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Abstract: This study presents the late Quaternary evolution of the southern Marmara region in northwestern Turkey and discusses
the suitability of the area for settlements. It is based on interpretation of sediment analyses together with radiometric dates obtained
from drilling cores. As three-fourths of the southern Marmara region (ca. 30,000 km?) is covered by the Susurluk Drainage Basin
(SDB), the study focuses on this basin. The SDB has a concave surface morphology dipping northward, with highlands in the south (ca.
1300-1700 m a.s.l.) and lowlands in the north (ca. 0-250 a.s.l.). Lake Manyas, Lake Ulubat, and south-north flowing rivers, together
with deep gorges and large valleys, are basic elements of the landscape. Quaternary deposits are largely confined to the late Pleistocene
and Holocene time interval. Results suggest that, as a whole, the Southern Marmara region has been subjected to intense erosion up to
the Late Pleistocene. During the Late Pleistocene and Holocene, depositional dynamics and channel migrations are recorded in river
valleys, where sediments evidence occurrences of flooding and backswamps. Landscape analyses show that the SDB was not attractive
for human settlements in the Late Holocene, with the exception of the Daskyleion and Appolonia sites, in opposition to other parts of
western Anatolia, which have been densely occupied since the Chalcolithic Age. According to our results, the location of Daskyleion on
a hill near Lake Manyas was likely chosen for security reasons. Lake water and large permanently wet areas (swamps) may have indeed
provided a natural contribution to the defense of this Phrygian town.
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1. Introduction

Northwest Turkey comprises two straits (the Canakkale-
Dardanelles strait and Istanbul-Bosphorus strait) and an
inland sea (Sea of Marmara), which form the geographical
boundary between Asia and Europe (Figure 1). The area
delimited west, south, and east by the cities of Bursa,
Kiitahya, and Canakkale, respectively, is known as the
southern Marmara region in local descriptions. The
morphology of the region is highly irregular due to a
combination of active tectonics and different lithologies
showing a variety of resistance to erosion (Ardel,
1960; Erol, 1981; Kazanc et al., 2014). Except for some
north-south trending features, east-west and northeast-
southwest trending depressions and elongated hills

* Correspondence: zergun@ankara.edu.tr

dominate the relief of the area (Erol, 1991). Lithological
units mainly consist of Mesozoic and Cenozoic and to a
lesser extent Paleozoic rocks. Quaternary units are limited
and are associated with tectonic lines (Erol, 1981, 1982;
Saroglu etal., 1987; Emre et al., 1998) (Figure 2). Relatively
significant Pleistocene continental deposits are found in
the lower Susurluk Drainage Basin (SDB), close to the
Sea of Marmara (Figures 1 and 2). Varying landscapes
of northwestern Anatolia and patchy distributions of
Quaternary units have been known since the early
20th century from descriptions by many authors (i.e.
Philippson, 1915; Chaput, 1936; Erent6z, 1956; Vita-Finzi,
1969). However, the stratigraphy and sedimentary facies
of these deposits have not been described in this region.
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Figure 1. Site location. a) Location of southern Marmara lakes an

d some historical settlements. Note that the Dardanelle and Bosphorus

straits separate the Asian and European continents. NAF = North Anatolian Fault, BA= Balikesir, K = Kiitahya, LM = Lake Manyas, LU
= Lake Ulubat, LI = Lake Iznik. b) The boundary and main streams of the Susurluk Drainage Basin. SDB = Susurluk Drainage Basin, R
= rivers, MKPasa= Mustafakemalpasa. $aphane Mountain is on the hydrologic boundary. The highest peak, Akdag, is located within the
basin itself. In red are significant Iron Age settlements, most of which are close to the seas and straits.

Accordingly, the evolution of Quaternary landforms in
the region has remained interpretative until now. One
significant issue addressed by previous authors concerns
the reconstruction of the evolution of the relationships
of the southern Marmara lakes with the Sea of Marmara.
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Some studies argued for marine connections between the
lakes and the seas (i.e. Ardel, 1954; Ardel and Inandik,
1957; Ering, 1957; Meri¢ et al., 2007; Nazik et al., 2011),
a reconstruction that other authors disagreed with (Emre
et al,, 1997, 1998; Yaltirak et al., 2011). The present study
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examines the Quaternary units from sediment cores
in order to provide reliable data to shed light on this
problem, and in particular to explain the development
of Lakes Ulubat and Manyas and hence contribute to our
understanding of the Late Quaternary landscape evolution
of the Marmara region.

The second purpose of this study is to discuss the
role of lithology, especially that of fine-grained and soft
deposits, on land use and settlements in the southern
Marmara region. Northwest Turkey, and particularly the
Marmara region, including Istanbul, izmit, and Bursa, is
the most populated part of the country as it has a large
potential for industry and agriculture because of land
availability and freshwater availability from rivers and
regulated lakes such as iznik, Manyas, and Ulubat (Figures
1-4). Recently population increase has been so high that

the average number of inhabitants per km? is at least
three times that of the whole country (TUIK, 2016). In
this region, a mild continental climate with four seasons
(Figure 4) seems to be favorable for human settlements.
In fact, the region has been attractive for settlement
since the Bronze age, particularly in the Byzantine and
Ottoman periods, as northwestern Anatolia is adjacent to
the Mediterranean Sea and to Europe (Evliya Celebi, 1648;
Turney and Brown, 2007), as well as on the route to the
Pontic (Euxinian) lands. The Canakkale (Dardanelles) and
Istanbul (Bosphorus) straits have been important factors
favorable to migrations of animals and humans between
Asia and Europe not only at present but also from the
Early/Middle Pleistocene (Leroy et al., 2011; Ozbek, 2012).
Also, due to the importance of trade routes and economic
wealth, important civilizations and ancient cities (i.e. Troy,
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Figure 3. Geological and geomorphological map of the Manyas-Ulubat area. 1- Undifferentiated alluvium, 2- floodplain, 3- meandering
channel and backswamp, 4- modern stream channel, 5- delta, 6- crevasse splay, 7- abandoned channel, 8- fluvial terrace, 9- erosive areas,
10- stream, 11- abandoned channel, 12- maximum lake level, 13- alluvial fan, 14- fault, 15- delta distributary channels, 16- escarpment/

cliff, 17- contour line (redrawn from Emre et al., 1997).

Assos, Antandros, Bergama/Pergamon, Sardis, Iznik/
Nikaia, Aydincik/Kyzikos, [zmit/Nicomedia, and Bursa/
Prusias) developed throughout the Late Holocene in this
region (Figure 1). On the other hand, the SDB, a very large
area in the southern Marmara region, has remained nearly
completely uninhabited for a long time. Between the end
of the Late Bronze Age and the early Roman periods, from
1500 BC to 200 AD, the number of prehistoric and historic
settlements seems to be low, even rare, when compared to
other parts of Anatolia. Indeed, although corresponding
to three-fourths of the whole surface of the southern
Marmara region, the SDB today possesses only a few
important ancient settlements, of which the best known are
Prusias (old Bursa), Apollonia, and Daskyleion (Figure 1).
This low population density in such a large area may find
an explanation in causes related to lithology, watercourses,
and landscape evolution. This low population density of
a large area in the southern Marmara region in ancient
times deserves an explanation, which could be achieved
by a detailed study of the landscape evolution especially
in and around Daskyleion as the key archaeological site in
the center of the SDB, which could provide a correlation
between landforms and land use in the region.
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2. Geological and geographical settings

