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1.  Introduction 
Peatlands cover only 3% of the world but contain more 
carbon than the entire forest biomass of the world (Joosten 
and Clake, 2002). Hence, they are very special ecosystems 
for their ability to regulate the climate by storing up 
carbon. They are also important for water purification, 
flood control, provision of habitat for biodiversity, and for 
their use as an energy source. 

Peatlands are relatively rare in Turkey, with 18 small 
peatlands covering a total area of 220 km2 (Çolak and 
Günay, 2011; Tanneberger et al., 2017). So far, detailed 
studies are lacking on sedimentological, hydrological 
and geochemical evolution of these interesting wetlands 
in the country. As an initial effort to partially fulfill this 
gap, we studied sedimentary evolution of the peatland in 
Danamandıra area of Çatalca Peninsula, located north of 
the Sea of Marmara (Figure 1). Herewith, we analyzed 
the  morphology and peat-bearing sedimentary infill of 

the South Danamandıra Lake (SDL), using bathymetric 
mapping and subsurface imaging by ground penetrating 
radar (GPR), GIS-based morphological analysis, and 
physical, geochemical and radiocarbon dating analyses of 
sediment cores. This study is a part of an interdisciplinary 
project that also involves other studies on palynology 
and chemistry of humic matter composition (Karaöz et 
al., 2020). The present paper aims to provide the basic 
geological and sedimentological background for papers 
which are under preparation within the framework of the 
project. 

The studied Danamandıra peatland (hereafter called 
South Danamandıra Lake, SDL) is an endorheic (terminal) 
freshwater lake, presently without an outflow. The lake is 
colonized mainly by Carex sp., Juncus sp., Phragmites 
sp., and surrounded by an oak forest. It was declared as a 
natural conservation area and a first-grade archaeological 
and cultural site by the Ministry of Culture in 2006. Only a 
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few studies about the SDL have been carried out so far. The 
most important one is the biodiversity study of the wetland, 
including biology, physiography (morphology, climate) 
and hydrology of the North and South Danamandıra 
lakes, by the İstanbul Regional Directorate of Ministry of 
Forestry and Water Works in 2012 (Republic of Türkiye 
Ministry of Forestry and Water Affairs, 2012).  Albayrak 
and Özuluğ (2016) performed a taxonomic study of 
benthic macroinvertebrates and physicochemical analysis 
of the lake water, while Sevindik et al. (2015) studied 
freshwater algal flora of the SDL. Other studies focused 
on seasonal characterization of groundwater properties 
in Danamandira Village (Acar et al., 2017) and GIS-based 
digital elevation modeling of the 4th–5th Century AD 
aqueduct system in the area, which supplied water to the 
city of Constantinopolis (İstanbul) during the Byzantine 
times (Ruggeri, 2018; Crapper, 2020). 

2. Materials and methods
2.1. Physiographic and geological setting 
The SDL is located ca. 70 km west of İstanbul in 
Çatalca Peninsula (41°17’44.99’’N/28°12’55.09’’E–
41°18’02.23’’N/28°13’19.41’’E) (Figure 1). Another 
smaller lake, called the North Danamandıra Lake (NDL), 

is located ca. 1.5 km NW of the SDL. The SDL is a small 
peat-bearing pond with a surface area of 0.295 km2. It is 
elongated in a NE-SW direction, with a maximum length 
of 1134 m, a width of 410 m, and a maximum depth of 
1.3 m (Sevindik et al., 2015) (Figure 2). The NDL is a ca. 
0.5 m-deep shallow wetland at ca. 200 masl, and covers a 
surface area of 0.185 km2.  

The Danamandıra area is situated in the southern 
part of the Black Sea drainage basin, close to the drainage 
divide separating the Black Sea and Sea of Marmara 
drainage basins. The drainage system around the lakes is 
a part of a larger network emptying in the Durusu Lake 
(previously a lagoon) on the Black Sea coast (Republic 
of Türkiye Ministry of Forestry and Water Affairs, 2012). 
The network consists of Mandıra Stream and its tributary 
Süpürge Stream, which are located ca. 400 m east and 150–
200 m south and southeast of the lake, respectively. An 
artificial channel connects the two lakes and transfers the 
surplus waters of the NDL to the SDL during periods of 
high precipitation. This study focuses on the much larger 
SDL (Figure 1).

