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Abstract

Freshwater Lake Ulubat (c. 1.5 m deep and c. 138 km?) receives sediment from a 10.414 km? area in the seismically
active Susurluk Drainage Basin (SDB) of NW Turkey. The B and trace element contents of the lake infill seem to be a
link between the fresh landforms of the SDB and the lacustrine sediment. Deposition in Lake Ulubat has been 1.60 cm a™!
for the last 50 a according to radionucleides; however the sedimentation rate over the last millennium was 0.37 cm a”!
based on '*C dating. The B content of the lacustrine infill displays a slight increase at 0.50 m and a drastic increase at
4 m depth occurring ¢. 31 a and ¢. 1070 a ago, respectively. Probably the topmost change corresponds to the start of open
mining in the SDB and the second one to the natural trenching of borate ore-deposits. These dates also show indirectly a
1.4 cm a~' erosion rate during the last millennium as the borate beds were trenched up to 15 m. By extrapolation, it is pos-
sible to establish that the formation of some of the present morphological features of the southern Marmara region, espe-
cially river incision, began in the late Pleistocene, and developed especially over the last 75 ka.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The basic constituents of landforms are slopes
and valleys, particularly in mountainous regions.
Their formations are controlled by various and

* Corresponding author.
E-mail address: nizamettin.kazanci@eng.ankara.edu.tr (N.
Kazanci).
U Fax: +90 312 2150487.

commonly immeasurable factors such as climate,
tectonism, rock type, altitude and slope stability
(Chorley et al., 1984; Leopold et al., 1995). The con-
cept of erosion-sedimentation balance and denuda-
tion rate are key instruments to describe the
geological-geomorphological development of a
region (Einsele, 1992; Einsele and Hinderer, 1998).
Obtaining an age on the formation of a landform
is an aim rarely achieved. Trace elements may
become keys to link parent rocks and sediments
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derived from them (Engstrom and Wright, 1984;
Bilali et al., 2002). In the Susurluk drainage basin
(SDB) of NW Anatolia in Turkey, B-bearing
sequences of Neogene age have been trenched natu-
rally and have produced B-rich sediment down-
stream in lacustrine basins and in the Sea of
Marmara (EIE, 1996) (Fig. 1). The detection and
the dating of B and other elements within the lake
sediment are suggested as good tools for the expla-
nation of some Holocene geological events includ-
ing erosion rate, tectonism and modern drainage.
Already, the Late Holocene erosion of this region
has been interpreted based on sedimentation rates
and modern sediment loads into lakes Manyas
and Ulubat and into the shelf of the Marmara Sea
(Kazanci et al., 2004). Moreover, pollen assem-
blages within the sediment sequences of the same
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lakes have reconstructed the palaco-botany and cli-
matology of the area (Bottema et al., 2001; Leroy
et al., 2002). In this study, the B and some of the
trace element contents of sediment of Lake Ulubat
that receives water and sediment from a B-rich
drainage basin is investigated to find a possible rela-
tionship between the lacustrine sedimentation and
the present-day landscape morphology in N-W
Anatolia (Figs. 1 and 2).

Boron is a trace element being found at a concen-
tration 10 ppm in the crust, with average concentra-
tions of 100 ppm in shale, 15 ppm in granite and
S ppm in basalt, respectively. Its concentrations in
sea water is 4.4 mg/L. Boron is a useful element
for provenance studies as it reflects B-bearing parent
rocks. In the study area (i.e., SDB), these parent
rocks form lithostratigraphic units containing a
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Fig. 1. Location of Lake Ulubat and the Susurluk Drainage Basin. The symbols in the inset B for borate beds are not to scale.
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Fig. 2. Lake Ulubat and coring stations. Note that some of the ages were produced by the rate of deposition. Stars show places of '*C

dating.

layer of B ore-deposits with high economic value.
Presently, B ore and/or borate deposits are being
eroded since deep alluvial trenches/valleys cut these
layers. Consequently, it is expected that the B con-
centration of the lacustrine sediment derived mostly
from the same area would change through time. The
hypothesis is that a possible dating of the changes in
B-content through the lacustrine sediment sequence
provides the timing of fluvial trenching in the drain-

age basin. It is for this purpose that the B content of
the sediment of Lake Ulubat has been studied.

2. Background
2.1. Geological setting

The southern Marmara region mostly comprised
of the Susurluk Drainage Basin (SDB) has had a
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complex geological evolution since Early Palaeozoic
times. Some of the oldest tectonic units of Turkey,
e.g., the Uludad massif (in the east), the Menderes
massif (in the south of SDB) and also old crystalline
rocks are found in this region. They have formed
high topographies due to the effect of neotectonism
since the Neogene (Emre et al., 1998). However, in
the same time period, many continental, mostly
lacustrine, basins were formed and their infill is
now being subjected to erosion.

Lake Ulubat, a crucial part of the study area, is
located on the eastern side of a large W-E tectonic
depression formed at the transition of the transform
North Anatolian Fault (NAF) zone and the exten-
sional tectonic regime of western Anatolia (Emre
et al., 1997a) (Fig. 1). This depression, called the
Manyas—Karacabey depression, is tilted towards
the east where Lake Ulubat (2 m asl and a surface
area of 138 km?) is located. Lake Ulubat controls
the drainage of an important part of the SDB
(Fig. 1). The origin of the modern lakes, including
Lake Ulubat, is still relatively uncertain, but it is
thought that they began through channel damming
of ameandering stream system, possibly during a per-
iod of mid Holocene sea level increase (Emre et al.,
1997b; Leroy et al., 2002). Some abrupt changes of
sedimentary features within the infill of Lake Manyas
might be related to regional seismicity and even tsu-
namis from the Marmara Sea (Leroy et al., 2002).