The southern Marmara region is a transition zone
between active transform and extensional tectonic
regimes controlled by the North Anatolian Fault (NAF) in
the north and the Aegean grabens in the south (Figures
1 and 2) (Barka, 1997; Giirer et al., 2006, 2016; Emre et
al., 2013). Many seismically active faults have caused
devastating earthquakes (Saroglu et al., 1987; Kiircer et
al., 2017). Moreover, Lakes Manyas and Ulubat are in a
tectonic depression (Barka, 1997; Kazanci and Goriir,
1997; Emre et al., 1998; Giirer et al., 2006) (Figures 2 and
3). Outcropping units from the Paleozoic and Mesozoic
form the basement rocks of the metamorphic Uludag
Massif and Menderes Massif (Akyiiz and Okay, 1998).
The mountainous part of the SDB consists mainly of these
older rocks (Figures 1 and 2). In contrast, Neogene units
are composed of marl, claystone, and clayey limestones
intercalated with evaporitic sediments and volcaniclastics
that form a low relief (Emre et al., 1998; Helvaci and Orti,
1998). In addition, Quaternary deposits of the Marmara
region consist of marine coastal, continental, and recent
alluvium. These occur in patch-like exposures distributed
in space according to their origins (Figure 2). Fossiliferous
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Figure 4. Long-time average of climatic values in the SDB compared to relative Lake Manyas level changes. Lake level is shown 5
years before regulation. Note that a one-month shift occurs between maximum and minimum lake levels with regard to the highest

precipitation.

coastal facies, which are the key sites for the reconstruction
of the opening and paleogeography of the Sea of Marmara,
are beach-rock type marine deposits exposed on modern
shorelines (Ering, 1956; Erol, 1968; Saking and Yaltirak,
1997; Saking and Bargu, 1989; Goriir et al., 1997). They
rest unconformably on the Neogene units. Relatively
younger clastic marine deposits form the deltas of the
Gonen and Kocasu rivers (Kazanci et al, 1999). In
particular, the Kocasu delta is unique as it is at the end of
the Karacabey gorge where the Kocasu River reaches the
sea (Ering, 1957) (Figures 1-3). Significant continental
Quaternary deposits are found in the Ulubat-Manyas
depression. They have mostly a fluvial origin and they
cover older units, mainly aged Middle and Late Neogene
(DSI, 1980) (Figures 3 and 5). All rock units in the area
have been uplifted by tectonics and, as a result, are deeply
incised by rivers. According to Kazanci et al. (2006, 2014),
the erosion rate of boron beds in the Neogene deposits and
the general morphostratigraphy of the region indicate that
the morphology of the SDB formed during the last 300 ka.

2.1. Susurluk Drainage Basin

The SDB is drained by two streams, the Susurluk River and
the Mustafakemalpasa (MKP) River, and their distributaries
(Figures 1 and 3). The basin, ca. 30,000 km?, has a sharp

and young topography declining from south to north.
Altitudes, from the south in the highlands where they reach
ca. 1300-1700 m a.s.l., with some peaks reaching >2000 m
a.s.l. (upper SDB), change rapidly while descending to the
lowlands (lower SDB) where they vary between 250 and
0 m (Figure 1). Consequently, the longitudinal profiles of
streams are relatively steep, with turbulent waters carrying
a significant amount of sediment load (Kazancr et al., 2004;
see also a detailed topographic analysis in Kazanci et al.,
2014). Highlands, which receive more precipitation than
the annual country average, are densely covered by forests.
However, the climate in the region is Mediterranean type
(Figure 4). The number of villages is low in the highland,
while the lowlands are densely occupied by farmlands and
settlements of various sizes. Lakes Manyas and Ulubat and
also the site of Daskyleion are in the lowlands of the SDB
(Figures 1 and 3).

2.2. Lake Manyas

Lake Manyas, the first and most prominent Ramsar site
in Turkey (wetland of international standard, recognized
for its conservation importance), is a relatively shallow
(maximum 10 m deep), freshwater reservoir of ca. 152
km? surface (Figure 3). Also known as a bird paradise, its
formal name is Kus Golii (“Bird Lake”). Lake Manyas is

483



KAZANCI et al. / Turkish J Earth Sci

7
/
il AN/

| 0 @

r
% Pre-Quarternary deposits mostly marls and tuffite-dominated volcaniclastics of Neogene

Figure 5. Logs of DSI (State Hydraulic Works) cores. See Figure 3 for locations and Appendix for original codes in DSI-1980. Note that
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highly sensitive to seasonal changes, typified by hot and
dry summers and cold and rainy winters (Figure 4). At
present the lake water is intensively used for irrigation. Its
water level has been regulated since 1992 for this purpose
and the outlet of the lake initiates the Karadere Stream,
which flows just near the hill of Hisartepe (Figures 3, 6,
and 7). The antique name of Lake Manyas was ‘Daskylitis
Lake’ (Strabon, Book 12, Ch. 1.22; 8.10-11), after the
name of King Daskylos, father of the Lydian King Gyges.
Already then, it was described as a paradise due to its
natural beauty (Herodotus, Book 3, Ch. 120, 126, B.6.33;
Thucydides, B 1.129.1; Xenophon, Hellenica Book 4.1.15).
At present, the water of the lake is of poor quality due
to abundant fertilizer and insecticide use in the region
(Erkmen et al., 2013). Moreover, its bottom sediment is
resuspended on windy days, particularly in winter and
spring when it is shallow. In relation to this resuspension,
the modern sediment layer in the lake is a silt-dominated
mud (Kazanci et al., 1997, 2004). Below the surface mud,
an infill >10 m thick records an initial swamp phase during
the late Holocene, later transformed into an open lake
(Leroy et al., 2002).

2.3. Lake Ulubat
The general lacustrine characteristics of this lake are
similar to those of Lake Manyas, except for surface
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morphology and partly its bedrock (Figure 2). It is a
freshwater lake 120 km?* wide, with a maximum depth of
7 m. It was also regulated in 1990. The main water source
is the MKP River, which carries a significant amount of
heavy metals and boron, as mines used to be active in the
catchment (Kazanci et al., 1998, 2006). However, the heavy
metal and boron content of the lake sediments (measured
in the cored 7.8-m-long sequence) is low compared to its
concentration in the water, most probably because of the
wind effects accompanied by resuspension (Kazanci et al.,
2010). Apollonia is the only ancient city close to the lake.
It is built on Mesozoic limestones, which presented secure
foundations for its earliest settlers (Figure 2). Lake Ulubat
is also registered as a Ramsar site and is under official
conservation.

2.4. Daskyleion

Daskyleion (also spelled Dascyleum and Dascyleion in
some sources) is an ancient settlement built over the
Hisartepe hill near Lake Manyas (Figures 1 and 3). It
was the capital of the Persian satrapy that controlled
Hellespontine Phrygia (modern southern Marmara
region), and probably also Bithynia, Paphlagonia, Phrygia,
and Cappadocia, in ancient Anatolia (Bakir, 2004, 2011).
Its importance is also due to the succession of multiple
cultures recorded in its ruins (e.g., Phrygian, Lydian,
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and Persian) (Iren, 2013). With the arrival of Alexander
the Great in Anatolia in 334 BC, Daskyleion lost its fame
and richness. After the second century BC, the settlement
seems to have been deserted (Dereboylu, 2003). Further
archaeological information about the city and excavation
results can be found in the works of Bakir (2013), Iren
(2012), Iren and Yildizhan (2017), and references therein.