The SDL basin is a small depression with a submerged 
lake area of 0.295 km2 and drainage area of 0.656 km2 

(Republic of Türkiye Ministry of Forestry and Water 

Figure 1. Digital Elevation Model (Copernicus Land Monitoring Service, 2020) of the Danamandıra and surrounding area in the 
Çatalca Peninsula, in NW Turkey, showing the location of Danamandıra (in red frame). Drainage network from EU hydro river network 
database (EU Copernicus Land Monitoring Service, 2020), which is superimposed on the geology map from Yurtseven and Çağlayan 
(2002). The drainage network includes Mandıra Stream (Mandıra S.) and Süpürge Stream (Süpürge S.).

¯Black Sea

Marmara Sea

Danamandıra Lake Lake Durusu
Legend

Cretaceous
Quaternary

Oligocene

Middle-Upper Miocene

Paleozoic

Pliocene

Late Eocene-Early Oligocene

Late Cretaceous

Late Miocene

Late Miocene- Late Pliocene

Late Oligocene

River_Net_l

Coastal_p

Inland Water

Çatalca

Büyükçekmece Lake

Süpürge S.

Mandıra S.



MAKAROĞLU et al. / Turkish J Earth Sci

412

A4 A4’

B2 B2’

B1 B1’

Danamandıra Pond

B4 B4’

Lake 
Danamandıra

Lake 
Danamandıra

Lake 
Danamandıra

Lake
Danamandıra

Lake
Danamandıra

Lake
Danamandıra

A1 A1’190 -

180 -

170 -

0.5 1.0 1.5 2.0 

(m.asl)

A2 A2’190 -

180 -

170 -

0.5 1.0 1.5 2.0 

(m.asl)

190 -

180 -

170 -

(m.asl)

190 -

180 -

170 -

(m.asl) 0.5 1.0 1.5 2.0 

0.5 1.0 1.5 2.0 
Profile Length (km)

190 -

180 -

170 -

(m.asl)

0.5 1.0 1.5 2.0 

0.5 1.0 1.5 2.0 

190 -

180 -

170 -

(m.asl)

0.5 1.0 1.5 2.0 

0.5 1.0 1.5 2.0 
Profile Length (km)

190 -

180 -

170 -

(m.asl)

190 -

180 -

170 -

(m.asl)

A3 A3’ B3 B3’

AA11

BB33

BB33’’

  LLaakkee  DDaannaammaannddıırraa  

  YYaayyllaaccııkk  

  GGüümmüüşşppıınnaarr  

  YYaallııkkööyy  

  SSaayyaallaarr  

AA22
AA33

AA44 AA55

AA11''
AA22''

AA33''
AA44''

AA55''

BB22
BB11

BB44
BB55

BB22''BB11'' BB44’’ BB55’’

Black Sea

Figure 2.   Digitized elevation map and topographic profiles across South Danamandıra Lake and surrounding area, 
constructed using ASTER satellite imaging (US/Japan ASTER Science Team 2019).
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Affairs, 2012). The present lake level stands at 175.5 ± 5.4 
masl and the annual lake level variation is ± 0.3 m. The 
land around the SDL depression has elevations of 2 to 18 
m above the lake level. It is connected by artificial canals 
to the NDL in the north and the Süpürge Stream in the 
south. The latter canal is presently closed and the lake is a 
terminal (closed) lake. However, the canal was used during 
1990–1995 to completely drain the lake and extract more 
than 100 truck-loads peat for use as fertilizer. Moreover, 
the lake might have been in an open mode during the 
Holocene pluvial periods with its waters outflowing into 
the Süpürge Stream over a 2–3-m high natural sill located 
in the artificial canal’s location in the southwest (Figure 2). 
The lake is essentially a freshwater lake with a TDS of 185 
mg/L, electrical conductivity (EC) of 168 μS/cm, pH of 
7.45 and water clarity (WC) of 4.29 FAU. It contains 17.9 
mg/L Ca2+, 20.9 mg/L Mg2+, 15.2 mg/L SO₄²– and 36.86 
mg/L Cl. 

The Çatalca Peninsula lies mainly within the supra-
Mediterranean  vegetation belt, with the Euxinian hilly 
belt to its NW in the Istranca Mountains (Quézel and 
Médail, 2003). The SDL is surrounded by an oak forest 
mainly dominated by Quercus frainetto Ten. In this forest 
vegetation, the other main tree species are Castanea 
sativa Mill., Carpinus orientalis Mill., Tilia tomentosa 
Moench, Ostrya carpinifolia Scop., Populus tremula L. and 
Pterocarya fraxinifolia (Lam.) Spach. Also, some meadow 
grasses (Poaceae) and a small amount of black moss are 
present in the coastal area of the lake where the forest has 
been cleared. The SDL is a eutrophic water body, colonized 
completely by Phragmites sp., Carex sp., Juncus sp. Iris 
sp. and Nymphea sp. The water body also contains some 
phytoplankton and zooplankton taxa (Republic of Türkiye 
Ministry of Forestry and Water Affairs, 2012).   The area 
around the lake is presently a farmland with large water 
buffalo and bird populations.