The stratigraphy of the Susurluk drainage basin
is fairly complex and various rocks are exposed
(Yilmaz et al., 1990; Okay et al., 1991). Volcanics,
clastic sedimentary rocks, clayey limestones and
evaporites of Late Tertiary age and, to a lesser
extent, older metamorphic rocks outcrop in the
higher parts of this basin (Yalginkaya and Avsar,
1980). However, collated borehole data have estab-
lished that the lakes are surrounded by large areas
of Holocene alluvial deposits and also by some
Pleistocene fluviatiles in the lower parts of the drain-
age basin (Kazanci et al., 1997, 1998). Lake Ulubat,
however, is closely surrounded by karstified lime-
stones of Mesozoic age in the east. Sedimentary
and volcano-sedimentary rocks of Neogene, mostly
Miocene, age form extensive units in the drainage
area. These rocks provide a relatively low topogra-
phy that has been incised by many medium-deep
valleys. The highly elevated parts and the far south-
ern part of the drainage basin consist of very com-
pacted pre-Neogene rocks where river courses
form a nearly rectangular drainage pattern as they
generally follow fault lines (Fig. 1). Loose and

sand-dominated alluvial deposits of Late Pleisto-
cene-Holocene age were formed in the western side
of Lake Ulubat with thicknesses up to 40 m, just
south of Mustafakemalpasa town (Emre et al.,
1997b). Most of the Neogene rocks in the south
are composed of volcaniclastics, lacustrine lime-
stones and intercalations of tuffs, lava flows and
marl layers. These units include zones enriched of
B and As apart from some pure borate beds hosted
in a lacustrine succession with volcanic intercala-
tions (Helvact and Firman, 1977; Yalginkaya and
Avsar, 1980). In addition, the southern Marmara
region contains the largest borate reserve of the
world (Polat, 1976). According to the information
available, c. 54% of the world borate reserve is in
Turkey and of that, 80% is found in the SDB (Hel-
vact, 1984). More details about the B-bearing rocks
are given in Section 4.1.

2.2. The basic morphology of the Susurluk drainage
basin

The main morphological element of the SDB
and, indeed, of the whole of NW Anatolia, is one
of deep fluvial valleys (Figs. 1, 3 and 4). Some of
these valleys have been initiated by active faults
(Saroglu et al., 1992). Lake Manyas (150 km?) and
Lake Ulubat (138 km?) are not only the source of
fresh water for the region but also act as secondary
base levels for local streams (Fig. 1). The main rivers
are the Kocagay River (162 km), the Simav/Sus-
urluk River (321 km), the Emet River (278 km),
the Orhaneli River (276 km) and the Niliifer River
(172 km) as well as their tributaries. The rivers Emet
and Orhaneli form the Mustafakemalpasa River by
joining each other 45km south of Lake Ulubat
(Fig. 1). All the rivers join near the town of Karac-
abey and form the Kocasu River just before dis-
charging into the sea (Fig. 1).

Table 1 shows the general morphological charac-
teristics of the main SDB rivers. In general, lowland
areas with altitudes of 350-600 m are predominant
in the SDB. In other words, the SDB consists of
extensive (2/3) lowland areas and to a lesser extent
(1/3) hilly, upland areas (Fig. 1). The prominent
mountains of the southern Marmara region are
Uludag (2543 m) to the north, Akdag (2089 m) to
central south and Saphanedad (2120 m) to the S-
SE (Fig. 1). The longitudinal profile of the river
Emet and the dips of rivers display both the general
features of valleys and the erosion potential of the
region (Fig. 3, Table 1).
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Fig. 3. 3D morphology of the drainage area of the river Emet. Note that river profile shows two main breaks probably representing fault
lines. Also shapes and slopes of valleys are variable along the main longitudinal profile.

An intense drainage network is developed in the
upper part of the SDB (Fig. 4). In addition, many
valleys over 200 m deep have formed in the upper,
mid- and lower sections of the area. The slopes of
the valleys are generally not smooth indicating a
fresh morphology. A step-like development in the
profile of the MKP River/the Emet Stream may
suggest a rapid incision of the borate-bearing suc-
cession (Figs. 3 and 4).

In the SDB modern agriculture is fairly effective
and so an extensive sylviculture combined with a
natural plant cover has developed. A relatively
humid climate gives rise to both the persistence of
this vegetation and to fluvial winter erosion. At
present, the region is very open and intensively
farmed. However, some forested areas form patches
on hills above an altitude of 500 m combined with
cultivated plants with beech and fir on the mountain
tops (Quézel and Barbéro, 1985). Akdag (2089 m) to
the west of the town of Emet, Saphanedag (2120 m)
just on the hydrologic boundary of the SDB and
Uludag (2543 m), south of the city of Bursa are typ-
ical forested, fir and pine-dominated, mountains
with barren tops in the region (Fig. 3). The latter,

Uludag, is the highest summit of NW Anatolia
and it receives snow in early autumn.

2.2.1. The MKP River

The MKP River is the largest stream that dis-
charges into Lake Ulubat. It is formed by two main
branches, the Emet Stream and the Orhaneli Stream
(Fig. 1). Sometimes, not in this study, the name of
the MKP River is applied to the Emet Stream. Its
main and longest branch, the Emet Stream
(278 km), starts from the limit of the drainage basin,
at an altitude of c. 1250 m. The surface dip of its
longitudinal profile is maximal within the first
30 km and its mean dip 1.1% (Table 1) (Fig. 3).
The river valley is generally steep-sided (Figs. 3
and 4). It carries 1.26 x 10° tons of sediment load
annually reflecting high rates of denudation (Kaz-
anct et al., 2004). It is typical that the load and
the water compositions of the Emet and Orhaneli
branches of the MKP River are similar except for
their boron content. The high volume of the latter
in the Emet Stream reflects a clear derivation from
the Emet borate bed (Tables 4 and 5).
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Table 1
Morphological characteristics of some rivers in the Susurluk
drainage basin (after Kazanc et al., 1998)