Hisartepe, the hill on top of which the Acropolis
is positioned, is a 38-m-high hill close to the modern

village of Ergili, on the southeastern coast of Lake Manyas
(Figures 3, 6, and 7). The site was bounded by the lake
and Karadere Stream (i.e. the lake outlet) (Figures 1 and
3). Such a confined location of a satrapy of the great
Persian Empire in such a small area is explained by both
security reasons—considering that about 1000 years
later, the Byzantine army, searching for the best place
for their military station, also choose the same hill (and
the tell) to build a castle—and the presence of a beautiful
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landscape with a fertile environment, commonly known as
a paradise (Bakir, 2017, p. 3; Bulut, 2017, pp. 176-177; iren
and Yildizhan, 2017, p. 334).

3. Data acquisition

The main data sources for the present study are detailed
geological and geomorphological maps of the lower SDB
and 23 drill cores (Figures 3 and 5-8; Table 1). Original
geological maps of the area were prepared by Emre et al.
(1997). They are revised and reinterpreted here in light of
lithofacies described based on core data. Core data can
be separated into two sets. The first group, provided by
the present study, is composed of seven cores (SK1-SK7)
drilled around Hisartepe and near the artificial outlet of
Lake Manyas (Figures 6 and 7). The second group consists
of 16 core logs provided by the General Directorate of State
Hydraulic Works (DSI) (Figures 3 and 5). The cores around
Hisartepe were obtained by engine-powered equipment
with a core diameter of 72 mm. One of these cores (SK6)
is 65 m long, while the other six are 20 m long (Figures 8a
and 8b). They were retrieved during the summer of 2011
in order to detect the thickness of Quaternary lacustrine
and fluvial deposits, the position and nature of the
boundaries between Quaternary and Neogene units, and
the paleotopography of the bedrock.

Locations, equipment, and recovery of the drillings
were described in detail by Iren et al. (2012) and Ergun
(2013) (Table 1). Loose sandy layers, especially in core
SK1, could not be fully recovered. For this reason, in
this core, analyses of loss on ignition and measurements
of magnetic susceptibility could not be performed
(Figure 9). Sediments of all other cores were analyzed
for mineralogy, geochemistry (organic matter, carbonate
content, major and minor elements), and particle size
by XRD, XRE ICP-MS, sieving, and loss on ignition by
routine techniques explained by Kazanci et al. (2010) in
laboratories of Gebze Technical University, Acme Labs in
Canada, Ankara University, and the General Directorate
of Mineral Research and Exploration (MTA) (Appendices
1 and 2; Supplements 1 and 2; Figures 9 and 10). Because
the sediments of the whole core of SK3 were analyzed at
intervals of 10-20 cm, the results of only the upper 10 m
are listed in Appendices 1 and 2. Bulk sediments of critical
layers representing facies and/or environment changes
have been dated by the "*C technique using accelerated mass
spectroscopy in the labs of Beta Analytic and calibrated
according to Stuiver et al. (2017) with CALIB 7.1 (http://
calib.org, accessed 2017-10-24) (Table 2). There are no
palynological results for this study as no pollen or spores
could be detected in most of the samples, probably because
of oxidation. However, sediments of both Lake Manyas
and Lake Ulubat are rich in palynomorphs (Kazanci et
al., 1997, 1998, 2004, 2010; Leroy et al., 2002). Relevant
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results are used here for interpretations. Examination of
the pollen content of the coal layer in core SK6 at depths of
45-48 m led to its likely attribution to a formation during
the Pliocene (Figure 8b). These palynological results are
not listed here as the age of the coal is outside of the scope
of this study. Data from DSI core logs correspond to 16
cores, which retrieved sequences between 63 and 344 m in
length (Figures 3 and 5). Obtained during a regional survey
performed for hydrogeological purposes (DSI, 1980), they
include informative data both for local stratigraphy and
interpretation of Quaternary deposits (Figure 5).

4. Results

4.1. Characteristics and distribution of Quaternary de-
posits

Using our field observations, combined with the core logs
drilled by both the DSI and in this study, a geological and
geomorphological map of the region was prepared (Figure
3). According to "C dates, most of the Quaternary deposits
in the region belong to the Holocene (Figures 8a and 8b)
(Table 2). Moreover, they form a “skin” of 5 m to 40 m on
the peneplained late Miocene-Pliocene sequences and to a
lesser extent on early Miocene and older bedrock (Figures
2, 3, and 5). In some localities around Lake Manyas, the
lowermost layers of the Quaternary sediments are younger
than mid-Holocene (Figures 8a and 8b). This observation
suggests that the current morphology of the region reflects
the early Holocene landscapes, together with lakes and
river channels (Emre et al., 1997, 1998). In depressions
and paleovalleys, the Holocene sediments are relatively
thick (>20 m), but they are limited on the surface (Figure
5). Core SK1 (on the lake shore) is a typical example of
such a >20-m-long core (Figure 8a). The Quaternary and/
or Holocene sediments of it are composed of fine clastics,
mostly silt and clay. The coarse-grained deposits are
relatively scarce, but they are good indicators of channel
migrations in the region. The oldest gravelly deposits
of the Quaternary (dated as Middle Pleistocene by
relative stratigraphy and/or superposition of Quaternary
deposits), on which the town of Karacabey is settled, are
relicts from a channel-fill (Figure 3). It was likely formed
when the Manyas-Ulubat depression was a closed basin
(Emre et al., 1997, 1998). Here, Quaternary deposits are
loose and relatively dark in color because of its content in
organic matter, in contrast with Neogene deposits, which
are carbonate-rich marl intercalated with some limestone
and gypsum layers formed in a lacustrine environment.
Therefore, Quaternary and Neogene deposits can be easily
differentiated by their color, both in surface exposures and
in cores (Figures 2, 5, and 8). The internal organization
of the Quaternary sediments is an alternation of cross-
laminated sands and parallel laminated silt and clay beds,
indicating that they were deposited in fluvial systems
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Figure 8. a, b) Logs and stratigraphy of cores SK1-SK7. The ages on columns are calibrated years BP, with reference to 1950. See Table

5 for detail of the dates.

487



KAZANCI et al. / Turkish J Earth Sci

Table 1. Coordinates of cores SK1-SK7.
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Figure 9. Grain-size characteristics, carbonate and organic matter content, and magnetic susceptibility curve of cores SK2 to SK7.
Compare with Figures 8 and 12. See Table 1 for the metric levels of core sediments analyzed. Note that samples intervals are not the
same for all cores due to technical difficulties.

(i.e. in channels, floodplains, and also in delta plains;
Reineck and Singh, 1980; Allen, 1984). At present only
stream channels are active in the modern depositional

drainage channels have deeply modified the area (Figures
3,6,and 7).

4.2, Stratigraphy of Quaternary deposits

environments, because they concentrate impacts of
intensive anthropogenic activities. In particular, artificial
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The general stratigraphy of the Quaternary sediments in
the SDB is simple to describe, as the thickness is limited,
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Figure 10. Environmental parameters of the SDB from core SK3. See Tables 3 and 4 for the analytical results. Note that values here
belong only to the Holocene part of the succession. Gray and yellow intervals represent wet and dry climatic periods. See Figure 8 for
core log and lithostratigraphy.

Table 2. Radiometric dates from cores retrieved around Lake Manyas (calibration: Stuiver et al. 2017; CALIB 7.1 at http://calib.org,
accessed 2017-10-24).

