the study of i) exposed and subaquatic
palaeoshorelines, ii) beach rocks, iii) palaeoenvironment reconstruc-
tions, and iv) submerged archaeological remains.

2.2.1. Exposed and subaquatic palaeoshorelines

Ikeda et al. (1991) first described at least three steps of wave-cut
scarps along palaeoshorelines that developed during highstands of the
lake at 20-25 m, 65-80 m, and 115-125 m above the current lake
level in the western part of the lake. Nevertheless, they argue that
their elevations might have resulted from differential uplift in the
basin due to the normal component of the MNAF south of the lake.

Fig. 1. (a) Map of the study site in the context of global geodynamics. The yellow star denotes the location of Lake Iznik. The abbreviations for the NAF and EAF indicate the North and East
Anatolian faults, respectively. (b) Map of the Iznik Basin with a compilation of data used in this study. The digital elevation model (DEM) of the lake catchment (Benjelloun et al., 2021) is
complemented by the DEM from the Shuttle Radar Topography Mission (SRTM - 1 arc-second resolution; https://earthexplorer.usgs.gov/). The active faults are represented in red (e.g.
Oztiirk et al,, 2009; Dogan et al., 2015; Benjelloun, 2017; Gastineau et al., 2021). IF refers to the Iznik Fault. The palaeoshorelines S1, S2 and S3 (light grey) are drawn from Benjelloun
(2017). The dashed bathymetric contour lines in the lake represent 10-meter intervals (Devlet Su isleri (DSI); General Directorate of Turkish Hydraulic Works), superimposed on the
hillshade bathymetry (2 m grid) from Gastineau et al. (2021), with a sun illumination angle/elevation of 20°N/45° and a vertical exaggeration of 15. The colour scale represents the
depth below lake level (b.L1.), based on a long-term reference lake level of 83.5 m above sea level (a.s.l.). The white dots and label names document the locations of the sediment cores
presented in this study. WSB, NESB, and SESB refer to the western, northeastern, and southeastern subbasins, respectively. (c) UAV photos of St. Neophytos Basilica in 2018 and 2023
CE, located at the shoreline of the city of Iznik (black arrow).
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However, no age was determined in that study. Benjelloun et al. (2021)
described these three steps of wave-cut scarps as “terraces” at the lake's
northern shore based on terrestrial field observations and dated them
based on the in situ produced terrestrial cosmogenic nuclide (TCN)
method providing exposure ages. The highest shoreline 1 (~110 m

above lake level (a.lL1.)) crosscuts sediment dated to 27.01%3 , ka BP
(Fig. 1b). The shoreline 2 (~60 m a.Ll) crosscuts sediment dated to

19.6"77 , ka BP, and the shoreline 3 (~20 m a.l1.) crosscuts alluvial to

deltaic deposits on the southern of the lake 3.8753 . ka BP (denotes
S1, S2 and S3 in Fig. 1b, respectively). Those sediment surfaces were
characterised by previous high lake levels that were conserved due to
tectonic uplift (Benjelloun, 2017). Using a high-resolution digital eleva-
tion model (DEM), the north-south orientation of these data measured
from the palaeo-“terraces” demonstrates a gradual inclination towards
the south, with the extent of the tilt increasing as the terrace age in-
creases. This gradual tilting has been interpreted as the outcome of ver-
tical movement along the MNAF along the lake's southern shoreline
(Benjelloun, 2017; Ikeda et al., 1991).

In addition, a series of subaquatic palaeoshorelines were first de-
scribed with seismic data (Oztiirk et al,, 2009) and then imaged with a
multibeam bathymetry (Gastineau et al., 2021, 2023) at water depths
of 44-46 m in the north and 45-48 m in the south; they were
interpreted as indicators of past low lake levels; however, their specific
ages remain undetermined.

2.2.2. Beach rocks

Most of the western and southern coasts of Lake Iznik contain beach
rocks, indicating that the lithification processes of abandoned beach
sediments occurred primarily due to the carbonate cement that formed
along the shoreline (Fig. 1b) (e.g. Geyer et al., 2001). Erginal et al.
(2012) studied beach rocks at the southern lakeshore. The beds are in-
clined lakewards, and samples were collected 5-40 cm below the current
lake level. They were dated to between 20.285 + 2.067 ka (Last Glacial
Maximum: LGM) and 2.456 + 0.566.5 ka using optically stimulated lumi-
nescence (OSL) (Erginal et al., 2012). Oztiirk et al. (2016) analysed beach
rocks at the same location and OSL-dated 33 samples at depths ranging
from 5 to 80 cm below the current lake level. These authors found rather
different results, showing that the beach rocks had been formed during
four drier periods: the late Pleistocene (15-9 ka BP), Holocene climatic
optimum (7.9-5.6 ka BP), middle/late Holocene (4.9-2.8 ka BP), and
late Holocene (2.0-0.9 ka BP) when the lake level was between +1 and
—1 m above the present lake level. The authors argue that the consis-
tency with the climate data confirms this finding (e.g. Ulgen et al,, 2012).

2.2.3. Palaeoenvironmental reconstructions

Previous multiproxy investigations have shown that the carbonates
preserved in the sediment column, combined with redox-sensitive
proxies (Roeser et al., 2016) and vegetation reconstruction (Miebach
et al., 2016), reflect the water depth at the time of sedimentation.
Such reconstructions were performed based on the climate sensitivity
of the carbonate precipitation (e.g. Ulgen et al., 2012; Viehberg et al.,
2012) and the early diagenetic fingerprint at the sediment-water inter-
face imposed by climate-controlled processes occurring in the water
column of the lake (Roeser et al., 2016). In the long-term records,
Roeser et al. (2016) have inferred a deeper water column during the
LGM, with periods of ice coverage, and a shallower water column during
the early Holocene, i.e. after the glacial period and up to 9 ka cal. BP,
when large changes occurred and the basin was likely filled to levels
close to those of today (Roeser et al., 2016), with marked fluctuations
during the Holocene (Ulgen et al.,, 2012).

2.2.4. Archaeological remains

Various archaeological excavations suggest that farming began at
6000-5400 BCE in the watershed (Roodenberg, 2013), suggesting that
the water resources in the basin were reachable and that the respective
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water quality was attractive for human settlements at this time
(Miebach et al., 2016; Roeser et al., 2016). Iznik, formerly Nicaea, was
an important city throughout Antiquity. Lake-level variations over the
last two millennia have been investigated and are mainly linked to the
degree of obstruction of the outlet by humans (Geyer et al., 2001). Dur-
ing a 2014 aerial photographic survey, the submerged St. Neophytos Ba-
silica was discovered from the eastern shore of the lake at an average
water depth of 2 m (Sahin, 2014; Sahin and Fairchild, 2018; Fig. 1c).
Erginal et al. (2021) proposed that the basilica had been flooded and
destroyed by a rising lake level during the last 1500 years. Lake-level
drops during recent years (e.g. Roeser, 2014, their appendix figures;
Fig. 1c) expose the basilica, showing that the lake level can vary signifi-
cantly even on short time scales. This decreasing trend from ~85 (2000)
to 83 (2023) m above the sea level (a.s.l.) (Ozen et al., 2014) is likely due
to increased water use for agriculture combined with periods of intense
drought (e.g. Davraz et al,, 2019; Yagbasan et al., 2017).

3. Data and methods
3.1. Seismic data

A grid of 292 km of seismic reflection lines was acquired during two
surveys in 2005 (127 km) and 2021 (165 km). The first grid (2005) was
acquired using a 3.5 kHz system (Geopulse, Geoacoustic) with an array
of four transducers that act as senders and receivers (Mod. TR-1075A,
Massa, USA). The shot interval was 1 s, and the vessel's average speed
was 5 km h~". All 3.5 kHz data were digitised in SEG-Y format (Octopus
360, Octopus Marine Systems, UK) and bandpass filtered (1500-5000
Hz) using Reflex software (Sandmeier Software, Germany). In 2021,
seismic data were recorded with an identical system fixed on an inflat-
able catamaran and attached to the side of a fishing boat. The digital re-
cording of the seismic data in SEG-Y format was carried out with the
Coda Octopus DA4G-USB 500 system. The shot interval was 311 ms at
an average vessel speed of 6-8 km h™'. A Garmin GPS receiver with
~5 m accuracy and Fugawi navigation software (Northport Systems
Inc., Toronto, Canada) guaranteed accurate positioning. Seismic data
were processed with a bandpass filter (1.5-2.0 and 6.5-7.0 kHz).