Characteristics Length Mean altitude Mean elevation Mean

and rivers (km)  of the source along river slope
area (m) profile (m) (%)
Gonen River 134 500 118 1.1
Kocagay River 162 600 85 0.76
Simav River 321 1000 282 0.8
Emet River 278 1250 304 1.5

2.2.2. Lake Ulubat

Lake Ulubat at the eastern end of the Manyas—
Karacabey depression has a maximum water depth
of 2.50 m and a surface area of c. 138 km? according
to Landsat TM images of May 1987 (Fig. 2), but
119 km? to Landsat ETM of July 2000 (database;
http://glcfapp.umiacs.umd.edu:8080/esdi/index. jsp).
The average water depth is 1 m in summer and
1.50 m in winter. The annual fluctuations of the

water level have been controlled since 1990 (Kaz-
anci et al., 1998). The water surface of the lake is
only 2m above sea level; however the distance is
c. 23km from the Marmara Sea along the lake’s
outlet (via the Karacabey gorge). It is an open,
eutrophic freshwater lake with an elongated shape
(23 km E-W long and 12 km N-S wide). Its periph-
ery is irregular owing to fault scarps in the SE, old
karstic features in the NE and delta progradation
in the SW. Four islands of Mesozoic limestones
delineate two main sub-basins called the Western
Basin and the Eastern Basin that influence water
and sediment circulations (Fig. 2). Other islands
consist of sediment deposited after the formation
of the lake. The main water and sediment sources
of Lake Ulubat are the Mustafakemalpasa River
(MKP) that has an overall drainage area of c.
10,414 km>. The delta of this river rapidly progrades
into the lake from the S-W to the S-E and it has
shifted towards the SE probably under tectonic
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control (Fig. 2). The suspended sediment load of the
MKP River has been about 1.3 x 10° tona~! in the
last 30 a therefore providing a sedimentation rate of
1.6 cm a~' (Kazanc et al., 2004).

3. Data acquisition and analytical methods

Since the methods of study have been given pre-
viously in detail (Leroy et al., 2002; Kazanci et al.,
2004), only a short summary is given here.

Some of the limnological characteristics of Lake
Ulubat were surveyed in 1997 and in 2002. Modern
sediment samples taken by an Eckman grab from 36
localities of the lake bottom were examined by rou-
tine sedimentological methods. During the survey in
2002 the water of the lake and its surrounding were
sampled. A coring campaign, using PVC 63 mm
diameter pipes and also a hand-pushed Livingstone
piston corer operated from a raft, retrieved a series
of 5-cm diameter sediment cores, in 1 m sections
with core labels AKO02 at 11 sites and the longest
core, which reached 7.8 m depth, is at the centre
of the eastern basin of the lake. Sampling at stations
1-5 (Fig. 2) was done by 2m long PVC pipes
(AKO2PVC 1-5), at the others (AKO2LV 6-11) by
the Livingstone-corer. The results to be presented
in this study are from detailed analyses of core
AKO02PVC-4 (length; 190 cm) in station 2 and core
AKO2LV-10 (length: 7.8 m) in station 11 (Fig. 2).
In 2004, a second coring campaign concentrated
on the centre of the eastern basin and collected core
from 6 to 9.7 m depth (core labels AK04).

Sediment concentrations in '¥’Cs, 2'°Pb, 2'*Pb
and >'*Bi to be used for the age interpretation were
determined in homogenised sub-samples using high-
resolution gamma spectrometry employing a Ge
well-type detector (see Leroy et al., 2002 for detail).
Two levels were dated by the AMS '*C method in
Poznan, Poland. The calibration was obtained by
the Oxcal software (Bronk Ramsey, 2001) using
atmospheric data from Stuiver et al. (1998). A rela-
tive chronology taken from the literature (Bottema
et al., 2001), has been used for correlation.

Loss-on-ignition data were obtained by the com-
bustion of 5 cm® sediment samples in a furnace at
550 and 950 °C. Percentages are calculated on dry
sediment with organic matter, carbonate and resid-
ual ashes forming 100%. The mineralogy of the sed-
iment is based on optical, XRD and XRF analyses.
Grain size analysis has been obtained by an auto-
matic grain-size analyser with laser (Malvern Instru-
ments, Mastersizer 2000 model). Sieving for fossils

(such as seeds and ostracods) on 75-125 ml sedi-
ment samples was achieved through 500, 125 and
63 um mesh sieves after soaking in sodium pyro-
phosphate. The density, plasticity and porosity of
bulk sediments were found by routine methods
(Bowles, 1992). B and some other trace element con-
tents of the lacustrine sediments were determined by
the method of AAS with a graphite furnace using a
Perkin—Elmer Simaa 6000. For these analyses, sam-
ples were first dried and ground and then treated
with a series of acids: 2ml H,SO4+2ml
HNO; + 0.5 ml HF + 1 ml HCL. Afterwards, they
were dissolved with the help of an ETHOS 1600
microwave. Some critical results, e.g., sharp increase
and/or decrease of the B content in the cores were
checked at least three times and their average was
accepted.

Water chemistry and suspended sediment load of
rivers in the SDB have been regularly monitored by
a state office (EIE). Hence some results were pro-
vided from this office. The regional morphology
has been observed from 1972 to 2000 and re-inter-
preted by successive satellite images. The data used
for valley profiles and topography are SRTM (shut-
tle radar topography mission) associated with a
DEM (digital elevation model) with 90 m pixel res-
olution of C-Band SAR (see http://www2.jpl.nasa.
gov.srtm for further technical information). The
DEM data have been analysed by River Tools of
ErMapper 6.3 and photo-maps have been produced
by ArcMap 8 (Figs. 3 and 4).