The Çatalca Peninsula is located in a transition area 
between   the Black Sea and Mediterranean climates. The 
Black Sea climate is observed in the northern parts and 
the Mediterranean climate in the southern parts of the 
peninsula. The average annual temperature is 13.7 °C. 
August is the hottest month with 25.4 °C, and February 
is the coldest month with 2.8 °C. The average annual 
precipitation is 563 mm, with the main precipitation 
occurring as snow and rain during the winter and spring 
(Doğan, 2011). 

The SDL sits over the Middle-Upper Miocene Ergene 
Formation, which consists of 10 m to 400 m-thick, white 
to yellowish-white, crossbedded fluvial sandstone and 
conglomerate with local interbeds of claystone (Yurtseven 
and Çağlayan, 2002) (Figure 1). This formation overlies a 
regional unconformity, which is developed by widespread 
erosion of the Çatalca Peninsula during the Late Oligocene 

to Late Miocene, following an uplift event starting in the 
Early Oligocene (Yılmaz et al., 2009; Okay et al., 2019). In the 
local area of the lake, the lithology of the Ergene Formation 
consists of loosely cemented, well sorted, medium- to fine-
grained sandstone with silt and clay intercalations. Further 
north of the Lake Danamandıra, outcrops of yellowish 
brown loosely cemented conglomerate, coarse sandstone 
and claystone of the Pliocene Trakya Formation and reefal 
limestone of the Middle-Upper Eocene Soğucak Formation 
are present. However, the lake is not affected by any clastic 
input from these two formations. Carbonate-free, acidic, 
brown forest soil is the main soil type in the area (Republic 
of Türkiye Ministry of Forestry and Water Affairs, 2012). 
2.2. Ground penetrating radar (GPR)
Ground penetrating radar (GPR) is widely used to probe 
the shallow subsurface in a broad range of applications in 
various shallow freshwater environmental settings (Neal, 
2004; Butler, 2009; Sambuelli and Bava, 2012). In the SDL, 
a GPR survey was conducted for bathymetric mapping 
and determination of shallow stratigraphic architecture. 
Data were acquired using the GSSI SIR 3000 GPR System 
of Geophysical Measurements Laboratory at İstanbul 
University-Cerrahpaşa, which was equipped with a 200-
Mhz antenna fixed on the flat base of an inflatable boat. 
Data along a total 44 profiles measuring 3891 m were 
collected. All radar reflections within the 180 ns (twt) time 
window were recorded in the field as 16-bit dynamic range 
and 512 samples per radar scan. Data processing was done 
by using GPRSlice V7.0 (Goodman, 2010). Basic data 
processing as postprocessing pulse regaining was applied 
to visualize the raw radar pulses and reflections at deeper 
depths. A band pass filter was applied on radargram to 
remove undesired frequencies. To remove the background 
noise, the average pulse (trace) was calculated along each 
transect, and then subtracted from the recorded pulses 
along each radargram. Additionally, during the survey, the 
water temperature was recorded periodically. Using the 
analysis of the 44 radargrams, the water depth levels were 
determined and a bathymetry map was generated (Figure 
3a). The thickness and approximate volume of the peat 
in the lake were also determined, using ArcGIS software 
(Figure 3b). 
2.3. Coring and sampling
Coring sites were selected using the GPR bathymetry and 
subsurface data. A total of 10 cores with a maximum length 
of 1.52 cm were recovered over a floating platform (4 × 4 
m) using a hammer corer. Five representative cores (Kn, 
Km, Kl, Kj, and K14), located along a NEE-SSW transect 
parallel to the length of the lake,  were used for various 
analyses (Figure 3a; Table 1). The cores were cut into 1-m 
sections in the field, and then transported to the core 
storage repository of the Eastern Mediterranean Centre 
for Oceanography and Limnology (EMCOL) of İstanbul 
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Technical University (İTU). They were stored at 4 °C in 
a cold room until sampling. The cores were split into two 
halves: one half was used for lithological description and 
mineral magnetic, geochemical, and radiocarbon dating 
analyses, while the other (archive) half was used for the 
nondestructive µ-X-ray fluorescence (XRF)  elemental 
and physical property (multisensor core logger, MSCL) 
analyses. 
2.4. AMS radiocarbon dating and age modeling
Radiocarbon dating measurements were made on total 
organic carbon of four samples from core Kn after 
acidification by accelerator mass spectrometry (AMS) 