The vertical resolution of both datasets is ~10 cm. All sections were
interpreted using the IHS Markit® Kingdom Suite v.2018. Furthermore,
a sound velocity of 1500 m s~ was applied to perform a time-to-depth
conversion and to estimate the depth and thickness of the different seis-
mic sequences. It is important to note that 1500 m s~ represents a min-
imum velocity for these sediments, as deposits with coarser grains, such
as sand and gravel, would exhibit notably higher velocities. Conse-
quently, the determined thicknesses can be considered minimal values.

3.2. Core studies

3.2.1. Sediment-core retrieval and core analysis

Gravity core IZN19_12 (N° IGSN TOAE0000000318), with a length of
119 cm, was recovered at 44 m of water depth from the NESB in April
2019 using a UWITEC gravity hammer corer (Fig. 1b). A long sediment
core IZN21-1V (composite length 11.1 m, sampled at 40 m of water
depth) and one pilot core (IZN21_05; length 42.5 cm) were collected
with a UWITEC platform (EDYTEM/LSCE/C2FN) in November 2021 (N°
IGSN CNRS0000023714). For the long sediment core, 3-m-long sections
from three different holes were taken with a 1.5 m offset to ensure a suf-
ficient overlap to provide a continuous record. Identifying specific layers
on the overlapping sections combined with correlations of the XRF-core
scanner signals allowed the construction of an 11.1-m-long composite
sediment sequence (Fig. S1) (hereafter called [ZN21-IV). One gap occurs
in the sequence from an approximately 7.965-8.165 m composite depth
(mcd) between two sections where an overlapping section is missing.

In addition, we used chronological, geochemical, and grain-size data
from the long cores collected from the ridge in the middle of Lake Iznik
during 2009 in the frame of CRC-806: 1ZN09/LC1 (10 m), IZNO9/LC2 (14
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m) and IZN09/LC3 (14 m) (for more details on the methods applied on
these cores, e.g. Itrax scanning or the sampling for dating, see Roeser
et al. (2012); for the grain-size methodology and an updated age
model, see Roeser et al. (2016)).

Hereafter, the analyses concern 1ZN19_12 and IZN21-IV only.
Whole-core segments of IZN21-IV were scanned using a GEOTEK
multisensor core logger to measure gamma-ray attenuation bulk
density (d) and magnetic susceptibility (MS) at 5 mm resolution at
the University of Bern. The sediment cores were then split lengthwise
and photographed. The relative contents of major and trace elements
were analysed with an X-ray fluorescence (XRF) Avaatech Core Scanner
using a rhodium anode at EDYTEM Laboratory. The split-core surface
was first covered with a 4-um-thick Ultralene film to avoid contamina-
tion and desiccation of the sediment. Then, IZN19_12 was scanned at a
resolution of 1 mm at 10 kV/200 pA for 15 s to detect Al, Si, S, K, Ca, and
Tiand 30 kV/300 pA for 20 s to detect Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr, and
Pb (Richter et al., 2006). For the [ZN21-1V Core, the measurements were
performed at a resolution of 5 mm at 10 kV/80 pA for 10 s for the first
run and 30 kV/75 pA for 20 s for the second run. The geochemical data
are In-transformed to avoid matrix effects from grain size or water con-
tent (Weltje et al., 2015). A principal component analysis (PCA) was
conducted on the geochemical results using R software version 3.5.1
(R Core Team, 2018) and the FactoMineR package (Lé et al.,, 2008) to ex-
plore potential correlations amongst the different measured elements
and identify principal sediment end-members. The identification pro-
cess involved determining the dimensions that explained the most var-
iation in our data and then defining the correlations between different
elements through geochemical end-members (e.g. Sabatier et al., 2010).

3.2.2. Chronology

Radiocarbon analyses of seven terrestrial organic plant macroremains
were performed by accelerator mass spectrometry at the Poznan Radio-
carbon Laboratory for Core IZN19_12. As part of Core IZN21-1V, eight
radiocarbon analyses were performed on terrestrial organic plant
macroremains and four were performed on bulk sediment by accelerator
mass spectrometry at the LMC14 laboratory (CEA Saclay) and at LARA
laboratory (University of Bern) (see Table 1 for details). 'C ages were
calibrated using the Intcal20 calibration curve (Reimer et al., 2020).
The age models of cores [ZN19_12 and IZN21-IV were calculated using

Table 1
Radiocarbon ages of the [ZN19_12 and IZN21-IV sediment cores.
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the R code package Bacon v.2.3.9.1 (Blaauw and Christen, 2011). This
package applies a Bayesian approach for age-depth modelling for the
entire distribution of the calibrated radiocarbon dates.

In addition, the occurrence of geochemically identified tephra
allowed the age-depth model to be refined by comparison with the pre-
viously established history of volcanic ash deposition in the lake and its
surroundings (Cagatay et al., 2015; Roeser et al., 2012) and to confirm
the age model. For this purpose, thin sections of 8 cm long sedimentary
slabs with tephra layers were polished, and the glass shards were geo-
chemically characterised using a JEOL JXA-8230 electron probe X-ray
micro analyser (EMPA; ISTerre Laboratory, University Grenoble Alpes)
equipped with five wavelength-dispersive spectrometers (WDSs) and
one EDS detector using a 15 kV voltage, 2 nA beam current, and 5-7
um beam size. Three MPI-DING reference glasses (StHs6-80_G, Atho-
G, and KE12-G) were analysed with the samples to verify analytical ac-
curacy and exclude the loss of alkalis (Jochum et al., 2000, 2005, 2006;
Metrich and Rutherford, 1992). The glass shards yielding a total oxide
sum of <96 %, were not considered in the interpretations, due to poten-
tial mineral impurities. The analytical data were normalised to 100 %
total oxide values for comparison.

4. Results and interpretation
4.1. Seismic sequences and seismic stratigraphy of the northern delta

Acoustic penetration of a maximum ~30 ms two-way travel time
(TWT) (~20 m) allows the description of six seismic sequences (from
the oldest Sequence VI to the youngest Sequence I) separated by uncon-
formities and/or high-amplitude reflections (HARs) and/or seismic facies
changes. In most cases, these sequences can be traced and correlated
across the entire basin despite the presence of abundant gas blanking
in the lake (Figs. 2, 3). In the following, time is always indicated as TWT.

* (VI) Sequence VI, which forms the acoustic basement of the present
study, can be traced mainly to the northern shore of the lake. A trans-
parent seismic facies characterises this seismic sequence and displays
some truncated reflections at its upper boundary, eroded by the base
of Sequence V (magenta HAR). These truncated reflections dip
basinwards, similar to foresets of a prograding delta or shore foresets

Sediment core section Sample name MCD (cm) Radiocarbon age (yr BP)?* Age cal. BP mg C Type of material
20 range
1ZN19_12 Poz-148250 48.5 1910 + 30 1735-1906 NA Terr. Macro.
1ZN19_12 Poz-148488 65.5 2350 + 160 1996-2759 0.03 Terr. Macro.
1ZN19_12 Poz-148235 69 3410 + 30 3569-3820 NA Terr. Macro.
1ZN19_12 Poz-118215 79.5 5090 + 40 5740-5922 NA Terr. Macro.
1ZN19_12 Poz-148487 81.5 5700 + 40 6399-6628 NA Terr. Macro.
1ZN21-1IV-CO1A BE-20329.1.1 203.5 2506 + 24 2493-2724 0.987 Terr. Macro.
1ZN21-IV-CO1A SacA67781 263 17,280 + 120 18,568-19,250 0.16 Terr. Macro.
1ZN21-IV-CO1A 1ZN21-1V-2T 305.5 / 21,360-22,480° / Tephra
1ZN21-IV-A01B SacA67776 319 18,030 + 130 19,507-20,302 0.09 Terr. Macro.
1ZN21-IV-BO1A SacA67777 436.5 19,690 + 300 21,036-22,510 0.01 Terr. Macro.
1ZN21-1V-C02A 1ZN21-IV-3T 549 / 39,060-39,500° / Tephra
1ZN21-IV-C02A BE-20330.1.1 553.5 33,945 + 269 37,883-39,696 0.835 Terr. Macro.
21,970 + 270
1ZN21-1V-B01B SacA67779 585 21,970 + 270 25,815-26,959 0.03 Terr. Macro.
1ZN21-1V-C02A SacA68489 626 34,880 4 770 38,142-41,683 1.16 Bulk
1ZN21-1V-C02B SacA68490 714.5 43,200 4+ 2100 42,905-54,365 1.33 Bulk
1ZN21-1V-C03A SacA67788 883.5 20,340 + 180 23,953-24,986 0.08 Terr. Macro.
1ZN21-1V-C03A SacA68491 943.5 45,400 4 2800 44,943-out 0.98 Bulk
1ZN21-1V-C03B SacA67790 1081.5 19,330 + 190 22,965-23,765 0.05 Terr. Macro.
1ZN21-1V-C03B SacA68492 1081.5 40,400 + 1500 42,128-46,965 1.22 Bulk

MCD denotes the master composite depth. The ages rejected for the age-model computation are in bold. “mg C” refers to the quantity of carbon. The values are given by the laboratories

(see Section 3.2.2. and sample names), NA when no data are given.
¢ Calibrated ages are expressed before present, i.e., before 1950 CE.
b Age recalibrated from Fenn et al. (2021).