4. Results

4.1. Fluvial valleys and the borate-bearing Neogene
sedimentary succession of the Susurluk drainage
basin

In the study area, fresh and/or young valleys are
the main component of the morphology in the
upper part of drainage basin (Fig. 4). The most
southern part of it, south of the line Kiitahya-
Balikesir where the streams rise, is the main erosive
area (Fig. 1B). The main stream valleys are c. 100—
250 m deep and most of them are associated with
fault lines (Figs. 1, 3, and 4). Transverse profiles
of the valleys show irregular slopes; some have
“V” shapes, others have “U” ones (Fig. 4). The
length of secondary valleys varies from a few tens
to a few hundreds of meters reflecting a relatively
erodible lithology. Summits of ridges between val-
leys are so sharp that many captures could happen
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in the near future (Figs. 3 and 4). Short but deep
valleys, captures and intense drainage network gen-
erally result from lithology-controlled, extensional
erosion (Howard, 1967; Chorley et al., 1984; Leo-
pold et al., 1995).

The most common lithology of the SDB is the
borate-bearing Neogene succession. It is interca-
lated with volcanic and volcaniclastic rocks, overly-
ing Palacozoic metamorphic rocks. The succession
consists of different lithologies (subunits) with dif-
ferent colours. They are as follows in ascending
order (Helvaci and Firman, 1977); (a) conglomerate
and sandstone, (b) marl and limestone with a tuff
layer (lower limestone), (c) volcanites, tuff and
agglomerate, (d) red unit formed by intercalations
of coal, gypsum, conglomerate, sandstone, clay,
marl and limestone, (e) the borate zone with clay-
stone, tuff-tuffite and marl, (f) limestone with marl
and chert bands (upper limestone), (g) basalt
(Fig. 5). The lower and upper limestones are rela-
tively resistant to erosion and probably their pres-
ence has affected the initiation of the landform
development. In contrast, borates can be dissolved
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easily by fresh water (Colak et al., 2000). It is inter-
esting that the upper 12-15 m of the borate zone has
been eroded despite its section form, sometimes
deep valleys down to 200 m, and sometimes shallow
ones down to 50 m (Fig. 4). However a good deal of
the borate deposits in the region are exposed, some
extra-high quality beds up to 100 m thick have been
mined as open mines, e.g., beds of Bigadig (I), Emet
(IT), Kestelek (IIT), Sultangayir1 (IV) (Fig. 1B). The
beds I and IV are in the drainage area of the Simav
River of the SDB, however the Emet bed (II) and
Kestelek bed (III) have been drained by the Emet
and Orhaneli streams, respectively. The Kestelek
bed (III) is a relatively small bed mined as ‘“an
underground mine” and also it has a waste reser-
voir; hence there is hardly any discharge into the
Orhaneli Stream. The Emet borate beds (II) have
been mined since 1956 at the Espeyl, Espey2 and
Killik sites as underground mines and since 1960
at Hamamkoy and Hisarcik sites as open cast mines
which all are aligned along the valley of the Emet
stream. These mining sites are placed between the
localities of profile 2 and that of profile 4 (Fig. 4).

Limestone with chert bands
Clay
Marl

Clay with realgar and orpiment

Colemanite with clay

Tuff

Colemanite and hydroborasite with clay
Tuff

Colemanite nodules with clay

Clay

Colemanite nodules with clay and tuff

Fig. 5. Stratigraphy of the SDB Neogene succession and detailed lithology of the Emet borate bed (II in Fig. 1) (modified from Helvaci,

1986).
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Colemanite (Ca(B3;04)(OH); - H,O) and hydrobora-
site (MgCa(B304(OH)3), - 3H,0) are the predomi-
nant B minerals within the sediment of the Emet
borate bed. Other minerals include meyerhofferite,
ulexite, veatchite, tunelite, terugite, kahnite, gyp-
sum, celestite and calcite which are abundant, but
are secondary minerals. The last 3 of them are not
borate minerals, but they can be observed both in
the same beds as crystals and as separate layers
in the borate zone (Helvaci and Firman, 1977). In
addition, elemental B, B minerals and some associ-
ated minerals (naive sulphur, realgar —AsS-), orpi-
ment (As,S;) are also detected within each of the
rocks of the succession (Table 2) (Helvaci, 1984;
Helvaci and Alonso, 2000).

The lithological pattern and/or the concentration
of the B minerals in the borate zone are locally
diverse. This means the thickness of the ore zone
and the purity of the ore change in different mining
sites along the Emet valley. Colemanite is found
there as nodule(s), layer(s) of large crystal, or in dis-
semination. Table 3 shows the general case in the
Hisarcik site. From here, also taking the general
stratigraphy (Fig. 5) into consideration, one can
conclude that the derivation of the B from the
SDB was continuous, but it became concentrated
when the borate zone began to erode.

Illite and montmorillonite are common rock-
forming clay minerals of the sedimentary succession
in the SDB (Ataman and Baysal, 1978). However
the secondary minerals are usually an assemblage
of smectite, chlorite, kaolinite and saponite in clays
of the borate zone (Colak et al., 2000). It is worth
noting that all borate minerals have a wide elemen-
tal composition. In addition, Anatolian borates
contain oxides and some trace elements (Table 3)
(Helvaci, 1986). Previous studies suggest that the
Anatolian borates have been deposited in lacustrine
environments owing to evaporation during the early
Neogene (cf. Helvaci and Firman, 1977; Ataman
and Baysal, 1978; Helvact and Orti, 1998; Helvaci
and Alonso, 2000). However Table 2 shows clearly
that the Neogene rock succession, particularly vol-
canics and volcanites, include B associated with

Table 2

Table 3

Chemical composition of colemanites (on 20 samples) from
Hisarcik—Derekoy localities of the Emet area (from Helvaci,
1986)

Mean Maximum Minimum St. deviation
Oxide (%)
B,O; 47.63 51.05 42.12 2.08
CaO 24.19 26.88 18.20 2.04
MgO 1.92 5.21 0.57 1.24
Na,O 0.24 0.35 0.14 0.05
SrO 1.51 3.99 0.32 0.81
As,05 0.21 1.28 0.01 0.31
SiO, 2.63 8.09 0.48 2.02
K,0O 0.06 0.37 00 0.10
H,O 19.91 21.35 18.72 0.70
SO, 0.30 1.13 0.05 0.26
Elements (ppm)
Al 973 2863 133 811
Fe 767 2318 00 514
Mn 22 56 3 16
P 119 801 14 171
Cl 132 225 92 30
Cu 27 61 6 12
Br 0 3 00 1
Ba 27 149 00 38
Ce 214 966 60 225

Sr, Li, As. Based on B and trace element enrichment
within the volcanic rocks, the origin of the borate
minerals could therefore be hydrothermal instead
of by evaporation, but this debate is beyond the
scope of this study.