at TÜBİTAK Marmara Research Centre (Table 2). The 
AMS radiocarbon ages were calibrated to calendar years 
using the OxCal 4.2  program (https://c14.arch.ox.ac.uk/
oxcal.html; Bronk Ramsey and Lee, 2013). No reservoir 
correction was applied, assuming that there is no hard-
water effect and that organic carbon in the samples are 
mainly of land-plant origin (for discussion, see subsection 
4.1).  The radiocarbon ages were used for the construction 
of age-depth model of core Kn with the R-studio and the 
script “CLAM” (Blaauw, 2010). The script creates a non-
Bayesian, cubic spline age-depth model, and calculates 95 
% Gaussian confidence interval around the best model.

Figure 3.  a) Bathymetry map of SDL, showing the location of studied cores K14, Kj, Kl, Kn, and Km which are used for various 
analyses (red dots), b) Sediment thickness map of the SDL. 

Table 1. Location, length and stratigraphic information of cores used for the various analyses in this study.

Core
number

Location
Latitude/longitude Core length (cm) Peat unit thickness (cm) Sand-silt-clay

unit thickness (cm)

Kl  41°18’1.67”N
28°13’16.89”E  138.5 112 26.5

Kn 41°17’59.67”N 
28°13’14.89”E 167 113 54

Kj 41°17’58.53”N
28°13’13.84”E 165 118 47

Km 41°17’52.61”N 
28°13’6.73”E  194 146 48

K14 41°17’40.70”N 
28°12’58.43”E  67 23  44

https://c14.arch.ox.ac.uk/oxcal.html
https://c14.arch.ox.ac.uk/oxcal.html
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2.5. µ-XRF elemental analysis
An ITRAX µ-XRF (X-ray fluorescence) core scanner 
equipped with XRF-EDS at the Core Analysis Laboratory 
of EMCOL was used for multielement analysis of cores 
Km and Kn at 0.5-mm resolution (Croudace et al. 2006; 
Thomson et al. 2006). A fine-focus Mo X-ray tube was used 
as the source. The X-ray generator was operated at 30 kV 
and 50 mA, and a counting time of 10 s was applied. The 
relative elemental abundances were recorded as counts per 
second (cps).
2.6. Geotek multisensor core logger (MSCL) physical 
properties analyses
Physical properties, including magnetic susceptibility 
(MS) and gamma density, were measured in five cores 
(Kj, Km, Kn, Kl and K14) at 2-cm resolution according 
to the standard procedures, using a Geotek multisensor 
core logger (MSCL) at the Core Analysis Laboratory of 
EMCOL (Weaver and Schultheis, 1990).
2.7. Environmental magnetism
Environmental magnetism is an efficient approach to 
investigate environmental conditions during deposition 
and diagenesis. It is based mainly on the redox changes of 
Fe2+ or Fe3+ ions hosted in iron oxides, iron oxyhydroxides, 
iron sulfides, or in carbonate crystal lattices (Liu et 
al., 2012). Magnetic susceptibility (κLF), anhysteretic 
remanent magnetisation (ARM), and isothermal 
remanent magnetization (IRM) were measured to explore 
the processes of formation, transportation, deposition, 
and postdepositional alterations of magnetic minerals. 
A total of 578 subsamples from ten cores were taken 
continuously along the cores into 6.0 cm3 plastic boxes. 
κLF, ARM, and IRM measurements were performed using 
Bartington MS2B, LDA5 Molspin AF demagnetizer and 
Molspin pulse magnetizer, respectively. IRM was imparted 
using a static peak field of 1 T and a reverse field of 300 
mT (IRM-300mT) to obtain Saturation IRM (SIRM) and 
IRM-300mT, respectively. S-ratio was calculated by formula: 
S-ratio = 0.5 × (1-(IRM-300/SIRM)) (Bloemendal et al, 
1992). All enviromagnetic measurements were made 
in Yılmaz İspir Paleomagnetism Laboratory of İstanbul 
University-Cerrahpaşa. These magnetic parameters are 
widely used for discrimination of magnetic minerology, 