¢ Mean age of 36 high-precision “°Ar/>*°Ar analyses on sanidine crystals (Cagatay et al., 2015; De Vivo et al., 2001).

4
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(Figs. 2, 4). In addition, three reflections become increasingly inclined
as the depth of the stratigraphy increases (Figs. 2d, 4b), which could
be the remnants of a prograding delta. However, the base of the se-
quence is not visible, so only a minimum thickness of 10 ms (~7.5 m)
can be estimated for this sequence.

(V) This sequence has a uniform thickness of 8 ms (~6 m) and shows
parallel internal reflections on the northern shore (Figs. 2, 3a, b). How-
ever, its base shows wavy features (Fig. 4, magenta HAR). A succession
of mound-like wavy structures is particularly well developed in the
easternmost profile on Sequence VI on both 3.5 kHz seismic sections
on the lake's northern shore (Fig. 4). The shape of these features, com-
monly with a steep side facing the lake and a more gently dipping
part facing the land, is typical for beach ridges marking palaeoshorelines
that can develop only when the water level remains stable for some
time (e.g. Anselmetti et al., 2009; Gilli et al., 2005). The lake level
must rise quickly enough between the phases of beach-ridge forma-
tions so that the previously deposited shorelines are not directly eroded.
The beach ridges were formed at the onset of Sequence V, with thirteen

Sedimentary Geology 464 (2024) 106620

well-defined beach ridges forming a succession deposited directly on
Sequence VI. They can be noticed at depths (including the water
column) of 80 ms (60 m), 63 ms (47.25 m), 62 ms (46.5 m), 61 ms
(45.75 m), 58 ms (43.5 m), 55 ms (41.25 m), 54 ms (40.5 m), 49 ms
(36.75 m), 47 ms (35.25 m), 45 ms (33.75 m), 40 ms (30 m), 39 ms
(29.25 m) and 36 ms (27 m) below the modern lake level. Such
palaeoshorelines could have formed as the lake level decreased or
increased. However, a decrease would have exposed them
to weathering and heavy erosion. The observation shows well-
preserved beach ridges here, likely indicating a stepwise increase in
lake level upon initial transgression during Sequence V deposition.
Along the lowermost palaeoshoreline at ~60 m depth, a basinal onlap
marks the oldest Sequence V sediments (Fig. 4a, b). This feature is
interpreted as the lowermost lake-level phase. This onlap occurs three
metres below the lowermost palaeoshoreline, indicating the depth of
the wave base lakeward of the palaeoshoreline, above which no lacus-
trine sediment (other than the shoreline itself) could accumulate. How-
ever, no evidence of onlaps below the other shorelines is observed, but
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Fig. 2. Two 3.5 kHz seismic sections on the lake's northern shore. Ve denotes “vertical exaggeration”. (a) and (c) correspond to the original data. (b) and (d) are the interpreted sections.

such ridges form quickly (e.g. <100 years in Lake Michigan; Lichter,
1995) within a few years or decades. This time span might be too
short to produce an onlap sufficiently thick to be recognised in our seis-
mic data. Moreover, since one the lowermost beach ridge shows an in-
crease in lake level, it seems very likely that the others do too, given that
they are all observed on the same reflection (magenta HAR) and there-
fore share a common chronology.

(IV) All reflections within Sequence IV are laterally continuous, with
low-to-moderate amplitudes that downlap onto Sequence V towards
the north (Figs. 2, 3b, 4b; dark green over orange HARs). In the NESB,
this Sequence features prominent mound-like geometries with a maxi-
mum thickness of ~9 m towards the basin (Fig. 3a, b); thus, Sequence IV
shows significant lateral variations in thickness at the basin scale. The
mounds show many downlapping reflections at the base and internally,
forming multiple unconformities (Fig. 3a, b). These downlaps usually
wedge out towards zones where the thickness of Sequence IV is signif-
icantly reduced (Fig. 3a, b). We interpret these geometries as drift depo-
sitions induced by strong currents, as already described in other
lacustrine (Gilli et al., 2005) or marine basins (Bashah et al., 2024).
Thus, these downlaps cannot be interpreted as markers of lake-level

variations, as they are directly linked to contourite drift and correspond
to the thinning of the strata.

(IIT) Sequence Il is characterised by parallel, continuous, and medium-
amplitude reflections. It extends across the entire basin. However,
only its boundaries (HARs) are visible in the centre of the lake due to
gas blanking (Fig. 3¢, d). Sequence III partially laterally downlaps onto
Sequence IV towards the north in Figs. 2, 3a, b.

(1) Sequence II exhibits more high-amplitude reflections with slightly
chaotic facies. It is strongly confined in extent, and only the boundaries
(HARs) are visible in the centre of the lake due to gas blanking (Fig. 3c,
d). On the westernmost profile (Fig. 2c), only the base of Sequence Il can
be observed, and the upper part is eroded, with the reflections trun-
cated. Additionally, in Fig. 2b, the base of Sequence II (light green
HAR) displays an erosive discordance, truncating Sequences III, V, and
VI. Both Sequences II and IIl present substantial lateral variations (E-
W) (Fig. 2).

Sequence I is well-stratified with regular internal reflections except
in the centre of the lake, where the gas prevents its observation
(Fig. 3¢, d). Its base (turquoise HAR) shows an erosive contact with
the top of Sequences II and III (Figs. 2, 3). Northwards, on both seismic
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sections, the internal reflections of Sequence I are truncated at the inner
edge of the underwater terraces described in Section 2.2.1 (Figs. 2, 3).
Sequence I onlaps its substrates (partially downlaps) before wedging
out on the northern slope. It is absent on the steep slope (Figs. 2, 3).

4.2. Sediment records and their relationship with seismic data
4.2.1. Composite core IZNO9/LC2&LC3
4.2.1.1. Description. Three long cores were retrieved in a previous study

(Roeser et al.,, 2012) from different positions on the ridge in the lake's cen-
tre, and two of them were assembled into a composite profile (Fig. 3¢, d).

Sedimentary Geology 464 (2024) 106620

The composite core [ZN09/LC2&LC3 (18 mcd) comprises five sedimento-
logical units (Fig. 5), from top to bottom: (A) homogeneous, moderately
organic, and black to greyish clayey silts with carbonates; (B) olive-grey
carbonate mud rich in aragonite, with some diatoms; (C) silty clay matrix
with carbonates, with a distinct iron monosulfide layer (sf2) at the top;
(D) a clay matrix with the sporadic presence of shell fragments (these
grading upwards), carbonate concretions, and detrital lithic fragments
(dropstones); and (E) a silty clay matrix with carbonates, overprinted
by monosulfide clusters (Roeser et al., 2016). This long composite core
also contains two tephra layers: the Avellino tephra of Somma-
Vesuvius/Italy and the Y2 tephra of the last glacial Santorini eruption
(Roeser et al., 2012, 2016).
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Fig. 3. Three 3.5 kHz seismic sections (seeFig. 1 for location). (a), (c) and (e) correspond to the original data. (c), (d) and (f) are the interpreted sections. Ve denotes “vertical exaggeration”.
IF refers to the “Iznik Fault”. The potential locations of the faults are indicated by dotted lines, whilst the MNAF is represented by a solid line.

4.2.1.2. Chronology and core-to-seismic correlation. Seismic-stratigraphic
correlations throughout the lake basin allow us to establish i) a consis-
tent link between the seismic pattern (seismic facies, seismic
sequences) and the sedimentary units and ii) establish a robust chrono-
logic framework by correlating the age models from the coring sites
along the seismic stratigraphic horizons through the entire lake. The
composite core IZN09/LC2&LC3 covers ca. 31 ka cal. BP (Fig. 5b;
Roeser et al., 2016). To correlate the sediment core with the seismic
data, we assumed a sound velocity of 1500 m s~ in the water and the
sediment (Fig. 3d). The turquoise and light green high-amplitude

reflections (HARs), marking the transition between Sequences I/Il and
[I/111, respectively, are correlated with core IZN09/LC2 at depths of 9
and 12.75 m below the lake floor (mblf), respectively (Fig. 3d; Roeser,
2014) and correspond to 10.25 and 14.1 m composite depth (mcd) in
the composite core [ZN09/LC2&LC3, respectively (Roeser, 2014, their
Table 3.1 and Fig. 5b). Therefore, the age model from Roeser et al.
(2016) indicates an age of ~10 ka cal. BP and ~22 ka cal. BP, respectively
for those HARs (Fig. 5b). Three other HARs, dark green, orange, and ma-
genta, marking the transitions between Sequences III/IV, IV/V and V/VI,
respectively, correlate to depths less than the 18 mcd of [ZN09/LC2&LC3
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Fig. 4. Seismic sections showing beach ridges that formed at the boundary between
Sequences VI and V. Locations are shown in Fig. 2. (a, c) Noninterpreted sections.
(b, d) Interpreted sections. (b) The lowermost shoreline shows the minimum depth
(below the current lake level) reached during the low lake level. (d) Other examples of
beach ridges illustrating the stepwise transgression following the lowstand.

and must therefore be older than ~31 ka cal. BP (Figs. 3, 5b). A constant
sedimentation rate approximation from the bottom of the sediment
core suggests that the dark green HAR may have an age of ~40 ka cal.
BP (Fig. 5b).