4.2. Present sediment and boron discharges into Lake
Ulubat

Presently, the lake is surrounded by moderate to
high hills of Mesozoic limestone in the north, the
east and the south. In addition the active Ulubat
fault provides a steep southeastern coast (Fig. 2).
Because of this morphology, Lake Ulubat receives
carbonate-rich groundwater and water from springs
(EIE, 1996). The MKP River is the main sediment
load and water path for Lake Ulubat; it has formed
a relatively large delta on the SW coast of the lake
(Figs. 1 and 2). The sediment load of the rivers
and water chemistry of the rivers and lakes in the

Element contents and ages of the volcanic rocks related with the boron ore deposits (from Helvact and Alonso, 2000)

Sample no. Stratigraphic level Elements (ppm) Rock analysed K-Ar age (ma) and

to ore deposit B Sr Li As mineral used for dating
E-9 Above 500 m 85 125 16 Trachite 15.4 £+ 0.2 (feldspar)
E-1 Just inner zone 77 38 <2 Alkali trachitic tuff 16.8 £ 0.2 (biotite)
E-3 Below 150 m 67 22 64 Rhyolyte 19.0 £ 0.2 (biotite)
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SDB have been recorded since 1935 by a state insti-
tute, the EIEI. According to the present data, the
MKP River (Emet and Orhaneli streams) has a
net drainage area of c. 8480 km? and its average sed-
iment load is almost 1.26 x 10° ton a™! (EIE, 1993,
2000). This means that each km? of the drainage
area of the MKP River produces 148 tons of sedi-
ment and 167 m* of water annually. This is a rela-
tively high rate of denudation (Kazanci et al.,
2004). From station 331 on the Orhaneli Stream in

Table 4

143

addition to station 302 on the MKP River
(Fig. 1), calculations of the total, monthly and
annual quantities of B discharged into lake Ulubat
are possible individually for each stream (Tables 4
and 5). (Note the positions of stations 302 and
331; Fig. 1.) The B has mainly been provided to
the lake by the Emet Stream, particularly in summer
when the air temperature is relatively high and open
cast mining is intense. This is usually due not to only
mine waste and wastewater, but also to dewatering

Monthly B contents and hydrological characteristics of the Emet Stream (E)/the MKP River at station 302 and the Orhaneli Stream (O) at

station 331 for 24 a (after EIE, 1996)

Months Discharge Water Sediment pH Boron (mg/L)

(m*/s) temperature (mg/L) Mean Max

(°C) '

E (0] E (0] E (0] E (6] E (0] E (@)
January 45 7 6.3 7.5 271 46 8.3 8.2 0.66 .20 14.5 25
February 88 8 4.9 5.0 1788 73 8.2 8.2 0.35 44 1.60 .65
March 85 17 8.4 6.5 308 158 8.2 8.4 0.47 40 1.30 .50
April 131 21 11.5 13.0 1502 219 7.8 8.0 0.46 41 2.90 .50
May 51 20 16.4 14 356 392 8.1 8.3 0.83 17 4.20 25
June 28 9 18.9 19.7 453 337 8.1 8.0 0.95 .39 1.70 .90
July 14 8 23.2 20.3 312 405 8.3 8.0 0.96 .53 2.15 .90
August 11 5 23.8 20.5 692 81 8.3 8.0 0.93 25 2.05 .60
September 10 5 18.6 17.3 223 31 8.1 8.2 0.98 00 1.55 00
October 19 9 15.3 14.3 1031 2237 8.0 7.9 0.73 .05 2.00 25
November 19 7 10.8 10 394 126 8.2 8.2 0.89 21 2.00 .55
December 55 8 5.8 5.3 1228 54 8.0 8.2 0.38 .55 1.15 1.0
Note that values of the Emet Stream (E) /the MKP River here include those of the Orhaneli Stream.
Table 5
Annual mean and maximum B contents (mg/L) of 4 rivers in the Susurluk drainage basin (calculated from EIE, 1996)
Years Kocasu, 317 Simav, 316 MKP/Emet, 302 Orhaneli, 331

Mean Max Mean Max Mean Max Mean Max
1970 00 - No data 00 - No data
1971 00 - ” 00 - ”
1972 00 - ” 00 - ”
1973 0.99 2.70 ” No data ”
1974 2.02 3.90 ” ” ”
1976 1.85 4.00 ” 1.08 4.20 ”
1983 00 00 0.35 0.35 00 00 ”
1984 0.95 2.00 1.24 3.00 0.77 1.75 ”
1985 1.03 2.00 2.73 6.80 0.80 1.50 ”
1986 1.19 2.30 2.36 8.60 0.90 2.00 ”
1987 1.03 2.45 1.58 3.00 0.94 1.80 ”
1988 2.65 8.50 2.23 8.50 0.93 1.30 ”
1989 1.56 3.25 2.65 5.70 1.05 2.05 ”
1990 1.14 2.15 2.22 5.80 0.86 1.65 ”
1991 0.58 1.29 2.02 6.71 0.90 1.55 ”
1992 0.95 1.45 1.50 2.25 1.00 1.90 0.41 0.90
1993 1.38 2.85 1.86 4.05 0.93 1.55 0.32 1.00
1994 1.23 2.05 1.58 3.90 1.07 1.80 0.09 0.25

The numbers near the river names indicate the station where measurements have been made. In some years for the rivers Simav and

Orhaneli B was not detected (=no data).
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of the groundwater in the mining sites, despite the
presence of some water purification system around
the mines. The long-term B values of the Kocasu
River from station 317 are lower than those of sta-
tions 302 and 316, although station 317 is the last
one, or a collector, based on its position (Table 5;
Fig. 1). From here it can be concluded that a good
deal of elemental B is caught in the lake water and
lake sediments.