. Median
C'ore Laboratory |Sample Comp.‘ Material Age | Cal. AD ageranges | probability Cal. age,
site number name depthin cm | dated year BP
AD/BC
Ulubat  |Poz-3638 | AK11/770-80 | 619 Seeds 1612 | Cal. AD 391- 537 459 1491
Ulubat  |Poz-3636 | AK11/820-30 | 677 Twig 1708 | Cal. AD 314-396 341 1609
Manyas |Poz-3646  |ML1/444-47  |319 Seeds 1545 | Cal. AD 426-572 487 1463
Manyas |Poz-3647  |ML1/441-44 322 Seeds 1556 | Cal. AD 422-567 485 1465
Manyas |Beta-146142 |ML11/590-100 |409 Seeds 1710 | Cal. AD 242-409 332 1628
Manyas | Beta-312029 | SK1-24 240 Organic 1570 | Cal. BC 808749 781 2731
sediment
Manyas | Beta-312031 |SK2-42 420 Organic 160 | Cal. BC 829-776 -803 2753
sediment
Manyas | Beta-312034 |SK5-45 450 Organic 1,990 | Cal. BC 1209-1119 | -1221 3171
sediment
Manyas | Beta-312030 |SK1-199 1990 Plant 3720 |Cal. BC2201-2032  |-2107 4054
Manyas |Beta-160591 |ML11/110-10 | 1080 Twig 3750 |Cal. BC2235-2035 | -2162 4112
Manyas | Beta-312033 | SK4-26 260 Organic 3060 | Cal. BC 2577-2457 | -2521 4471
sediment
Manyas | Beta-312035 | SK6-82 820 Organic |07 | cal BC 6022-5877 | -5948 7898
sediment
Organic
Manyas | Beta-312032 |SK3-135 1350 , 14730 | Cal. BC 16176-15752 | -15976 17926
sediment
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generally less than 40 m (Figures 5 and 11). However,
determining the age of this sediment is important, not only
for paleogeography but also for determining the evolution
of the two lakes. Sediments from cores SK1 to SK7, being
well preserved and providing detailed stratigraphy, have
been “C dated (Table 2; Figures 8a and 8b). The longest
core, SK6, reached a Neogene coal layer (low calorific
lignite) at a depth of 44-51 m (Figure 8b). According to the
pollen content of this coal layer, this part of the sequence
dates back to the Pliocene.

Dates from the core sediments around Lake Manyas
show that Quaternary sediments are about 5-20 m thick
and only a few can reach the late Pleistocene (Table 2).
Their age is generally middle to late Holocene, with
only one core (SK3, at the northern foot of Hisartepe)
covering the whole Holocene time span (Figures 8a and
8b). However, there are other Quaternary sediments in the
SDB, whose ages are out of reach of the '*C dating method,
such as some gravelly layers around Lake Ulubat and the
town of Karacabey, which have been suggested to be aged
middle Pleistocene (Emre et al., 1997, 1998) (Figures 3 and
5). In addition, the lacustrine muds from Lake Manyas and
Lake Ulubat point to a parallel chronology of both core
sequences at two depths: sediments of ca. 10.8 m in depth
are 4.2 ka cal. BP old, while at 6.77 m they are 1.7 ka cal.
BP old (Leroy et al., 2002; Kazanci et al,, 2010) (Table 2).

Radiometric ages of some layers allow the calculation of
deposition rates for the relevant intervals in the sediment
succession. The calculated average sedimentation rates are
1.32 and 0.08 cm/year for fluvial and lacustrine deposition
in core SK1 (Lake Manyas) (Figure 11). The 0.15 cm/year
sedimentation rate evidenced in the lacustrine interval
in SK2 corresponds to nearly double the value of that
obtained in SK1 (0.08 cm/year) (Figures 8 and 11). These
results were not used for interpretations because sediment
transportation is more rapid and irregular in channels or
meandering streams than sediment deposition occurring
in open lakes. On the other hand, geochemical results
show clearly alternations of dry and wet climatic periods
during the deposition; however, these periods were not
dated in this study (Figures 10 and 11).

4.3. Mineralogy and geochemistry

Grain size, mineral composition, calcium carbonate,
total organic carbon, and magnetic susceptibility (MS)
of the whole core sediments are presented, together with
details of the major and mineral element constituents of
the 10-m-long core SK1, in Figure 9 and Supplements 1
and 2 (see also Appendices 1 and 2). The lithology around
Hisartepe, including that of Pliocene age, is relatively fine-
grained. However, the older deposits include limestone
layers, characterized by high values of calcium carbonate
(Figure 9). Fine pebbles and sand layers occurring in the
youngest deposits of the late Quaternary are interpreted
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as channel fills. Common particle sizes are silt and clay,
as expected from flood plains and marsh sedimentation
environments (Figures 8 and 9). A significant difference
between sediments of Pliocene and Quaternary ages seems
to be the high MS of older ones. The mineral assemblage
of the Quaternary deposits is mainly composed of illite,
quartz, plagioclase, and calcite (Supplement 1). Quartz
and feldspars are abundant in the sandy layers. Illite and
calcite occur in the muddy layers and are interpreted as
flood-plain, marsh, and lacustrine sediments (Figures
8a and 8b; Supplement 1). This confirms that sediments
derive from the same parent rock in the upper SDB. Total
organic carbon increases in some layers, particularly in
the upper levels of cores SK2, SK3, SK4, and SK5, where
the increase occurs more or less in parallel with increase
in water content, due to probably organic matter affecting
the porosity (Figure 9). The elementary composition
hardly changes between levels, as it is dependent on the
mineral composition of the sediment. However, ratios of
Th/U, Zr+Rb/Sr, and Ca/T provide evidence of variability
between levels (Figure 10; Supplement 2).

5. Discussion

The Quaternary landscape evolution in the SDB can
stand as a reference for the whole northwestern Anatolia
as geology (as well as the particularly tectonic regime)
is more or less the same in the region. Stratigraphy and
chronology results show that the study area was exposed
to intensive erosion during the Pleistocene until the end
of the LGM, with only the Holocene deposition preserved
in the Manyas-Ulubat depression and at the base of some
deeply incised river valleys. It should be reemphasized that
one of the controlling factors on this development was
base-level changes and/or water level fluctuations of the
Sea of Marmara (Cagatay et al., 2003, 2006, 2009; Eris et
al., 2007, 2010).

Three types of erodible lithology are found in the
region. These are soft sediments of the Quaternary fluvial
dynamics, clay-dominated Neogene rocks, and hard
but altered rocks of Mesozoic and Paleozoic ages. The
Quaternary deposits generally occur on the plain surfaces
at elevations of 0-250 m a.s.l. (Figure 3). The Neogene
units, mostly consisting of marl and to a lesser extent
gypsum, limestone, and fine-grained volcaniclastic rocks,
form the main lithologies in the lowlands. The highlands,
above ca. 1250 m altitude, are formed of sedimentary,
magmatic, and metamorphic hard rocks, which are all
highly weathered (Helvaci and Orti, 1998; MTA, 2002)
(Figure 2). Neogene units and older altered rocks in the
highlands are highly disintegrated and less resistant
to erosion, such that large valleys could develop in the
basin (Helvaci, 1984; Kazanci et al., 2014). Moreover, the
erodible lithology provides a large amount of sediment
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Figure 11. Correlation of deposition in lakes and flood plains together with history of Lake Manyas evolution, according to pollen

content studied by Leroy et al. (2002).

load to the streams, causing downstream the formation
of deltas in the lakes and the Sea of Marmara (Kazanci
et al.,, 1999, 2004). The erodible nature of the Neogene
rocks also generated a smooth morphology in the region,
characterized by low relief and low-angled slopes (Kazanci
et al., 2014). The result of a high rate of erosion is a high
rate of sedimentation in reservoirs, i.e. in either natural or
artificial lakes by damming of fluvial channels. Thus, in
the SDB, the overall rate of fluvial sedimentation during
the Holocene in valleys is lower, according to core dating,
than the rate recorded in lacustrine sedimentation in and
around the Manyas and Ulubat lakes (Figure 11).