4.2.2. Core IZN19_12

The sediment core IZN19_12 (119 cm) is located on the northeastern
shore of the lake (Fig. 3a, b) and comprises two main sedimentary units
(A and B), which are consistent with the macroscopic description
of Roeser et al. (2012) (Fig. 6a). The sediment core crosses seismic
Sequence I and the turquoise HAR. The base of the core reaches seismic
Sequence III (Figs. 3b, 6a).

4.2.2.1. Description. Two units (A and B) are distinguished based on
the macroscopic description (Fig. 6a), according to the description of a
previous study (Roeser et al., 2012), in which we additionally distin-
guished four facies based on XRF data. The PCA applied to the sediment
core identifies distinct end-members (Fig. 6b). Dimensions 1 and 2
(referred to as Dim 1 and Dim 2, respectively) account for 73.5 % of
the total variability, whilst Dimension 3 (Dim 3) explains 9.0 % of the
variability. Collectively, these three dimensions of the PCA explain
82.5 % of the overall variability in the XRF signal (Fig. 6b). Four end-
members were identified: (1) The first end-member displays high
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Fig. 5. ZN09/LC2&LC3 composite core: (a) Sedimentary units as described in Roeser et al.
(2012); (b) age model (from Roeser et al., 2016). YD refers to the Younger Dryas and
LGM to the Last Glacial Maximum, characterised by the deposition of the Y2 Santorini
tephra. Error bars for age determinations of the bulk sediments indicate uncertainties
related to the reservoir effect (Roeser, 2014). Age determinations in red are mainly from
reworked shells and were not used for calculating the age-depth model (from Roeser
etal, 2016).

positive loadings on Dim 1 and intermediate to low positive loadings
on Dim 2 and Dim 3, respectively (e.g. Al, Si, K, Ti, Rb, Zr, and Fe; dashed
black and blue in Fig. 6b) and is denoted as “Terrigenous”. (2) The sec-
ond end-member, denoted as “Carbonates” displays high negative load-
ings on Dim 1 and intermediate positive loadings on Dim 2 and Dim 3
and comprises Sr and Ca (green in Fig. 6b). (3) The third end-member
shows high positive loading in Dim 3, and comprises only Br (black in
Fig. 6b) and is denoted as “organic matter”. (4) The last end-member,
“Redox”, shows intermediate negative loadings on Dim 2 and Dim 3
and intermediate positive loadings on Dim 1 and comprises Mn and S
(black in Fig. 6b).

Various geochemical ratios are then employed to characterise the
sedimentary units and facies. (1) In Lake Iznik, the In(Ca/Ti) ratio high-
lights the internal carbonate accumulation in the lake concerning detri-
tal input, potentially exhibiting a grain-size dependency in coarse-
grained sandy deposits. However, this ratio is source-dependent at
the scale of the entire sedimentary sequence (Gastineau et al., 2023).
(2) The In(Mn/Fe) ratio serves as a reliable indicator of redox transitions
in sediment records (e.g. Davies et al., 2015). (3) The In(Br/Sr) ratio
is used to emphasise lake productivity, given Br's association with
organic matter in lake sediment (e.g. Davies et al., 2015; Lefebvre
et al., 2021). (4) Additionally, the In(Sr/Ca) ratio is employed to
highlight lacustrine productivity linked to water depth. According
to Roeser et al. (2016), Sr exhibits a strong correlation with aragonite,
closely tied to endogenic calcium carbonate in Lake Iznik's water. For
instance, a high aragonite accumulation can signify a shallow water
column due to “a very ‘thin’ hypolimnion, i.e., a short settling distance
between the epilimnion and the sediment-water interface” (Roeser
etal, 2016).
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(details in Table 1). The location of the sediment core is shown in Fig. 3a, b. Note that this core crosscuts only the turquoise HAR.

4.2.2.1.1. Sedimentary Unit ‘A’. Positioned at the topmost part of the
sediment core (from the top to ~85 cm depth), Unit A is decomposed
by three distinct facies. ‘A1’, defined by light-brown silty clay, consti-
tutes the background sedimentation. ‘A2’, characterised by inter-
mittent event deposits with darker colours and fining upwards
grain size. These deposits exhibit low negative peaks of In(Ca/Ti)
and In(Sr/Ca), suggesting a flood-induced origin rich in terrigenous
carbonates, possibly calcite (Gastineau et al., 2023). ‘A3’, influenced
by the fourth PCA end-member (“Redox”), this facies exhibits a coarse
base with pebbles, indicative of a redox transition. The pebbles, which
are angular, felsic and volcanic in origin (likely dacite), originate from
the northern watershed (Eocene), and were transported by the Kuru
River (“Kurudere” on Fig. 1b). The overlying layers include a 2-cm-

10

thick carbonate mud layer and brown, graded layers of oxidised sand
to clay and finer dark brown sediments, indicating a substantial terrig-
enous input phase.

4.2.2.1.2. Sedimentary Unit ‘B’. Positioned at the lowermost part of
the sediment core (~85 cm to the core bottom at 110 cm), ‘B’ contains
stiffer and more consolidated sediment at the core base that Facies
‘A3’ and contains many shell fragments. The XRF data and the light
grey clay colour of the sediment indicate richness in carbonates
(Fig. 6a), with the second PCA end-member, denoted as “Carbonates”.
Unit ‘B’ is characterised by a single facies, ‘B1’, and by a lower In(Br/Sr)
ratio (indicative of lower productivity) and a higher In(Sr/Ca) ratio
(suggesting a shallower water column compared to the top of the sedi-
ment core, sensu Roeser et al., 2016, Fig. 6a).
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4.2.2.2. Chronology and core-to-seismic correlation. As part of its chronol-
ogy, five organic terrestrial plant macroremains were dated from
[ZN19_12 (Fig. 6¢).

The sediment core IZN19_12 allows another independent age estima-
tion of the turquoise HAR (Figs. 3b, 6¢). The base of sedimentary Unit A
above a coarse level characterising the turquoise HAR is dated to ~6.5
ka cal. BP (Fig. 6¢). However, the seismic section at this site (44 m
deep) indicates an unconformity across the turquoise HAR (Fig. 3b).
Therefore, the age model results in a significant hiatus across this horizon,
so the age of 6.5 ka cal. BP needs to be considered as the minimum age.

Core IZN19_12 spans at least 6.5 ka cal. BP and shows slight varia-
tions in the sedimentation rate (Fig. 6¢): (1) A period with a low and
constant (~0.05 mm yr—!) sedimentation rate from 6.5 to 4 ka cal. BP;
and (2) the sedimentation rate significantly increased from 4 ka cal.
BP to the present day, reaching 0.3 mm yr—".

4.2.3. Master core IZN21-1V

Core IZN21-1V is located in the northwestern part of the lake (Figs.
1b,2d). The composite core has a total length of ~11.1 m (Figs. 7,S1).
The sediment core crosses seismic Sequences I, II, I, and IV, i.e., all the
HARs except the deepest magenta reflection (Fig. 2d).

4.2.3.1. Description. Six distinct sedimentary units have been identified
primarily based on macroscopic descriptions (Fig. 7a). By applying PCA
to the XRF data from Core IZN21-1V, four distinct end-members were dif-
ferentiated and found to be consistent with those found in core [ZN19_12
(Fig. S2). The first two dimensions, Dim 1 and Dim 2, collectively account
for 68.0 % of the total observed variability. Dim 3, the third dimension,
contributes an additional 8.8 % to the overall variability.