Table 6 shows the B content in the lake water.
Boron is high everywhere, particularly close to the
active delta (Fig. 2; Table 6). It is also worth noting
that the drinking water of the Goélyaz village (NE
of the lake) obtained from ground water (sample
23) and a thermal water (sample 20; on the Ulubat
Fault and out of Fig. 2) include a relatively high
content of B (Table 6), proving that not only the
surface water and the sediment but also the subsur-
face water has been polluted. Results from a sample
from the outlet (sample 26) show relatively very
high B content (Table 6). It displays also that out-
flow from the lake reduces the accumulation of this
pollutant.

Table 6
Boron content of water of Lake Ulubat and its surrounding
Sample  Sample site Boron
no. (mg/L)
2 8. Ist., Water 9 2.35
3 Near Manastir island, Water 15 1.20
4 11. Ist., Water 13 2.58
5 6. Ist., Water 7 0.11
6 Issizhan, Water 17 5.14
7 10. Ist., Water 12 2.48
8 East of Golyaz village, Water 19 1.19
9 Kerevit island, Water14 2.06
10 9. Ist., Water 10 2.91
11 3. Ist., Water 3 2.09
12 5. Ist., Water 6 0.72
13 3. Ist., Water 2 2.52
14 Eski Karaagag villagekoyii, Water 18 0.48
15 Between islands and the 0.31
village Golyazi, Water 18
16 7. Ist., Water 8 -
17 5. Ist., Water 6 1.11
18 Entrance of village Golyazi, Water 20 4.08
19 In south of Lake Manyas, Water sample 4  —
20 Ilicabogaz1 (Gorge), Thermal water 5.97
21 Seyir Tepe, delta plain water sample 5 2.62
22 Kizik Hamam, Thermal water 3.69
23 Drinking water of Golyaz village 3.92
24 4, Tst., Water 4 0.98
25 4. Ist., Water 5 0.39
26 Ulubat Water, near the outlet 12.40

Samples were collected in July of 2002. See Fig. 2 for samples
sites.

4.3. Lacustrine pre-modern sediments

4.3.1. Thickness

In Lake Ulubat, the 2002 and 2004 coring cam-
paigns concentrated on the eastern sub-basin of
the lake (Fig. 2). A series of 13 short cores (1-
1.9 m) was taken in a transect from the north to
the south. A series of 12 longer cores (5-7.8 m)
was obtained along the SE shores of the lake
(Fig. 2). The longest core obtained in 2002 by hand
pushing could not penetrate further than 7.80 m
depth because of a partly compacted hard layer.
Bottema et al. (2001) took a 7.2m long core in
1988 in the delta (western basin). Their coring
stopped on a thick sand layer (the bottom 33 cm).
Another coring campaign in 2004 provided sedi-
ment cores from the centre of the eastern basin
down to 10 m depth; even if the bottom, c. 1.5m
was a hard layer. There are no signs that the bottom
of the lacustrine infill has been reached. However,
some indirect data, e.g., Holocene channel-fills
nested into Pleistocene sediment of the Manyas—
Karacabey depression, suggest that the Ulubat
lacustrine infill could be around 10 m (Emre et al.,
1997a,b; Kazanci et al., 1997, 1998).

4.3.2. Sedimentation rate and age—depth model

The present results in this study which were
obtained by two different methods of radiometric
dating using the cores of campaign 2002 have shown
larger sedimentation rates than those of previous
studies (i.e., Bottema et al., 2001). They are as fol-
lows (Figs. 2 and 6):

(1) Radionuclides. They have been studied on two
cores: AK02 PVC4 (near the village of Apol-
yontkdy = Village Golyazi) and AK02LV12
(south of the larger island in the southern
basin) (Fig. 2). The latter core is in the same
station, Station 11, as LV10 and LV 11 where
most of the analyses have been made.For
AKO02 PVC4, the >'°Pb indicates a sedimenta-
tion rate of 1.6cma~', whereas that of the
137Cs is 1.48 cm a~! (Fig. 6A and B). Because
the values of ?'°Pb are low, the rate provided
by "*’Cs is considered as the best. For core
AKO02LV12, the values of >'°Pb are too low
to be reliably used. In addition, the scattering
of the data does not allow deriving a sedimen-
tation rate. However the '*’Cs shows well pro-
nounced peaks for both Pacific weapon testing
(1964) and the Chernobyl accident (1986), sug-
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Fig. 6. Radionuclide data for core PVC4 (A,B) and provisional age-depth model of the Lake Ulubat sediment sequence (C).

gesting a sedimentation rate of 1.79 cma !

(Fig. 6A and B). The small rate difference
between the two cores seems to be reasonable
as the site of AK02LV12 is much closer to the
river mouth than the other one (Fig. 2). As a
result, it is possible to assume that the mean
sedimentation rate in the eastern basin of
Lake Ulubat is approximately 1.6 cm a~".
4C dating. Sieving of the sediment of the
whole length of core AKO2LVI11 provided
only two horizons with terrestrial material
suitable for "*C dating. The results of AMS
radiocarbon dating are as follows (Fig. 2):

e from 624 to 6l4cm (a mid-point of
619 cm), 5 seeds, probably of Polygonum.
1612 4+ 30 a BP (laboratory number: Poz-
3638, calibration: 95.4% probability with
5.2% for AD 260-280 and 90.2% for AD
320-540).

from 682 to 672cm (or 677cm), a
14 x4 x1.5mm twig-like plant remain(s).
1708 +£ 25 a BP (laboratory number: Poz-
3636, calibration: 95.4% probability AD
250-420).