lithological correlation between the sediment cores, and 
paleoenvironmental reconstuctions in lake and marine 
basins (Makaroğlu et al., 2018; 2020). S-ratio is used to 
discriminate the magnetic mineralogy; it varies between 
1 and 0, depending on the predominace of low coercivity 
minerals (e.g., magnetite) and high coercivity minerals 
(e.g., hematite), respectively. κLF is roughly proportional 
to the concentration of ferrimagnetic and paramagnetic 
minerals in the samples. SIRM reflects magnetic mineral 
concentration if the magnetic grain size and mineralogy 
remain relatively constant (Liu et al., 2012). ARM and 
SIRM are interpreted principally in terms of variations in 
the overall concentration of ferrimagnetic minerals, but 
ARM also reflects changes in grain size distribution and 
the relative amounts of different ferrimagnetic minerals 
(Thompson and Oldfield, 1986). In this study, we used κLF 
mainly for core crosscorrelations, and ARM, SIRM and 
S-ratio for discriminating between the peat layers and 
the underlying sedimentary unit, and for investigating 
temporal paleoenvironmental changes in the lake.

3.  Results
3.1. Bathymetry, morphology and sediment thickness 
and volume
The bathymetry map, constructed from GPR data, shows 
that the maximum water depth of 1.3 m is located in the 
central part of the lake (Figure 3a).  The water depth gets 
shallower and reaches 60 cm near the coasts (at least up to 
the limit of the GPR transects). 

Stratigraphic interpretation of the GPR data was 
based on the characteristics of the reflectors, as shown 
by interpretation of a sample radargram in Figure 4. The 
stratigraphic units defined in the radargrams were further 
verified by correlation with lithostratigraphic units in the 
cores. The results indicate that the lake is characterized by 
parallel-layered reflections with a sharp boundary between 
an upper peat unit and the underlying clastic unit (see 
subsection 3.2 for lithological descriptions of the cores). 

The peat unit has a relatively low GPR reflectivity, 
with locally visible internal sedimentary bedding.  Using 
the reflection characteristics and correlation with cores, 
the thickness of the peat unit was determined along each 

Tablo 2. Radiocarbon dating results of samples from core Kn recovered in the SDL.

Laboratory number Core depth 
(cm) δ13C(‰) Radiocarbon age 

(BP)
Calibrated year 
BP

TÜBİTAK-0384 30 –26.4 ± 2.0 4816 ± 43 5625 ± 89
TÜBİTAK-0385 72 –27.0 ± 1.7 5580 ± 41 6435 ± 71
TÜBİTAK-0309 117 –27.3 ± 0.8 7508 ± 36 8410 ± 55
TÜBİTAK-0310 122 –29.7 ± 0.7 7808 ± 36 8755 ± 99
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radargram, and used to construct an isopach map by 
utilizing ArcGIS Spatial Analyst Tool (Figure 3b). The 
isopach map shows that the peat thickness reaches up to 
1.84 m in the lake. Greater than 1.20 m peat unit thickness 
is observed in a relatively large area in the north and in 
small patches in the south and northeast of the lake. The 
average peat volume is calculated as 231,896.02 m3, using 
ArcGIS Spatial analyst tool/ Volume 3D analyst. 
3.2. Sedimentology 
In the SDL cores, two lithostratigraphic units are present; 
an upper peat unit and a lower sand-silt-clay unit. The 
thickness of the upper peat unit ranges from 10 cm to 161 
cm, and the thickest layer was observed in the central, 
western and eastern parts of the lake. It is relatively thin 
near the northern and southern coasts of the lake.  In its 
upper parts, the unit consists of dark brown, very dark 
brown to black and locally reddish brown, slimey (watery) 
organic-rich mud with plant fragments (Figure 5).  In some 
cores such as Kl, the upper part of the unit contains one or 
more, a few centimeters thick, light colored silty clay-rich 
interbeds. In its lower parts, the peat unit shows transition 
to very dark brown banded organic-rich mud (peat) with 
lesser water content. The intercalation of clay-silt-rich and 
relatively organic-poor beds are especially common in 
cores recovered from near the southern coastal areas.  

The boundary between the peat unit and the underlying 
siliciclastic sand-silt-clay unit tends to be transitional. The 
transitional character is shown by an upward increase in 
organic carbon content and  darkness of the grey color 