4.2.3.1.1. Sedimentary Unit ‘A’. Extending from 0 to 2 mcd, the upper-
most sedimentary Unit ‘A’ is characterised by light-brown silty clay. This
unit has been previously discussed in shorter cores (Gastineau et al.,
2023). In contrast to the PCA of Core [ZN19_12, in this case, Unit ‘A’ is in-
fluenced primarily by the organic and carbonate end-members rather
than by the terrigenous one (Fig. S2).

4.2.3.1.2. Sedimentary Unit ‘B’. This sedimentary unit consists of an
olive-grey carbonate mud with low magnetic susceptibility, as de-
scribed in Roeser et al. (2012) (referred to as Unit II). In Core IZN21-
IV, this unit marks the transition just above the turquoise HAR, ranging
from 2 to 2.2 mcd. Notably, in Core IZN19_12, Unit ‘B’ was situated
below the turquoise HAR (Fig. 6a). The consistency of this unit in both
cases indicates its deposition in shallow water, as the turquoise HAR
serves as an emersion surface in both instances (Figs. 2, 3). The sedi-
ment is characterised by stiffness, maintains the same colour and con-
tains shell fragments, thereby confirming its identity as Unit ‘B’ (Fig. 7a).

Within this 20-cm-thick unit, at 2.14 mcd, a 2-cm-thick black and
surrounding clast of felsic volcanic origin (likely dacite) is observed,
akin to what was identified in IZN19_12. The base of Unit ‘B’ is coarse
and contains a layer of black sandy material resembling Facies ‘A3’ in
Core 1ZN19_12 (Fig. 6a). This transition coincides with a density peak
at 2 g-cm > and a shift in redox conditions, indicated by a high In
(Mn/Fe) ratio (Fig. 7b, c).

4.2.3.1.3. Sedimentary Unit ‘C’. Between depths of 2.20 and 3 mcd,
sedimentary Unit ‘C’ exhibits a consistent composition of olive-grey
clay containing sporadic shells and shell fragments (bivalves) with
low magnetic susceptibility (ca. 30 x 107> SI).

4.2.3.1.4. Sedimentary Unit ‘D’. The transition to Unit ‘D’ (ranging from
3 to 5.2 mcd) aligns with the presence of the light green HAR (Fig. 7a).
This unit is characterised by a silty clay matrix and the consistent pres-
ence of shells and shell fragments, identified as Dreissena sp. and other
shell fragments from gastropods, as found in the glacial interval (Unit
IV in Roeser et al., 2012). At the top of the unit, at a depth of 3 mcd,
there is a distinct and sharp increase in magnetic susceptibility (from
20 to 80 x 107> SI). This increase is accompanied by a rise in the In
(Mn/Fe) ratio, attributed to the black coarse-grained tephra layer ob-
served at a depth of 3.055 mcd.
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4.2.3.1.5. Sedimentary Unit ‘E’. In the depth interval of 5 to 6.2 mcd,
sedimentary Unit ‘E’ displays the most variations in colour and grain
size, incorporating sporadic sandy layers. This interval also features an-
other 2-cm-thick black and subrounded felsic volcanic clast at 5.06 mcd
and an additional tephra layer at 5.49 mcd. Facies ‘E1’ is characterised by
a light grey and stiff silt, richer in terrigenous carbonates (lower In(Sr/
Ca) ratio). Facies ‘E2’ is a darker brown and stiff silt that is quite similar
to E1 but enriched in organic matter (black patches) and endogenic car-
bonates with a higher In(Sr/Ca) ratio and higher MS values ranging from
50 to 85 x 10~> SI compared to ‘E1’ (Fig. 7a). Both facies feature a few
sandy layers (Fig. 7a).

4.2.3.1.6. Sedimentary Unit ‘F’. Last, from 6.2 mcd to the base, sedi-
mentary Unit ‘F" is distinguished by lower magnetic susceptibility
(approximately 40 x 10~ SI) and homogeneous olive-grey silt contain-
ing substantial shells and shell fragments (bivalves).

4.2.3.2. Chronology and core-to-seismic correlation. The age-model for
[ZN21-IV was calculated with eight terrestrial plant macroremains, as-
sociated with four bulk and two tephra layers (Table 1). Two identified
tephra layers could indeed be correlated to layers dated in cores from
the Marmara Sea (e.g. Cagatay et al., 2015), which helped to refine the
age model (Fig. 7d). The first tephra layer (3.055 mcd) is characterised
by a heterogeneous, ~5-6-cm-thick, and irregular coarse ash layer con-
taining abundant microcrystal-rich, high-vesicular micropumices with
a phonolitic composition (Fig. 8). It has been geochemically correlated
with the Cape Riva/Y2 eruption of Santorini, Greece and therefore
dated to 22 ka cal. BP (Fenn et al., 2021; Fig. 8a, b). The observation of
the Y2 tephra agrees with previous findings in the lake and supports
the lithological correlation to the composite core IZN09/LC2&LC3
(Roeser et al., 2012). However, the Holocene Avellino tephra of the
Somma-Vesuvius/Italy layer (3945 + 10 cal. year BP; Sevink et al.,
2011) has not been observed in the northern Core IZN21-IV, contrary
to previous studies that have identified it in the lake (Gastineau et al.,
2023; Roeser et al., 2012).

A second Pleistocene tephra layer found at 5.49 mcd in Core IZN21-IV
is also defined by a heterogeneous, ~0.2-0.3 cm-thick and coarse ash layer.
However, this layer differs from the uppermost tephra layer, as it contains
abundant microcrystal-rich, high-vesicular micropumices predominantly
of rhyolitic composition (Fig. 8a). It has been geochemically assigned to
the Campanian Ignimbrite eruption/Y5, Italy (De Vivo et al, 2001),
which has been dated to 39.2 ka cal. BP (Fenn et al., 2021; Fig. 8a, c).

However, the ages of organic terrestrial plant macroremains and
bulk sediment raise significant questions because of their differences
and inversions. The preference for bulk ages over terrestrial material
ages is argued because (1) they have a low carbon content and (2) the
presence of the Y5 tephra suggests ages older than 33 ka cal. BP below
5.49 mcd (Fig. 7c and Table 1).

In the final age model, Core IZN21-1V spans ~70 ka BP (Fig. 7d).
Regarding the ages of the HAR, the age model of [ZN21-IV allows for
the assignment of ages to the turquoise HAR, with an estimated hiatus
of ca. 15 ka, from ca. 20 to 4 ka cal. BP (Fig. 7d). This hiatus would explain
the absence of any record of the Avellino tephra layer in this composite
core. Regarding the other HARs in IZN21-1V, the light green HAR
correlates to 22 ka cal. BP, corresponding to a tephra horizon; the dark
green horizon at ~40 ka cal. BP, the orange HAR at ~45 ka cal. BP and a
potential estimation suggest that the magenta HAR could be older
than 70 ka BP (Fig. 7d). However, it is crucial to emphasise that the com-
posite core [ZN09/LC2&LC3, because of its sampling in the lake-central
ridge structure, shows relatively continuous sedimentation, i.e. unaf-
fected by the contourite currents such as the composite core [ZN21-IV
where contourite currents eroded part of the underlying sediment,
which makes it possible to obtain a more accurate age model than
from cores punctuated by hiatuses (e.g. Roeser, 2014, their Fig. 3.1;
Table 2). The abovementioned HAR ages inferred based on the three
sediment cores/composite sections presented in this study are
summarised in Table 2.
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turquoise, light green, dark green and orange HARs, which are displayed in the figure.

5. Discussion

The sedimentation pattern within a basin is driven mainly by the
concept of accommodation space controlled by i) particle input (terres-
trial and endogenic), ii) water level (climate or inlet/outlet variation),
and iii) tectonics (subsidence or uplift). Lake Iznik Basin shows an asym-
metric (palaeo)bathymetry with deeper areas to the south and gener-
ally southwards-dipping layers (Fig. 3c, d). These geometries are
typical of tectonically controlled lakes that form half-graben geometries
in extensional strike-slip basins, such as some subbasins of the Marmara
Sea (Seeber et al., 2010), other lakes such as Lake Van (Cukur et al.,
2017) or the Lake Tahoe Basin (Dingler et al., 2009). In Lake Iznik,
these sedimentary geometries can be explained by significant tectonic
displacement along the MNAF, which formed the southern border of
the lake (Fig. 1b).

5.1. Contourites in Lake Iznik

Contourites are sediments deposited or significantly reworked by
bottom currents, mainly thermohaline- and wind-driven currents, and
are highly variable in both time and space (Rebesco, 2018). Seismic Se-
quences 1V, I, and II exhibit the characteristics of typical contourite

drifts, which accumulated between ~45 and ~10 ka cal. BP. The onset
of this drift-dominated sedimentation pattern occurred after the depo-
sition of seismic Sequence V (orange HAR), which still features a drap-
ing geometry (Fig. 2). The lateral thickness variations in the overlying
drift sequences had a significant impact on the palaeobathymetry of
the lake, which became superimposed with the impact of active faults
(e.g. Oztiirk et al., 2009; Gastineau et al., 2021). Oztiirk et al. (2009)
previously interpreted this sediment shape as syndepositional folding
associated with active faults north and south of the ridge. However,
this explanation of folding is difficult to support in this extensional
geological context.