)

A general sedimentation rate derived from radio-
carbon dates is of 0.364-0.384 cma~' (on average
0.37 cm a~ ") (Figs. 2 and 6 C). So, taking into con-

sideration this sedimentation rate and the 10 m
depth of the 2004 campaign, formation of the cored
lacustrine infill at 0.37 cm/a would take at least
2.674 ka.

In conclusion, these results suggest that the sedi-
mentation rate has recently dramatically increased
(>4 times) in Lake Ulubat, as the sedimentation
rates obtained by both methods are different. The
ages of the 50 and the 400 cm changes in the B
curve, respectively, are AD 1970 and AD 932.

4.3.3. Sedimentary characteristics

The lithology of the pre-modern lacustrine
sequence in all stations is typically a silty, plastic
mud with a grey colour. The water content is about
37-67%. Grain size analysis indicates dominance in
the range of 10-35 um. The volumetric ratios of
sand, silt and clay along the cores are 1-5%, 45—
80% and 25-45%, respectively (Fig. 7).

The mineralogy of the sediment is relatively sim-
ilar to that of the modern lake bottom mud. Loss-on-
Ignition analyses on 10-cm interval samples of core
AKO2LV 10 indicate a fluctuating record with 4—
17% total organic matter and 5-14% carbonates
(Fig. 7). Organic matter increases at depths of 6—
5.5, 3-2.25 and 1-0.25 m; however, the reasons for
these increases remain unclear. In contrast, the
carbonate content increases when organic matter
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Fig. 7. Vertical changes of grain size, organic matter and carbonate content in core AK02LV 10.

decreases and both are independent from grain size
(Fig. 7). The sediment lithology at the bottom of
core 2002 is similar to most of the overlying
sequence; however the mean grain size is larger in
the few tens of cm above the sharp change of
organic content (Fig. 7). In parallel, the results of
chemical analyses together with heavy metal com-
position of the lacustrine mud show a heteroge-
neous distribution (Toprak, 2004). By visual
inspection, core AKO02PVC4 appears to be finer
grained than that of AKO02LV-10 for the same
depths, but the vertical carbonate distribution is
similar. In general, the carbonate content of Lake
Ulubat is relatively high. It may come from the ero-
sion of the Mesozoic limestones in the drainage area
and karstic springs originating from the limestone.
However, a sudden increase at 4 m depth together
with B could be related to climatic and other
changes in NW Anatolia.

4.3.4. Boron content of the lacustrine sediment
Boron analyses on 10-cm interval sediments in
cores AKO2LV10 and PVC4 have been carried out
(Fig. 8). From the base to the top a sharp increase
or change is detected exactly at the 400 cm layer,
with a doubling of the B content in core LV 10. Also

an obvious change is seen in core AK02PVC4 at the
60-45 cm layer in spite of a slight increase at 95 cm
(Fig. 8). The average of B concentration is 1.205 and
0.206 g kg~ within sediments of LV 10 and PVC4,
respectively. These values are obviously above the
limit tolerated for natural environments (EPA,
1973), which is of 0.2 g/m®. It is most probable that
the clear difference between PVC 4 and LV10 is due
to the greater distance to the delta and/or to the
mouth of the MKP River which discharges B-bear-
ing sediments and water into the lake.

It is not possible to determine whether B in the
lake sediment derives from particles or from ions
directly. However, the ionic radius of B is small
(0.23 A); consequently it has a strong affinity for
O,. It is also found within sediments as oxides
dependent on concentration, pH, salinity, tempera-
ture and mineral types in the environment. Most
of the clay minerals, particularly high magnesian
clay minerals, absorb much B; so deltaic and lacus-
trine environments are usually rich in B. The leach-
ing of B from soil or sediment is fairly difficult, so it
accumulates there; and over time it forms com-
pounds with some metals, i.e., Li, Cu, Co, Fe,
Mg, Ag, Sn, (Barnes and Barnes, 1978; Argak
et al., 2000; Toprak, 2004). Overall, apart from a
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Fig. 8. Boron content of the infill of Lake Ulubat along two cores (the values at abscissa and ordinates are different). The arrows are for
highlighting the starts of sharp changes. Note that PVC4 is stratigraphically equivalent to upper two meters of LV10.

suitable environment, a B-rich drainage area pro-
vides a high volume of B in Lake Ulubat. The dra-
matic increase at the 400 cm interval must depend
on a sudden change in the drainage basin as other
circumstances seemed to have remained the same
(Fig. 8).

5. Discussion

As mentioned above the main objective of this
study is to find a link between erosion and lacustrine
deposition, more specifically between B deposition
and the development of the present landscape in
the SDB. The approach adopted is the extrapolation
of the B content of the sediment in Lake Ulubat to
valley formation; because B is transported easily to
new environments by flowing waters, particularly by
perennial streams (e.g., Langmuir, 1997). Two items
of data, the thickness of B-rich lacustrine sediment
(=4 m) and the trenched part of the borate zone
in the Emet valley (=15 m deep) are the basis for
the following interpretations.

The B content of the Emet River is relatively high
in the summer months from June to September;
however the discharge of the river is small, due to
high levels of mining activities in summer (the role
of temperature on the B content in the stream is
not known). In parallel, the B content of the water

of Lake Ulubat increases in summer (Table 6).
Therefore, it is suggested that the B content of lake
and river waters in the SDB is completely dependent
on the B available from its drainage area. This is
also the case for the B within the sediment of Lake
Ulubat.