in the upper part of the siliciclastic unit. The sand-silt-
clay unit shows different vertical lithological changes in 
different parts of the lake. For instance, in the core Km 
recovered from the central part of the lake, a 10-cm-thick, 
organic-rich black brown clay at the top shows a gradual 
downward change from a 7 cm-thick dark greyish brown 
mud to a reddish grey silty-clayey mud (Figure 5). In core 
Kn, located in the NE central part, the unit consists of 
8-cm thick, grey sandy silt at the base of the core, 17 cm-
thick light grey, well-sorted, upward coarsening, medium-
grained sand in the middle, and 29 cm-thick dark grey 
to brown, relatively organic-rich, sandy-silty mud on the 
top. In core Kj in the northeastern central part and in core 
Kl in the northeast of the lake, the siliciclastic unit is silty 
clay, and the color changes from dark grey at the top of 
the unit to grey near the base of the cores. In core K14 
from the southern part of the lake, the unit consists of grey 
sandy-silty mud, which shows an upward increase in the 
sand content (Figure 5).  
3.3. Chronostratigraphy,  age-depth model, and 
sedimentation rates
Five selected cores have two sedimentary units: an upper 
peat unit and an underlying fine sand-silt-clay (siliciclastic) 
unit.  The boundary between the two units at 113 cm core 
depth in core Kn is dated at 8100 ± 70 cal year BP (Table 2).   
According to the age-depth model, the top of the core is 
dated at 4250 ± 608 cal year BP (Figure 6a). Sedimentation 
rate in the peat unit reaches the highest values of 0.50–
0.59 mm/year during 5.9–6.4 cal kyr BP interval (Figure 

Figure 4. GPR profiles 14 and 29. 
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6b). The rates decrease significantly upward to 0.15 mm/
year at the core top and downward to 0.04 mm/year in the 
siliciclastic unit at bottom of the core. 
3.4. Physical and magnetic properties 
The MSCL gamma density profiles of the SDL cores are 
shown in Figure 7. The upper peat unit is characterized 
by low gamma density (1.60–1.85 g/cc), whereas the 
underlying siliciclastic (sand-clay-silt) unit has variable 
density values between 1.45 g/cc and 2.3 g/cc. Relatively 
high density values for the lower unit are observed in 
cores Kn and Km (e.g., Kl and Kn). The upper part of the 
peat unit contains some positive excursions in density 
in cores Kl, Kj and K14, which correspond to silty mud 
intercalations. 

Magnetic susceptibility (κLF) values commonly increase 
downward from the peat unit to the siliciclastic unit 
(Figure 7). This increase in κLF is especially pronounced 
at the boundary between the two units in cores Kj, Km, 
Kl and Ke. The SIRM and ARM profiles of the SDL cores 
clearly define the lithological boundary between the peat 
and siliciclastic units, with relatively uniform, low values 

of magnetic parameters in the upper unit, and high and 
relatively variable values in the lower unit (Figure 8). SIRM 
profile in the peat unit in core Kn shows some positive 
excursions in the upper part of the unit corresponding to 
the clay-silt interbeds. S-ratio values in the siliciclastic unit 
in core Km is also higher and more uniform than that of 
the peat unit.  
3.5. Geochemistry 
The organic carbon content of the peat unit ranges 
between 17 wt%,  and 56 wt%, with an average of 39.5 wt%, 
and an average of the atomic C/N ratio of 15.7 (Karaöz et 
al., 2020). The peat unit and the underlying sand-silt-clay 
unit do not contain any inorganic carbon (i.e. carbonate 
minerals).

K, Ti, Zr, Fe, and Mn are significantly more enriched 
in the sand-silt-clay unit compared with the peat unit, 
whereas µ-XRF Br is relatively higher in the peat unit 
(Figure 9). µ-XRF K, Ti and Zr profiles show some positive 
excursions in the peat unit in the upper 5–20 cm of cores 
Kn and Km (Figure 9). In core Km, µ-XRF Fe shows a 
negative excursion in the interval between 1.62 and 1.68 
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m. In core Kn, µ-XRF K is relatively enriched in the 1.30–
1.55 m interval, while µ-XRF Fe, Ti and Zr are high in 
the upper part of the sand-silt-clay unit and in the basal 
part of the core (Figure 9). The redox-sensitive µ-XRF Mn 
has very low counts in the peat unit, except for a slight 
enrichment in the upper parts.

4.  Discussion 
4.1. Radiocarbon age of the lake
The age-depth model of core Kn indicates an age of 4250 ± 
608 cal year BP for the top of the core (Figure 6). This may 
be due to either hard-water effect (radiocarbon reservoir 
age) or removal of recent sediments (peat). 