Contourite systems have been observed in large deep lakes, such as
Lake Superior (Johnson et al., 1980), Lake Malawi (Rosendahl and
Livingstone, 1983), Lake Baikal (Ceramicola et al., 2001), Lake Geneva
(Girardclos et al., 2003), Lago Cardiel (Gilli et al., 2005), and Lake Prespa
(Wagner et al., 2012). These studies interpreted seismic sequence ge-
ometries, similar to those found in Lake Iznik, as drift deposits induced
by lake currents, which were caused by strong winds. All of the previous
studies postulated that a current pattern characterised by a circular gyre
leads to i) higher sedimentation rates in central areas of the lake where
current velocities are low, and ii) moat structures at the edges of the
basin where the sedimentation rate is low or even erosion occurs due
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Fig. 8. The geochemical composition of tephra samples from the core I[ZN21-IV. (a) Total alkali-silica diagram (TAS (Le Maitre et al., 1989)). Sample IZN21-IV-2T best matches the Cape
Riva/Y2 tephra of Santorini, and sample IZN21-IV-3T best matches the Campanian Ignimbrite/Y5 tephra. (b) Geochemical biplot FeO vs CaO of tephra sample IZN21-IV-2T (modified

from Cagatay et al., 2015). The sample best matches the Cape Riva/Y2 tephra of Santorini. (c) Geochemical biplot of SiO2 vs. CaO for tephra sample [ZN21-IV-3T. (Modified from Cagatay
et al,, 2015). The sample best matches the Campanian Ignimbrite/Y5 tephra of Vesuvius.

to the strong currents. Such gyres were already described at the lake
surface during the 2010 summer (Viehberg et al., 2012). Therefore, we
interpret the onset of drift deposition as starting with Sequence IV be-
cause of the enhanced wind stress on the lake surface after ~45 ka cal.

Table 2

BP. The coarser-grained sediments of Unit ‘E’ of Core IZN21-IV support
this interpretation because the finer-grained sediments may have
been removed by the strong current, leaving only the coarser grains in
place (Fig. 7a). Contourite drift deposition in Lake Iznik terminated at

Compilation of the HAR ages retrieved from calibrated radiocarbon ages of the three sediment cores presented in this study (IZN09/LC2&LC3, IZN19_12, and 1ZN21-1V). Ages in bold are
considered less reliable and are therefore not considered in the following discussion.

High-Amplitude Reflections (HARs)

Age (ka cal. BP)

Age (ka cal. BP)

Age (ka cal. BP)

[ZN0O9/LC2&LC3? 1ZN19_12 [ZN21-1V
Turquoise (T) ~10? [>6.5] (hiatus) [4-20] (hiatus)
Light green (LG) 22 (Y2 tephra)? / 22 (Y2 tephra)
Dark green (DG) >31 (40?)° / ~40
Orange (O) / / ~45
Magenta (M) / / >45 (~70)

2 Based on the age model from Roeser et al. (2016).
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the boundary between Sequences II/I (Fig. 2; turquoise HAR at ~10 ka
cal. BP), where erosive features are observed 50 m below the current
lake level, indicating a potential reorganisation of the current pattern.
This change may be attributed to shifts in wind patterns and/or a signif-
icant drop in water level before the mentioned time. Furthermore, these
results could explain the prolonged duration of the hiatus observed in
Core IZN21-1V (Table 2).

5.2. Impact of tectonics on the Iznik Basin

Different highstands have been documented in the Iznik Basin, nota-
bly at ~20, 60, and 110 m a.Ll. (see Section 2.2.1). However, the lake cur-
rently drains westwards with an outlet at an elevation of ~85 m a.s.l,
making it impossible to record such highstands under present condi-
tions. Nevertheless, two primary hypotheses could explain such obser-
vations in the past:

(1) The influence of long-term tectonic processes on palaeoshoreline
formation is debated. Some studies minimise the significance of
surrounding faults and emphasise the role of past high lake levels
in determining palaeoshoreline elevations (e.g. Niimann, 1960;
Oztiirk et al., 2009). In contrast, we propose that tectonic activity
may have impacted relative lake-level changes, notably due to
the subsidence of the Iznik Basin caused by its right-lateral
transtensional structure. This subsidence implies that the
exposed palaeoshorelines were once higher than their current
elevation, which presents a challenge to explain. In contrast,
Yaltirak et al. (2012) reported a mean tectonic uplift rate of
0.3 + 0.05 mm yr~! over the past 200 ka for the southern seg-
ment of the northern branch of the NAF. This uplift may have
also contributed to the creation of these high-elevation
palaeoshorelines. Nevertheless, these palaeoshorelines and
their topographical characteristics suggest that they formed at
some point due to the lake's erosive processes. Consequently,
the chronological ages attributed to these palaeoshorelines
(denoted “terraces” in Benjelloun et al., 2021) correspond to
the period when these sediment surfaces were abandoned due
to decreasing lake levels. However, even considering the uplift
rate estimated by Yaltirak et al. (2012), the highest
palaeoshoreline would have reached an elevation of ~102 m a.s.
1. at 27 ka BP if its implication is subtracted from the modern el-
evation of ~110 m a.s.l. Further research is needed to accomplish
two key objectives: (1) accurately determine the extent of local
uplift caused by the surrounding faults (specifically, the balance
between the normal Giirle and Orhangazi faults in Fig. 1b); and
(2) assess the rate of the outlet's incision and ascertain whether
the observed rise can be adequately explained or whether a hy-
pothetical landslide along the pathway of the current outlet
(Karsak Pass; Fig. 1b) might be necessary to account for the in-
creased elevation, as it is currently at ~85 m a.s.l.

Ikeda et al. (1991) argued that the deposition rate of alluvium de-
rived from the precipitous fault scarp on the southern Orhangazi
Plain was relatively high, and the narrow outlet of the basin was
rapidly buried, causing the lake level to rise. As it occurs today,
the outlet and the connection between the Marmara Sea and
Lake Iznik have been debated for a decade. Different scenarios
have been proposed, postulating the onset of such a westwards
draining from the early Khazarian (middle Pleistocene; ca. 300 ka
BP) to the Holocene (Aktas et al, 2021; Dogan et al.,, 2015;
[slamoglu, 2009; Nazik et al., 2011). For example, Meric et al.
(2018) and Sagular et al. (2018) indicated that Lake Iznik experi-
enced a marine depositional environment characterised by “litto-
ral, estuary, or lagoon environments from late Pleistocene to the
Holocene” based on flora and fauna assemblages found in sedi-
ment cores. It is therefore thought that the hydrological separation
of the Gulf of Gemlik is due to the activity of the fault. Yaltirak et al.

—
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(2012) suggested contrasting potential connections between 380-
420 and 475-575 ka ago but excluded connection possibilities dur-
ing the late Pleistocene-Holocene because of the abovementioned
uplift rate. Based on the recorded elevated water levels in the late
Pleistocene, we contend that Lake Iznik was not a bay within the
Marmara Basin during this period; instead, it functioned as an in-
dependent lacustrine basin since at least the LGM.

We thus suggest that the lake-level variations identified through our
data do not stem solely from tectonic movements. Although tectonic ac-
tivity in this region could contribute to an overall directional trend in
lake levels and explain why high stands are recorded, tectonic activity
alone cannot explain the recurrent cycles of highstands/lowstands,
which have relatively rapid and high variations. These cyclic patterns
must have arisen due to significant precipitation/evaporation budget
variations, such as proposed by Roeser et al. (2016).

5.3. Reconstruction of lake-level fluctuations and implications
for palaeohydrology

To reconstruct the lake-level history of Lake Iznik (Fig. 9a), we com-
bined our interpretations from seismic and sediment-core data with
data from the literature such as pollen, grain size, climate records and
other lake-level studies within the Eastern Mediterranean region. Roeser
et al. (2016) used different proxies to study the relative lake-level fluctu-
ations. For example, they related increased aragonite precipitation to a
low lake level for the Holocene epoch, as explained earlier. In addition,
the coarse silt/clay ratio has also been used as a lake-level proxy, upon en-
suring the absence of event deposits, such as turbidites, in the sedimen-
tary sequence, as their presence could lead to misinterpretations
(Roeser et al., 2016; Fig. 9b). Finer sediments are deposited during periods
of the deeper water column (suspended fine silt and medium-to-coarse
silt), whilst coarser sediments are interpreted to be deposited when lake
level is lower (and hence the shoreline closer to the coring location).