5.1. Development of Lakes Manyas and Ulubat
Geomorphological analyses (Emre et al, 1997, 1998)
suggest that Lake Ulubat and Lake Manyas formed in
response to a combination of tectonic and fluvial processes
in a seismically active depression between Goénen and
Karacabey (Figure 2). The results above also show that
both lakes appeared in the late Holocene (Figures 8 and
12), which is the last stage of landscape evolution in the
region.

Together with a smooth morphology, the land surface
was lower than the present one by the end of the Neogene,
permitting the formation of lacustrine and pyroclastic
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Figure 12. Stages of formation of Lakes Manyas and Ulubat (from Emre et al., 1997). Names of settlements are abbreviated by capital
letters. Arrows show flow direction of streams. a) Early Pleistocene; only R. Niliifer can be identified, and the SDB is a closed basin. b)
Middle to Late Pleistocene; the SDB becomes open to the sea. ¢) Early-Middle Holocene; the sea level rises, forcing the meandering of
channels in river flood plains; Lakes Manyas and Ulubat form behind large point bars built and abandoned by the moving meanders. d)
Late Holocene; marshes change to fresh water lakes. B = Bursa, K = Karacabey, M = Manyas, MKP = Mustafakemalpasa.

units of Late Miocene-Pliocene age (Figure 13). Tectonics
then became active, creating high relief contrast with hills
and depressions. At the end of the Middle Pleistocene,
the Manyas-Ulubat depression was still a closed basin
with, possibly, an antecedent stream flowing in from
the southern part of the Karacabey gorge (Emre et al,
1998). Some relicts of compacted gravels exposed near
the town of Karacabey and south of the town of Manyas
prove that the Manyas-Ulubat depression became an
external drainage basin in the Late Pleistocene (Figures
3, 12, and 13). During that time, strong erosion removed
nearly all Pleistocene deposits from the highlands and
lowlands, preserving only a few exposures of compacted
coarse-grained gravel (Figures 3 and 13). Together with
the DSI’s cores, the seven SK cores, six of which reached
Neogene units in and around Lake Manyas, provide a
reliable landscape scenario for the Quaternary (Figures 3,
5,7, and 8). Published core analyses for Lakes Manyas and
Ulubat (Leroy et al., 2002; Kazanct et al., 2004) were used
to check and compare the results. Finally, we suggested
that Lake Manyas was originally a swamp (Figures 11 and
12), located most probably beside a meandering channel,
possibly as a shallow ox-bow lake created by an abandoned
channel as suggested by Emre et al. (1997). Meanwhile,
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incised fluvial channels near the swamp/lake areas were
filled, as detected in core SK 1 (Figure 8a). Similar incisions
and infill records are also recorded in DSI cores (Figure 6).
Incisions are interpreted as a fluvial response to the water
base-level falling, during the LGM, to 130 m below the
present sea level in the Marmara Sea basin, which was then
occupied by a large lake (Emre et al. 1997, 1998; Goriir
et al., 1997; Ryan et al,, 1997; Cagatay et al., 2000, 2003,
Eris et al,, 2010). However, these incisions are relatively
small and young when compared to the deep, canyon-like
valleys in the upstream parts of the river network. These
were partly formed most probably during the Middle
Pleistocene (Kazanci et al., 2014). Because of the rapidly
rising sea level in the Early and Middle Holocene, fluvial
sedimentation became dominant in the downstream
parts of the river courses in the SDB where a multiple
meandering channel system expanded (Figures 11 and 12).
The Sigircidere was captured by a local stream and turned
to the south (Figure 3). Near Hisartepe, a large-point bar
developed in the meandering channel of the Kocagay
River (and Karadere), causing the formation of a swamp
area transformed into Lake Manyas ca. 4000 years cal. BP
(Figures 11 and 12). At first, the lake was about half its
present size, before it enlarged over time toward the south



KAZANCI et al. / Turkish J Earth Sci

Pre-Quaternary land surface v S
1000+ (= depositional) < 83 Modern land surface Uplands
%‘) N 3 (= erosional)
I~ & % g \ Neogene units
B g =85 &% ¢
=500 g 23 <5 Manyas-Ulubat
QO .
S 2 o2 d
2 B § § § _§ E epression Bedrocks
> 250 L k! VA £ ¥ Late Pleist.-Holocene (Pre-Neogene)
o § M_g __ __sediments L
00 | — o mm m— — — -I- —
00 15 - 30 45 60 75 90
Distance (km)

Figure 13. Geomorphological cross-section of the SDB in N-S direction. See Figure 2 for location. The land surface morphology at
present has been formed by effects of a combination of tectonism and earth-surface processes. Yellow line indicates a surface transition
between Pliocene and Pleistocene, which shows that the Sea of Marmara did not exist at the end of the Pliocene.

and the west, as shown by the northward progradation
of the Kocagay delta (Figures 1, 3, and 12). Hisartepe,
which is an erosional remnant of Neogene units (Figure
6), seems to have been one of the factors controlling this
fluvial development, with its N-S trending morphology
and limestone-supported lithology. While bounding the
lake on its western shore, it also provided an elevated land
connection to the bedrock in the north. Similar lacustrine
development occurred in Lake Ulubat where the MKP
River also formed a delta in the southwestern part of the
lake (Figures 3 and 12). Lakes Manyas and Ulubat, as
well as their associated shallow wetlands, are thus young,
dating as Late Holocene. Today, they are still a significant
part of the local geography and landscapes (Figure 3).
Reference timing and corresponding sediment thickness
used for calculating the deposition rate were the year 1950
and ground surface below lake level, respectively. See
Table 1 for the coordinates of cores SK1 to SK7. Results
from SK1 indicate the irregularity of deposition in fluvial
environments (Figure 11).

5.2. Fluvial control on the land

The second important geomorphic process in the SDB was
the rapid change of river systems that controlled past and
present land development. Parallel to the formation of the
lakes, the main fluvial event was the lateral migration of
channels and related floodplain formation in valleys in
the Ulubat-Manyas depression. The imprint of abandoned
channels is still visible in the landscapes (Figures 3, 6, and
7). A typical example is the Miiriivvetler River, whose
course makes a bend to the northeast before reaching the
Karadere (Figure 3). However, in the past it used to flow
into Lake Manyas to the west of Esenkdy, according to
distribution of older channel deposits in the field (Figure
3). The Susurluk River also changed its course toward the
north at Celtik¢i, when it was a tributary of the MKP River
along the Celtikgi-Giilliice valley. In fact, the Gilltice valley
was a deep incision that was filled in the Holocene (Figures
3and 5; core DSI 15) (Emre et al., 1997). The other example

of river network change is the capture of Sigircidere by Lake
Manyas (Figure 3). This capture is recorded in old terraces
and relict alluvium evidencing that the old Sigircidere was
some time ago outflowing to the Sea of Marmara, where it
used to meet the Karadere River’s mouth near the village
of Tophisar. The exact causes of these channel diversions
are not obvious. They may have been caused either by
tectonics or high sediment load, or, most probably, by the
combined impacts of both event types (Figure 12). During
the late Holocene, the lower SDB was flooded by a high
volume of surface and ground water that created large
marshy flood plains (Figures 3, 14, and 15).