Several lines of evidence suggest that there is no hard 
water (i.e. radiocarbon reservoir) effect in the SDL, and 
the calibration of the radiocarbon ages to calendar years 
does not require a reservoir age correction. First, the 
lake’s drainage area is totally situated on the siliciclastic 
Ergene Formation, which does not include any carbonate 
minerals. Similarly, the peat unit is devoid of carbonate 
minerals mainly because of the acidity of its interstitial 
waters (pH: 4.09–6.88 (Karaöz et al., 2020). Second, 
the high average C/N values (average of all cores: 15.7;   
average of core Kn: 16.6; Karaöz et al., 2020) and light δ13C 
values (–29.7 to –26.4 ‱; Table 2) of the organic matter 
in the lake suggest that organic matter is mainly of land 
plant origin (Hedges and Oades, 1997; Goñi et al., 2003) 

(i.e. common reed, Phragmites sp.), and hence, the carbon 
source is almost totally of the atmospheric CO2. Third, 
although the SDL is presently a closed lake, it was most 
likely a small open lake with an outflow over the shallow 
sill in its south during the pluvial periods. The last time 
such an outflow occurred during the year 1990 was by 
human interference, when the lake was emptied through 
the sill. Therefore, we argue that the absence of the 4.25 kyr 
sedimentary record for the core Kn is mainly due to the 
removal of peat from the lake during 1990–1995 (Personal 
communication with residents of the Danamandıra 
Village). In the core sections, we consider that the onset of 
lake sedimentation started with deposition of organic-rich 
silty mud, below the peat unit (see discussion in subsection 
4.2 below). The basal boundary of the first organic-rich 
sandy silt bed in the radiocarbon-dated core Kn is at 141 
cm, which corresponds to the age of 10.88 ± 0.61 cal kyr 
BP, representing the starting age of the lake.  
4.2. Depositional facies and sedimentation history
Morphological analysis of the Danamandıra area indicates 
that the SDL formed in a shallow depression in the fluvial 
channel connecting the North Danamandıra Lake to the 
Süpürge Stream (Figure 1). This conclusion is further 
supported by variations in the lithology (i.e. grain 
size) and physical properties (i.e. density and magnetic 
susceptibility) of the sand-silt-clay unit in the different SDL 
cores, which are the common characteristics of the fluvial 

Figure 6. (a) Age-depth model of core Kn, (b) Sedimentation rate profile of core Kn.
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systems. Such systems are characterized by rapid temporal 
and spatial variability of facies which develop by processes 
of channel migration over a floodplain and overbank flow, 
and are highly sensitive to uplift, subsidence and climatic 
changes (e.g., Miall, 2006).

The lithology of the siliciclastic unit is very similar to 
that of the Upper Miocene Ergene formation described 
from the area by Yurtsever and Çağlayan (2002).  Hence, 
the sand-silt-clay unit may represent the reworked 

siliciclastic material of the Ergene Formation, which was 
deposited under fluvial-lacustrine conditions, starting 
at 10.88 ± 0.61 cal kyr BP. This age approximately 
corresponds to the onset of the Holocene warm period 
during which the global average temperature increased by 
3–6 °C (e.g., Davis et al., 2003; Kaufman, et al., 2004). This 
period is characterized in NW Anatolia by relatively warm 
and humid conditions, as evidenced by pollen studies in 
the Sea of Marmara and in the İznik and Manyas lakes 
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Figure 8. Mineral magnetic properties of sediment cores from SDL. ARM = Anhisteretic remanent magnetisation. 
SIRM = Saturation isothermal magnetisation. 
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(Mudie et al., 2002; Caner and Algan, 2002; Leroy et al., 
2002; Valsecchi et al., 2012; Miebach et al., 2016). Mineral 
magnetic properties and in particular high SIRM values 
in the sand-silt-clay unit indicate relatively high contents 
of ferrimagnetic minerals delivered as part of the detrital 
input under oxic water-column conditions (Channell and 
Hawthorne, 1990; Rowan et al., 2009). During this humid 
period, the SDL level was likely high, and the lake was 
outflowing via its southern natural outlet.

The upper part of the siliciclastic unit shows an upward 
increase in organic carbon and darkness in grey color, and 
was deposited under lacustrine conditions with moderate 
organic production. In core Kn, K enrichment in the 1.25–
1.65 m core interval in the unit suggests increased illitic 
clay content from ca. 14.9 ± 2.46 to 9.07 ± 0.13 cal kyr 
BP, while Ti, Zr and Fe enrichments occur in two peaks 
corresponding to ca. 13.03 ± 1.31 kyr and 9.57 ± 0.25 
cal year BP and indicate lithophile element enrichments 

Figure 9. XRF-core scanner analysis of SDL cores Kn and Km and pollen percentage chart for core 
Kn. Diamonds show location of radiocarbon dated samples, with calibrated ages (year BP), in core Kn. 
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related to high fluvial activity during these periods. The 
boundary between the siliciclastic unit and the overlying 
peat unit is placed at the stratigraphic level where a 
sharp upward drop in the physical properties (magnetic 
susceptibility, remanent magnetic properties and density) 
and lithophile elements profiles are observed (Figures 
7–9). In core Kn, the boundary occurs at 113 cm, which 
corresponds to an age of 8.1 ± 0.07 cal kyr BP that marks 
the onset of peat deposition.  