5.3.1. Late Pleistocene (>45 ka BP) (Sequences V and IV)

The top of Sequence VI (magenta HAR) cannot be accurately dated,
but a linear extrapolation of the age model of [ZN21-IV estimates an age
of ~70 ka BP (Table 1 and Fig. 7d). At this VI/V boundary, the lake level
was substantially lower by at least ~60 m, as suggested by the lowest
beach ridge and associated lakeward onlap (Fig. 4a, b). Furthermore,
this lowstand is supported by lakeward-dipping reflections (clinoforms)
indicating prograding delta or shorefaces at similar depths in the underly-
ing Sequence VI (Figs. 2b, d, 4a, b). The angular unconformity at the top of
Sequence VI and its strong and irregular reflection indicate an erosive un-
conformity likely associated with periods of desiccation during drier cli-
matic conditions (Fig. 2). This hypothesis could match the pollen
analyses in the Marmara Sea (Biltekin et al., 2023). During Marine Isotope
Stage (MIS) 5b, from ~82 to 74 ka BP, the pollen flora in the southern Sea
of Marmara indicated relatively cold and dry conditions (Biltekin et al.,
2023). Following this lowstand, a transgressional phase with a highstand
between ~70 ka BP and ~45 ka cal. BP is documented (Sequence V) based
on the observation of the stepwise formation of a series of up to 13 buried
palaeoshorelines (beach ridges) at the boundary between Sequences VI/V
(Fig. 2c; magenta HAR). Additionally, Sequence V exhibits uniform thick-
ness and relatively transparent seismic facies, indicating high lake levels
well beyond the modern shoreline (Gilli et al., 2005; Fig. 2). This finding
is also consistent with pollen records in the Marmara Sea, where a rela-
tively cool climate and significant rainfall were described during MIS-4
(from 70 to 50.2 ka cal. BP) (Biltekin et al., 2023).

5.3.2. Pre-LGM (45 ka cal. BP-22 ka cal. BP) (Sequences IV and III)

From at least the end of MIS-3 (~31 ka cal. BP) to ca. 24 ka cal. BP, we
propose a high lake level based on i) the data from Roeser (2014), who
suggested a high lake level based on a consistent, very fine clayey matrix

(Fig. 9b), ii) the palaeoshoreline S1 dated to 27.0 1% ; ka BP indicating
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Fig. 9. Comparison of (a) a combination of lake-level reconstructions from seismic stratigraphy and literature data; (b) coarse silt-to-clay ratio (black line) of core [ZN09/LC2&LC3 with a
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Lake Iznik) were lacustrine or marine (Filikci et al., 2017; Leroy et al., 2023).

a highstand at ~110 m a.Ll at that time and iii) a cool climate with some
humidity described from pollen in the Marmara Sea for the second part
of MIS-3 (45-30 ka cal. BP) and the earliest MIS-2 (30-27.5 ka cal. BP)
(Biltekin et al., 2023).

In addition, Lake Van in Eastern Anatolia, Turkey, shows evidence of
a subsequent and coincident transgressional and high lake-level phase
between 48 and 29 ka cal. BP (Kuzucuoglu et al., 2010). Furthermore,
the high palaeoshoreline, occurring at approximately 26-24.5 ka cal.
BP, resembles the terrace in Lake Van, coincidentally reaching 110 m
above its present lake level (Cukur et al., 2014). This suggests that
both lake levels remained relatively high for an extended period. A
lake-level highstand also occurred between 27.2 and 24.6 ka cal. BP in
the Konya Basin in south-central Turkey, reflecting consistent climate
patterns (Roberts et al., 1999). Collectively, this evidence indicates
that the highest lake levels in the eastern Mediterranean region were
reached between 27 and 24 ka cal. BP (e.g. Tzedakis, 2007). However,
Lake Hazar in Eastern Anatolia, Turkey, presented a lowstand during
the MIS-2 (29-23 ka cal. BP) (Eris et al., 2019). This could be explained
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by differences in latitude, which significantly affect the precipitation/
evaporation balance in Anatolian lakes.

Although it appears to be a climate-driven phenomenon, the high
lake level in Lake Iznik during this period contradicts the fact that the
Sea of Marmara was also a lake at the same time. This discrepancy arises
from the interruption of the water connection between the Mediterra-
nean and Marmara seas due to a global decrease in sea level (Filikci
et al., 2017; Leroy et al., 2023; Fig. 9e). In the open system of Lake
Iznik, this divergence suggested that an obstruction, such as a landslide
in the Karsak Pass, may have blocked or at least diminished the water
flow causing the water level in Lake Iznik to rise. Further research
should explore this aspect in more detail.

5.3.3. The LGM (20 + 2 ka cal. BP) (light-green HAR)

In the region of Uludag Mountain in NW Turkey (ca. 45 km SW of
Lake Iznik), the LGM has been dated to 20.3 + 1.5 ka BP (Zahno et al.,
2010) using surface exposure dating applied to glacially transported
boulders, ice-moulded bedrock, and unaffected bedrock outcrops. This
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age corresponds to the time of the deposition at the base of Sequence II.
We previously showed that from the onset of Sequence IV to the end of
Sequence II, sedimentation in Lake Iznik was predominantly influ-
enced by contourite drifts, posing challenges in interpreting seismic
geometries and lithologies in Core IZN21-1V in terms of palaeolake
levels. Nonetheless, north of this area, the base of Sequence II (light
green HAR - 22 ka cal. BP) exhibits an erosive discordance ~20 m
below the modern lake level, truncating Sequences III, V, and VI. This
observation suggests a rapid decrease in lake level during the LGM, con-
sistent with (1) the palaeoshoreline S2 at ~60 m a.Ll., which has an

abandonment age of 19.6'77, ka BP, and then (2) the beach rocks
dated at 20.285 + 2.067 ka (Erginal et al., 2012), suggesting that during
this period, the lake maintained a level similar to that of today (ca. 85 m
a.s.l.). Additional tectonic data would allow us to quantify the impact of
tectonics on the altitude of this palaeoshoreline. The analysis of pollen
assemblages from the Lake Iznik watershed during the LGM also re-
vealed minimal vegetation productivity, implying low precipitation
(Miebach et al., 2016), which was supported by the lower sedimenta-
tion rate during this period. Collectively, these observations point to a
decrease in lake level during the LGM. Furthermore, Oztiirk et al.
(2009) interpret fossil lake terraces north and south of Lake Iznik as in-
dicators of past low lake levels during the LGM, although dating of these
terraces was lacking.

On the other hand, interpretations of the composite core IZN09/
LC2&LC3 vary. Initially, lithic pebbles and shell fragments were
interpreted as indicative of a high-energy environment, suggesting a
low lake level during the LGM (Roeser et al., 2012). Subsequent data,
particularly grain-size data, later support the presence of a deep-water
pelagic system—potentially ice-covered—during the LGM. A lake-level
drop is proposed to have occurred only after the LGM, around ~18 ka
cal. BP (Fig. 9b, c; Roeser et al., 2016). In this scenario, the lithic frag-
ments would be considered as dropstones or till. Yet, the presence of
Dreissena sp. fragments of a fining-upwards size during the LGM chal-
lenges the hypothesis of a deep-water column, as these fragments gen-
erally need energy to be fragmented, and their size, which tend to be
finer towards the top, could indicate that the sediments have been
reworked. Despite differing interpretations, our findings align with
those of Roeser et al. (2016) in demonstrating a decrease in lake level
during the LGM. It is important to note that even if the lake level de-
creased, the water column remained deep enough to explain the pres-
ence of very fine clay matrix sediments in the core IZN09/LC2&LC3
location. In the Gulf of Gemlik (formerly Gemlik Lake, Fig. 9e), a seismic
and bathymetric investigation indicated signs of lowstand predating 18
ka cal. BP, implying a dry regional climate during the LGM (Eris et al.,
2019).

After 24 ka cal. BP, there was a predominant trend of decreasing lake
levels in the Mediterranean region (Tzedakis, 2007), as in central Anato-
lia, the Konya LGM mega-lake disappeared ca. 20.5 ka cal. BP (Fontugne
et al.,, 1999). However, some lakes exhibit contrasting patterns: for ex-
ample, in eastern Turkey, Lake Van experienced a highstand >70 m
above its present level during the LGM, and a decrease in lake level
was observed only from ca. 20 to 15 ka cal. BP (Fig. 9d) (Landmann
et al, 1996; Stockhecke et al., 2014; Fig. 9d). Similarly, Lake Tuz,
which is situated in Central Anatolia, experienced a lake level that was
>15 m higher than the current level at 20-17 ka cal. BP (Kashima,
2002). This trend was mirrored by Lake Lisan (Dead Sea Basin), which
also exhibited high lake levels during the LGM (Bartov et al., 2002).
These observations, however, do not contradict the low lake level in
Lake Iznik. Instead, they are attributed to the antiphase relationship be-
tween Eastern Anatolia and the Levant, which diverged from the North
Atlantic-controlled climate during the LGM (Kushnir and Stein, 2010;
Tzedakis, 2007).