Alternations of clayey and sandy layers in the sediments
indicate flood occurrences, i.e. the construction of the flood
plain in a river system. Because of the relationship between
the drainage area and the flood plain downstream, these
alternations may point to a climatic record of the basin
during the time of the flood plain aggradation. However,
the occurrences of rapid climate changes in the Holocene
in the eastern Mediterranean region are documented
(Roberts et al., 2001; Mayewski et al., 2004).

Changes of some elements and element ratios through
sediment successions provide information about relative
changes in a climate context (e.g., Dypvik and Harris, 2001;
Haberzetti et al., 2007). In order to obtain evidence for
possible changes, for core SK3, values of Th/U, Zr+Rb/Sr,
TOC (total organic carbon), Ti, CaCO,, and Ca/Ti ratio of
the sediment were calculated and results were interpreted
for the possible paleoclimate of the Holocene (Figures 9
and 10; Table 2; Supplement 2). Generally it is accepted
that Th/U, Ti, Zr+Rb/Sr, and TOC increase during wet
periods, while CaCO,, TIC, and Ca/Ti decrease (Jones
and Manning, 1994; Dean, 1999; Meyers and Lallier,
1999; Wojciciki and Marynowski, 2012). In addition, an
increasing clay and/or silt+clay ratio is an indication of
a wet climate. Their values in the studied sediments are
more or less parallel with those of TOC and Th/U (Dypvik
and Harris, 2001; Haberzetti et al., 2007; Ulgen et al.,
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Figure 14. Anthropogenic influence on the land. People (mostly immigrants) constructed many drainage channels in order to gain fields
for farming with the help of the state between 1950 and 2000. a) Irrigation channels, b) drainage channels, c¢) asphalt roads. There are
earth roads along all channels. See Figure 3 for location of the area. Source: Topographic map at scale 1/25,000, prepared and printed in
2001 by General Directorate for Charts of the Turkish Army, Ankara.
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Figure 15. Suitable and unsuitable areas for settlements in the southern Marmara region based on lithologies and ground water level.
Note that suitable areas frequently correspond to Neogene, mostly pyroclastic rocks. The Quaternary part of the lowlands of the SDB
have remained permanently muddy (unsuitable) during the last three millennia according to our interpretation based on lithology
and geomorphology. Other Quaternary areas (soft sediment in the legend) may have been muddy, but we have no data. Compare with
Figure 3. During and since the Iron Age, Daskyleion could be reached both by land and by waterway (Karadere) from the main road
(black line). According to antique (Roman) sources, this road was used since the Early Iron age (https://omnesviae.org). Pink area shows
possible connections of Daskyleion with its surrounding land; however, very recent erosion and land transformation by man have erased
all signs of it, if any.

- permanently wet, swampy area

2012) (Figures 9 and 10). Based on these references and However, reliable age data and more analyses are needed
analytical results, it possible to say that Holocene climatic for further interpretations (Roeser et al., 2012; Miebach
fluctuations were recorded in the sequences studied here. et al.,, 2016). Wet and dry intervals of Holocene climate
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have been already presented for other parts of Anatolia by
previous studies (i.e. Lemcke and Sturm, 1997; Eastwood
et al,, 1999; Kuzucuoglu et al., 2011; Roberts et al., 2011).

5.3. Daskyleion and settlements in the southern Mar-
mara region

The number of prehistoric and historic settlements in the
southern Marmara region is unusually small compared
to other regions in western Anatolia (Figures 1 and 3).
However, the area is now highly populated (TUIK, 2016)
and even redeveloped (Figure 14). One of the reasons for
the present situation is forced mass migrations from the
Balkans in the 19th and 20th centuries and then during
the Cold War (Halagoglu, 1995). The natural advantages
of the region for settlement are 1) proximity to the seas,
particularly to the straits of Istanbul and Canakkale; 2)
the abundance of lowlands for agriculture; and 3) the
abundance of water sources. Such places are attractive for
living, not only today but also in the past (i.e. Baltacioglu,
2005, p. 6; Ozis, 2015). It is supposed that the location of
Daskyleion has more to do with the low settlement density
in the region rather than local advantages. The natural
beauty and profusion of wild animals were additional
reasons (Bakir 2011, p. 58, p. 69; fren and Yildizhan, 2017,
p. 334). Lake Manyas must have provided a safe boundary
for the satrapy (Figure 6). However, the site was confined
by the lake and the Karadere Stream, both of which are a
source of a plethora of mosquitoes, even today. According
to genetic studies on the Mediterranean anemia transferred
to man by mosquitos, anemia had been a serious health
problem during the Neolithic and Chalcolithic in the
Middle East (Le Mort et al., 2006) and also in Egypt (Hume
et al., 2003; Smith, 2015). Thus, there must be another
reason not to attract people to settle here. The results of this
study suggest that the main reason for Daskyleion’s first
settlers to select Hisartepe was to avoid the fine-grained
lithology of the surrounding land (Figures 10 and 14).
According to sediment characteristics and radiometric
dates, between 1500 BC and 500 AD, the lowlands of the
SDB were covered by marshes and/or permanent swamps
related to the flooding of many streams flowing into the
depressions in the lowlands (Figures 3, 6, 10, 13, and 14).
Areas with relatively high altitudes, such as Hisartepe
and other hills in its eastern and northern surroundings,
were safe from floods. Other areas such as some clayey
Neogene outcrops were muddy in rainy seasons; however,
they were dry for some part of the year, thus remaining
relatively suitable places for daily life. In addition, the
Daskyleion location permitted two safe connections with
other cities, such as through the Karadere waterway to
Kyzikos near Lake Ulubat, and harbor cities located along
the Sea of Marmara through a north-trending strip of land
connection (Figure 15). Other settlements in the SDB,
such as Karacabey (Kremastis) and Golyaz1 (Apollonia)

village, were on relatively high and dry grounds (Figures 2
and 15). Similarly, all old cities in northwestern Anatolia,
e.g., Bursa, Troy, Kyzikos, and Bergama, were built on solid
rocks that were safe from flooding during wet seasons
(Figures 1-3). This approach of selecting solid ground
for housing lasted up to the middle of the 20th century
in Anatolia, leaving lowlands for agriculture and animal
husbandry when possible. However, recently wet plains
and marshes have been drained by trenches in addition to
the deepening of natural channels to prepare and expand
lowlands for settlements for people who had to migrate
from the Balkans (Halacoglu, 1995; Kaplanoglu, 1999;
Ozcan, 2016) (Figure 14). Together with migration from
outside, the southern Marmara region is now the most
populated area of Turkey (TUIK, 2016).