Low density, magnetic susceptibility, low lithophile 
elements (K, Fe, Ti and Zr) µ-XRF counts and in part 
uniformly low values of SIRM and ARM in the peat unit 
show considerably reduced detrital input in the SDL 
during its deposition, compared to that during the detrital 
sand-silt-clay unit. However, the lithophile elements 
show some enrichment in the upper 10–25 cm of the peat 
unit in cores Kn and Km, indicating high detrital input 
in the lake during 4.8–5.4 cal kyr interval, which may 
be due to increased human activities around the lake. 
Archaeological, geochemical and palynological studies 
show that detrital events related to global climatic changes 
and anthropogenic activities were common in the Marmara 
region as well as in western Anatolia and Mediterranean 
region during the Early Bronze Age (e.g., Fidan et al., 
2005; Ülgen et al., 2012; Vella et al., 2019; Mayoral et al., 
2020). This Early Bronze Age human influence in the study 
area, such as forest clearance and farming, likely resulted 
in increased erosion rates, and is supported by rise in 
Taraxacum, Asteraceae and Poaceae pollen percentages in 
the topmost 25 cm of core Kn (Figure 9).

Bromine is usually enriched in marine sedimentary 
organic matter (Ziegler et al., 2008). In the peat unit of the 
SDL, it is only slightly enriched relative to the underlying 
sand-silt-clay unit, supporting the fact that the organic 
matter of the Danamandıra peat unit is of lacustrine-
terrestrial origin, with no marine influence (Figure 9). 
As discussed in the previous section, the high C/N ratios 
(average: 16.6) and low δ13C values (–29.7 to –26.4 ‱) 
strongly suggest that organic matter of the peat consists 
predominantly of terrestrial plant origin. This conclusion 
is supported by the frequent occurrence of Phragmites 
sp. and Carex sp. plant fragments in the peat unit. The 
SDL peat appears to have formed as a swamp peat in the 
topographic depression of a fluvial channel during the last 
8.01 ± 0.07 cal kyr BP. Its maximum development with high 
organic production and sedimentation rates took place 
under warm and wet conditions during 5.9–6.4 cal kyr BP. 
The onset of this peak peat formation during the middle 
Holocene coincides with the deposition of an organic-rich 
sediment unit (sapropel) in the Sea of Marmara under 
similar climate conditions (Çağatay et al., 1999; 2015). The 
SDL peat formation took place under subbottom anoxic 
conditions as indicated by the very low µ-XRF counts of 

Mn, low SIRM and ARM values and a strong H2S smell. 
Mn is a redox sensitive element that is depleted in anoxic 
sediments (Calvert and Pedersen, 1993; Thomson et al., 
1995; Çağatay et al., 1999). Its enrichment, together with 
Fe, in the uppermost part of peat unit is due to both surficial 
oxic conditions and the detrital siliciclastic input.  The low 
SIRM and ARM values of the peat unit are mainly due to 
the relatively low siliciclastic input as well as the sulphidic 
diagenetic changes under reducing conditions during the 
peat deposition. 

In summary, after the onset of lacustrine conditions 
in the fluvial channel depression  at 10.88 ± 0.61 cal kyr 
BP, the SDL gradually became a eutrophic lake starting at 
8.1 ± 0.06 cal kyr BP during the early Holocene pluvial 
period. It was soon colonized by plants (mainly Phragmites 
sp., Carex sp., Juncus sp., Iris sp. and Nymphea sp.), which 
lead to peat mire development and peat formation under 
anoxic conditions.

5.  Conclusion
The SDL formed in a shallow depression of a fluvial channel 
at ca 10.88 ± 0.61 cal kyr BP. It became a eutrophic lake 
during the early Holocene warm period, and has gradually 
developed into a swampy peatland at 8.1 ± 0.06 cal kyr BP.  
The high C/N and low δ13C values shows that the organic 
matter of the peat unit is of terrestrial-lacustrine origin. 
Redox sensitive elements (e.g., Mn) distributions and 
mineral magnetic properties indicate that the peat unit 
accumulated under anoxic conditions below a thin oxic 
surficial layer. The human influence in the area started 
at 5.4 cal kyr BP, as indicated by increased erosion with 
high siliciclastic input and increase in the Taraxacum, 
Asteraceae and Poaceae pollen percentages.  
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