5.3.4. Post-LGM to early Holocene (18 ka cal. BP-10 ka cal. BP) (Sequence II)
During the deglaciation, the lake level was likely still low. In the
sediment core IZN09/LC2&LC3, the abrupt emergence of aragonite at
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approximately 18 ka cal. BP (Fig. 9) aligns with the decrease in the In
(Mn/Fe) ratio from the light-green to turquoise HARs in Core IZN21-1V
(Fig. 7). This shift suggested a geochemical response to rapid water col-
umn mixing over shorter intervals (Roeser, 2014). Both findings corre-
spond with the decrease in lake level from ~22 to 16.5 ka cal. BP,
followed by a subsequent increase in lake level from ~16.5 to 14.7 cal.
BP (Roeser, 2014).

This rising trend was then followed by a drop in lake level as shown
by a sudden increase in aragonite content and by the relatively coarser
grain sizes (Fig. 9c, Roeser, 2014). This coincides with the beach rocks
dated to 15 and 9 ka BP suggesting a rise in lake level (Oztiirk et al.,
2016). In Lake Van, a drastic lake-level lowstand at ca. 18 ka BP
(Landmann et al., 1996; Stockhecke et al., 2014), also documented in
the Konya Basin (Roberts, 1983), was followed by a lake-level increase
at ca. 15 ka cal. BP, illustrating this period of rapid and brief changes
(Fig. 9d). This observation aligns with our findings, suggesting that
Lake Iznik did not experience a drastic drop, as no erosive features are
observed in the seismic data. Instead, it points to a decreasing water col-
umn, similar to the observations in Lake Lisan from ~25 to 10 ka cal. BP
(Torfstein et al., 2013).

5.3.5. Early Holocene to the present (<10 ka cal. BP) (Sequence I)

The onset of Sequence I (turquoise HAR) at ~10 ka cal. BP exhibited
erosive characteristics spanning the entire basin. This sequence corre-
sponds to a time when the lake level was significantly lower, ~50 m
below the current level (Fig. 10). A few examples are shown in Fig. 10.
First, two erosive unconformities between the turquoise HAR and
the underlying seismic sequence are observed at ~66 and ~73 ms
(~50 and ~55 m below the modern lake level) (Fig. 10a, b). Other
features can also illustrate a palaeolowstand, such as the palaeodelta
at a depth of ~73 ms (~55 m) in the southwestern part of the lake,
likely a palaeodelta of the Koca River (Fig. 10c). A palaeoshoreline
(beach ridge) in the eastern part of the lake at ~65 ms (~49 m)
(Fig. 10d) shows that the lake was at that level for at least a few
decades.

The lowstand seems to align with the period ranging from approxi-
mately 14-9 ka cal. BP that has been documented in a previous study
as being associated with an increase in the aragonite content in the
sediment, which is also in agreement with the TOC/N and grain-size
data from sediment core [ZN0O9/LC2&LC3 (Fig. 9c; Roeser et al., 2016).
Moreover, this interval corresponds closely to the hiatus observed in
three long sediment cores (IZN21-1, [ZN21-II, and 1ZN21-III) extracted
from the Iznik Fault location (Duarte et al., 2023). The hiatus spans
from ca. 10.2 to ca. 8.6 ka cal. BP at similar water depths (Fig. 9a).
Additionally, core IZN19_12 exhibited fine-grained lacustrine sedimen-
tation at 6.5 ka cal. BP, consistent with an increasing lake level prior to
that age (Figs. 6, 9). The Mediterranean and Black Sea reconnection,
dated precisely at 9 ka cal. BP (e.g., Soulet et al., 2011), may have led
to increased moisture in the climate system, as hypothesised by
Roeser (2014), possibly contributing to a rise in the level of Lake Iznik.
This also supports our interpretation of changes in internal lake currents
(see Section 5.1). Between ~14 and 9 ka cal BP, the Lake Iznik basin was
likely unattractive for habitation due to low lake levels, relatively more
saline water, and steep marginal lake slopes (Roeser, 2014). After 9 ka
cal. BP, the lake level increased, and beachrocks formed between 7.9
and 5.6 ka BP, indicating that the lake level elevation was similar to
that recorded today (Fig. 9a; Oztiirk et al., 2016). Indeed, Lake Iznik
seems to have reached its modern level at 6.5 ka cal. BP (Roeser, 2014;
Oztiirk et al., 2016; Benjelloun et al., 2021; Fig. 9). In particular, the
initial settlements in the Iznik Basin emerged shortly after the lake's
water level began to rise in the Middle Holocene. There is no evidence
of a significant decrease in lake level following the last one highlighted
by the turquoise HAR. However, several markers demonstrate ongoing
fluctuations in the lake's water level, as documented by a previous
palaeoenvironmental study (Ulgen et al., 2012) and the submerged
Basilica discovered in 2014 at a depth of 2 m (Sahin, 2014). This basilica
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Fig. 10. Map showing a collection of the lowstand indicators (white dots) from the early Holocene epoch (turquoise HAR, ~10 ka cal. BP). Subfigures (a, b, ¢, d) are magnified images of
different examples. Ve denotes “vertical exaggeration”. (a, b) E-W seismic sections showing the erosive unconformity between the turquoise HAR and the underlying seismic sequence
at~66 and ~73 ms (~50 and ~55 m), respectively. (c) The N-S section shows a palaeodelta at a depth of ~73 ms (~55 m). (d) Indication of a palaeoshoreline (beach ridge) in the eastern part
of the lake at ~65 ms (~49 m). The dashed turquoise line indicates the potential palaeolake level during this lowstand.

implies that the lake level was lowered by at least 2 m during its con-
struction, followed by an increase that submerged it. In 2023, this basil-
ica was almost entirely visible above the waterline (Fig. 1c). However,
discerning between human causes and climatic impacts in the recent
time frames is challenging.

6. Summary and conclusions

In conclusion, our comprehensive analysis of the palaeohydrological
history of Lake Iznik provides valuable insights into the complex inter-
play of climatic, tectonic, and environmental factors that shaped the
evolution of this lake basin and contributes to our understanding of
the region's geological and environmental dynamics. The following
key findings and their broader implications emerge:

(1) Identification of contourite drifts. The recognition of contourite
drifts in the lake sediment points to past strong currents, shed-
ding light on the dynamic nature of the lake's depositional pat-
terns between ~45 and ~10 ka cal. BP. This insight, reflecting
increased wind-stress on the lake surface during that time, has
broader implications for understanding regional wind conditions
during this timeframe.
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(2) Tectonic processes and basin evolution. This study underscores

~

the influence of tectonic processes, particularly the right-lateral
transtensional structure of the Iznik Basin, which emerges as an
important driver of the palaeoshoreline’s location. The discussion
of subsidence, uplift rates and fault activity enriches our under-
standing of the geological context of the basin whilst highlighting
the need for further research. Tectonic activity certainly im-
pacted the subsidence of the basin and the uplift of its northern
margin, which requires further quantification. In addition, seis-
mic activity may have affected the lake's unique and narrow out-
let and potential inlets.

Lake-level fluctuations and climate sensitivity. The reconstruc-
tion of lake-level fluctuations from the late Pleistocene to the
present day has revealed distinct phases of high- and lowstands.
Remarkable periods, such as the LGM and the early Holocene,
demonstrate the sensitivity of Lake Iznik to regional and global
climate change. For example, from ca. 14 to ca. 10 ka cal. BP, a
major lowstand ~50 m below the present-day lake level, indi-
cates a drier climate. Since then, the rapid increase in lake level
matches the reconnection event with the Mediterranean and
Black Seas, likely due to increased moisture in the climate sys-
tem, further underlining the dynamic nature of this lake system.
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(4) Archaeological evidence and human-environment interactions.
The archaeological evidence, including submerged structures
such as the basilica and the fact that the initial settlements in
the Iznik Basin emerged shortly after the lake's water level
began to rise in the middle Holocene, provides a convincing link
between environmental change and human settlement, high-
lighting the interconnectedness of natural processes and societal
developments.

In conclusion, our results and data review contribute to a better
understanding of palaeoenvironments and climate dynamics in the
western Mediterranean region during the last 70 ka.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2024.106620.
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