6. Conclusions

The results of core examinations combined with geological
and geomorphological studies provide information about
the Quaternary evolution of NW Turkey. The whole
southern Marmara region slopes down northwards and
is drained by the Biga, Gonen, and Kocasu rivers (Figure
1). The latter river and its tributaries (Kocagay, Simav,
Mustafakemalpaga, and Orhaneli streams) collect water
from the SDB, an area of ca. 30,000 km?. This flow is
directed to the Kocasu delta, which extends into the Sea
of Marmara (Figures 1 and 3). Maps and cores on the
lower SDB indicate that the Quaternary deposits are not
distributed locally; most often, they occur as a cover ca.
10 to 40 m thick (Figures 2, 5, and 8). Neogene units,
particularly sedimentary rocks of the Late Miocene-
Pliocene and underlying fine-grained pyroclastics, have
been largely exposed, forming a new land surface (Figures
2 and 13). It seems that intense erosion occurred in the
Quaternary after the uplift of lacustrine units, which
started at the turn of Neogene/Pleistocene. From the
relicts of both Pleistocene conglomerates at Karacabey
town and the capture of Sigircidere by Lake Manyas
(Figures 3 and 13), we conclude that the intense erosion
period was contemporaneous with increased tectonic
activity during the Middle and Late Pleistocene. Such a
combination of processes also controlled the formation of
the Kocasu delta (Figure 3). Formation and development
of Lakes Manyas and Ulubat was the last stage of the
land evolution in the southern Marmara region. Both
lakes formed because of the damming of the Kocacay
and Mustafakemalpasa rivers, constrained by a fault line
rupture combined with a barrier uplift in the seismically
active depressions where the lakes are positioned today
(Figure 13). Damming of rivers and consequent changes
in fluvial processes was particularly efficient on water
accumulation behind the uplifted ridge from the start
of the Sea of Marmara level rise in the Late Glacial.
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However, it should be reemphasized that tectonics have
been primary and regional factors in the geomorphic
development of the region since the Middle Pleistocene.

Based on a combination of geomorphological,
sediment core, and archaeological studies, lithology
contrasts and recent environmental changes seem to
have primarily controlled the distribution of short- and
long-lived settlements in the southern Marmara region
of Turkey. Lowlands of the SDB are clearly not favorable
for settlements since the middle or late Holocene, with a
few exceptions such as the satrapy capital of Daskyleion,
which, built on a rocky outcrop, was preserved from the
high water table in the surrounding marshes recorded by
rather thick muddy sediment units (Figures 14 and 15).
The current dense population is a very recent feature of
the region. From another perspective, the present changes
of marshes to arable agriculture areas in the SDB reflect
not only anthropogenic effects on the land but also the
efforts of immigrants to make a new country to live in
despite an initially harsh environment.
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Appendix 1. Major element compositions of SK3 samples.

Depth Major elements (%)

m  1Na0 [Mgo [ALO, [siO, PO, [sO, |KO |ca0 |TO, |v,0, |cro, |MnO |FeO, |LOI
035  |038 |265 |13.69 |6208 |094 |041 |296 |597 |06z |002 |003 |014 |513  |4.38
055|021 |263 |1332 |6269 |033 |03z |278 |769 |056  |002 |0.03 |03 480 |3.76
0.7 041|278 |13.09 |6113 |043 |031 |280 |538 058 |00l |00l  |oa2  |468 |7.33
0.9 020 [300 |1336 |5990 |060 |03l |286 |s821 |osl |00z |003 |015  |503 |476
125|059 |257 |1257 5725 |07z |067  |268 |1008 055  |0.02  |002 |0.09  |443 |737
1.55 0.25 2.29 10.96 54.14 0.42 0.25 2.73 13.32 0.46 0.02 0.05 0.09 4.67 10.73
165 |o16  |239 |11el |[59.12 |o4r 020 |287 |1127 |047 |00z |003  |0.07 |360 |633
1.85 0.20 2.97 12.47 52.29 0.27 0.21 2.89 12.22 0.54 0.01 0.01 0.08 4.30 10.23
20 008 |284 1236 |4843 |070 |oe4  |280 |1500 |056 |00z  |oo1  |o10  |479  |1087
2.25 0.08 2.85 12.18 48.12 0.72 0.24 2.65 16.26 0.54 0.02 0.02 0.09 4.50 10.89
245 008|292 |1194 |4911 |091 |063  |266  |1333 |055  |0.02  |0.02 009  |457 |1273
2.65 0.08 2.74 11.13 45.37 0.35 0.62 2.94 17.83 0.52 0.02 0.02 0.10 4.33 13.28
285|007 083 |293 |1237 o012 |013 |06z  |4783 |o016  |000  |0.00  |006  |123  |33.82
305|009 304 |1312 |5498 |06l |02  |284 |1014 |059  |002  |oo1  |oar  |499  |7.93
325|014 |287 |1311 |s5722 |o84  |025  |271  |1101 |09 |002  |0.03 008  |492  |537
345 009 290 |1278 |5825 049  |024  |286  |1146 |055  |002  |0.04  |008  |447  |498
365|046  |288  |1770 |e368 |04  |025  [307 |10  |073  |002  |0.03  |005  |564 |38
38 009|282 |1336 |57.11 |oe3  |027  |281 |11.04 |oe1 |00z  |oo1  |006 |48  |5.38
40 008|285 |1224 |5072 |o54  |023  |266 |1342 |059 |00z  |0.02  |0.08  |480  |1033
42 016|318  |13.07 |s446 044  |o21 271 |1179 |059 |00z |002  |0.07  |449  |7.93
44 0.09 3.10 12.58 53.06 0.51 0.24 2.79 12.97 0.59 0.02 0.01 0.11 4.87 7.83
46 008|274  |11.23 |4534 031 |09 |234  |1900 |o54  |oo01  |002  |0.09  [394  |12.92
4.8 0.12 3.78 14.11 56.71 0.36 0.33 2.36 13.26 0.43 0.01 0.01 0.06 3.27 5.28
505|009 [3.10 1257 [5099 |04l  |023  |261  |1996 |06l  |002  |001 |01l |469  |3.72
52 0.09 3.02 13.68 53.11 0.90 0.23 2.98 14.68 0.60 0.02 0.03 0.12 5.19 4.87
54 009 |269 |1170 |[s111 |097 o021 |239 |1520 059  |oo1  |oo1  |0.08 |396 |1038
5.6 0.47 2.76 10.65 52.74 0.82 0.18 2.18 15.15 0.64 0.02 0.05 0.07 3.67 10.77
58 054 |127 |769 |4761 |019 |o15  |154 |2212 |o44  |001 |00l  |0.04 |240 |1639
6.0 008 |286 |1235 5156 |072 |o72  |262 |1384 057 |001  |oo1  |0.08 |434 |10.76
6.2 008|149 |781  [3071 |009 |04 |182 |2484 |043 |002 |0.03 |004 |3.14 |2837
6.4 191|192 |1185 |6697 019 |018  |265 |801  |055 |002  |001  |003  |3.04 |247
6.6 009 |271  |1154 |5207 |030 |09  |261 |1525 |o60  |oor |00l  |0.08  |426  |1033
6.8 025 |243 1152|5712 |034 |022  |234 |1655 |084 |003 008  |0.08 |458  |281
705|050 |288  |13.05 |5740 |05  |017  |333  |1256 |058  |002  |0.01  |004  [3.93  |6.37
72 036  |430 |1563 |5664 |007 |o21  |385 |370 |oe1  |0.02  |002 |006 |s580  |7.98
7.4 1.24 3.83 16.86 64.10 0.11 0.21 421 1.26 0.63 0.02 0.01 0.04 4.87 2.37
76 084 |344 |1658 |5576 |02 |020 |429 |871  |oe8 |00z  |005  |0.06  |533  |3.28
7.8 0.74 3.94 16.63 57.94 0.10 0.21 4.63 4.70 0.75 0.02 0.02 0.07 5.52 3.98
8.0 033|341 |1530 |5210 |00 |09 |404 1387 |oes |00z |003  |0a8  |527 533
8.2 0.66 3.98 17.03 60.89 0.13 0.18 4,53 1.41 0.69 0.02 0.01 0.04 5.39 4.38
84 063|428 |1781 |5549 |01z |o19  |475 686|070 |00z |002  |0.08 [543  |3.03
8.6 064 423 |1757 |5927 008  |020 481 |215 |02  |003  |002  |004  |597  |3.67
838 115|347  |1619 6219 |oa2 o021 [401  |271  |059  |002  |0.06  |004  |468  |3.87
9.0 026 |264 |1260 |5063 |013  |oa8  [325 |1941 |o54  |oo1 |00l |017  |436  |678
9.2 024 305 |1357 |s648 |06  |023 (292|108 |oe2 |00z |oo1  |ooo  |497 |76
9.4 169|293 1424 |6420 |016 |09  |344  |404 |053  |oo1 |00l |oo4  |390 427
96 128|287 1323|6102 |oa1  |020  [3.13  |760  |056  |0.03  |0.08  |005  |382  |6.66
9.8 023|355 |1435 5401 |04  |020  [323  |11.20 |oe6  |003  |0o01  |0.06  |678  |476
10.0 0.17 341 13.71 48.44 0.14 0.17 2.92 10.47 0.60 0.03 0.02 0.05 7.83 11.37
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Supplement 1. Mineral constituents detected by XRD technique of seven cores’ samples.
Their relative abundance is in descending order from left to right.

Core no. ?:(?l:f):z;eith Minerals detected
SK1 2.4 Illite, quartz, plagioclase
14.9 Illite, quartz, plagioclase
1.0 Tllite, quartz, alkali feldspar, calcite
SK2 1.5 Illite, quartz, plagioclase, calcite
42 Illite, quartz, plagioclase, calcite
11.9 Mlite, calcite, plagioclase, quartz
1.5 Mlite, calcite, plagioclase, quartz
3.4 Illite, plagioclase, quartz
5.4 Mlite, calcite, plagioclase, quartz
SK3 7.4 Illite, plagioclase, quartz
9.4 Illite, quartz
11.4 Ilite, calcite, plagioclase, quartz
13.4 Illite, kaolinite, calcite, plagioclase, quartz, feldspar
SK4 4.0 Smectite, illite, calcite, plagioclase, quartz
13.0 Feldspar, quartz
2.6 Kaolinite, illite, calcite, quartz, feldspar
SK5 3.8 Smectite, illite, kaolinite, quartz, feldspar
3.9 Smectite, illite, kaolinite, quartz, feldspar, calcite
5.1 Quartz, calcite
SK6 8.2 Feldspar, quartz, calcite
SK7 1.0 Quartz, feldspar, calcite
49 Mllite, kaolinite, quartz, feldspar, calcite
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Supplement 2. Composition of some major and trace elements of SK3’s sediments used
in interpretations. Compare with Figures 9 and 12.

Depth Major elements (%) Trace elements (ppm)

(m) CaO |TiO, [LOI |Rb  |[Sr Zr T |U
0.35 5.97 0.62 4.38 121 243.1 208.1 15.6 7
0.55 7.69 0.56 3.76 115.7 245 160.1 15.7 6.9
0.7 5.38 0.58 7.33 120.5 |285.5 180.4 13.8 6.9
0.9 8.21 0.61 4.76 125.8 299.9 160.7 15.3 8
1.25 10.08 0.55 7.37 116.7 333 141.7 13.8 7.4
1.55 13.32 0.46 10.73 109.4 309.1 143.1 11.4 8.4
1.65 11.27 0.47 6.33 107.5 273.1 159 10 7.8
1.85 1222 0.54 10.23 155.5 |249.1 172.1 13.7 9.4
2.0 15.00 0.56 10.87 152.1 242.5 166.9 14.8 20.6
2.25 16.26 0.54 10.89 141 272.3 167.3 13.2 9
2.45 13.33 0.55 12.73 140.1 317.1 161.7 15.6 9.7
2.65 17.83 0.52 13.28 131.5 285.7 134.1 15.5 8.7
2.85 47.83 [0.16 33.82 [41.2 410.7 |41.5 5.6 9.2
3.05 10.14 0.59 7.93 147.1 248.7 159.2 15.5 6.3
3.25 11.01 0.59 5.37 134.2 286.6 180.4 13.9 7.7
3.45 11.46 0.55 4.98 143.2 216.8 181.2 14 8.1
3.65 1.60 0.73 3.28 124.7 141.8 229.8 11.3 7
3.8 11.04 |0.61 5.38 131.1 293.8 157.3 15.8 8.2
4.0 13.42 0.59 10.33 134.5 271.5 155.5 15.8 7
4.2 11.79 | 0.59 7.93 139.9 | 256 166.7 17.5 7.6
4.4 12.97 0.59 7.83 134.8 262 169.8 14.8 8.8
4.6 19.10 0.54 12.92 122.3 280.3 141.2 17.5 11.9
4.8 13.26 | 0.43 5.28 1009 [223.8 |95.5 14.1 7.9
5.05 19.96 0.61 3.72 125.2 286.3 139.9 17.3 13.4
5.2 14.68 | 0.60 4.87 156 243.8 164.7 12.7 7.1
5.4 15.20 0.59 10.38 127.8 234.8 201.9 13.2 7.7
5.6 15.15 0.64 10.77 129.7 167.8 199.6 7.1 7.8
5.8 22.12 | 0.44 16.39 | 98.8 164.6 1522 | 9.6 8.9
6.0 13.84 0.57 10.76 139.1 237.6 168.5 14.7 8.2
6.2 24.84 |0.43 28.37 165.5 176.3 1784 | 7.2 7.4
6.4 8.01 0.55 2.47 162.8 153.2 225 6.4 11.4
6.6 15.25 0.60 10.33 134.8 | 200.6 193.7 10.7 8.1
6.8 16.55 0.84 2.81 106.3 186.5 281.6 9 7.3
7.05 12.56 0.58 6.37 220 148.1 140.9 6.3 7.8
7.2 3.70 0.61 7.98 268.3 189.8 176.6 15.9 20.7
7.4 1.26 0.63 2.37 232.2 153.5 224.1 12.3 24.9
7.6 8.71 0.68 3.28 276.8 152.6 154 7 7.5
7.8 4.70 0.75 3.98 299.6 147.7 158.7 7.2 14.6
8.0 13.87 0.66 5.33 284.8 155.6 149.2 5.8 8.6
8.2 1.41 0.69 4.38 306.2 142.8 149 8.2 7.3
8.4 6.86 0.70 3.03 307.3 149 141.2 6.2 7.9
8.6 2.15 0.72 3.67 335.6 142.5 1486 |6 8.2
8.8 2.71 0.59 3.87 253.8 143.1 160.4 5.9 15.5
9.0 19.11 0.54 6.78 250 170.4 133.4 8.4 7.2
9.2 10.78 0.62 7.26 153.1 241.9 177.4 13.6 7.7
9.4 4.04 0.53 4.27 240.1 148.4 174 7.3 18.7
9.6 7.60 0.56 6.66 168.4 145.5 194 7 7.7
9.8 11.20 | 0.66 4.76 234.7 171.5 114.6 10.2 8.1
10.0 10.47 0.60 11.37 199.5 209 113.1 18 10.1