5.1. Possible age of deep valleys

According to radionucleides and to radiocarbon
dates, the ages of the 0.45m layer and 4 m layer
are AD 1971 and AD 932 (=1070 a BP), respec-
tively. The age of the 0.95 m layer reflects the year
1955 AD (however it is AD 1938 if based on
1.48 cm/a) that the open mining started in the
SDB. Considering the sensitivity of the lacustrine
sedimentation to B, the sharp increase at 4 m
reflects the very beginning of the incision in the
borate zone and/or the start of the erosion of the
borate deposit. And, during this time span,
borate-bearing valleys in the SDB were trenched
to a maximum of 15 m expressing an erosion rate
of 1.4 cm a~'. This rate is very high in comparison
to long-term erosion but it is very close or similar
to short-term ones in different climatic regions
(Clayton, 1998; Hinderer, 1999; Wilson et al.,
2003). The present data provides an important
contribution to the understanding of the trenching
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history in the Late Pleistocene for the valleys in the
region. For instance, this erosion rate could help to
obtain c. 75 ka duration for the formation of the
550 m deep Emet valley with a simple calculation.
Calculation of the timing (75 ka) is as follows: Ero-
sion of upper cherty limestone unit (see Fig. 5) which
is at least twice as resistant =400 m/1/2 erosion
rate = c¢. 57 ka, plus formation of valleys of 250 m
in the borate-bearing deposits, 250 m/erosion
rate = c. 18 ka.

5.2. Possible role of tectonism on erosion

NW Anatolia, including the Susurluk drainage
basin, is still seismically active and, what is more,
many valleys correspond to active fault lines (e.g.,
Saroglu et al., 1992; Emre et al., 1998). This may
imply a link between erosion, lacustrine sedimenta-
tion and active tectonism. The area, particularly the
southern Marmara region, has been continuously
subjected to earthquakes in historical times (e.g.,
AD 460 at Erdek—Cyzicus-, AD 368 at Mustafake-
mal Pasa—Germe-, AD 447 at Marmara, AD 365
at Iznik; Ambraseys and Finkel, 1991) and the term
Early Byzantine Tectonic Paroxysm (EBTP) was
proposed to describe a cluster of devastating earth-
quakes in the period of AD 400 to 600 in the Med-
iterranean region (Stiros, 2001). It is also believed
that the collapse of a long-lasting arboriculture civ-
ilisation in the Middle East, the Beysehir Occupa-
tion Phase (BOP), had been related directly or
indirectly with hazards of the EBTP based on the
background of climatic aridification (Heim et al.,
1997; Leroy et al., 2002, 2004). Many devastating
earthquakes also occured during the Byzantine,
Ottoman and modern Turkish Republic times
(e.g., AD 715 at Iznik, AD 740 at Istanbul, AD
865 and 986 at Istanbul, AD 975, 989 and 990
Bandirma, AD 1064 at Iznik, AD 1344 and 1507
at Istanbul, 28 March 1970 at Gediz/Emet; Soysal
et al., 1981; Altinok et al., 2001). In brief, the region
has always been affected by tectonism, with, how-
ever, an intensity that varied over time. Meanwhile
the erosion was considerable in the same region
(Kazanc et al., 2004). Because of the high rate of
Late Holocene erosion on the upland area, the
coastal morphology of the Marmara Sea changed
significantly. A large tectonic depression (the Man-
yas—Karacabey graben) was filled resulting in the
formation of lakes Ulubat and Manyas and the
Kocasu delta (Fig. 1). Additionally, the modern
lacustrine deltas in lakes Ulubat and Manyas have

been prograding rapidly (Emre et al., 1997a,b; Kaz-
anci et al., 1997; Leroy et al., 2002). The subaerial
morphology of NW Anatolia presently is very irreg-
ular due to fresh gullies, steep-slope valleys, and
pointed hills combined with tectonic depressions
forcing a tectonic interpretation for the high rates
of erosion. The result pointing to this interpretation
is the slope instability; the 1970 earthquake at
Gediz/Emet and later on many non-devastating
events showed that seismic shocks have widely
caused failures of slopes and then erosion has
increased significantly as recorded in different obser-
vatories (Table 5) (EIE, 2000).

6. Conclusions

Lake Ulubat is one of the important sediment
traps of the Susurluk Drainage Basin; consequently
its sedimentary sequence is an archive for some geo-
logical-geomorphological events. This lake, which
dates back at least to the Late Holocene, has
>10 m lacustrine sediment transported by the MKP
River. The clay mineralogy and the trace element
composition of this sediment has a homogenous
nature showing the Neogene volcano-sedimentary
source rocks and/or that the drainage basin has
remained by and large similar for the last >2.7 ka.
The main exception is the dramatic change of the B
content in the sediment.

The drainage area of Lake Ulubat, in other
words the Susurluk Drainage Basin, is typified by
valleys; most are 200-250 m deep, with a maximum
of 550 m. The region includes also a Neogene
borate-bearing succession that is deeply cut by the
valleys. These natural deep trenches caused the
exposure of the borate beds and the derivation of
B by erosion from the borate zone. Currently some
of the borate beds have been trenched down to
15 m. According to records from Lake Ulubat sed-
iment, the first trenching of the Neogene borate
bed occurred c. 1070 a ago.

The amount of trenching in the borate-bearing
valleys in the drainage area of the river MKP for
the last 1070 a is around 10-12 m, with a maximum
15 m. It means that the erosion rate was around
1.4 cm a~'. The overall sedimentation in Lake Ulu-
bat was 4 m during the same time; however this rate
is approximately one quarter of the erosion. Extrap-
olation of this erosion rate backwards and/or its use
for morphology may permit estimation of the initi-
ation time of the deep valleys in the southern Mar-
mara region, if the chemical resistance to erosion of
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cherty limestone in the local stratigraphy is ignored.
Consequently, supposing tectonism and stratigra-
phy remained similar, the modern morphology with
deep valleys up to 250 m could be formed over a
time span of 75 ka, hence in the Late Pleistocene
(Fig. 9). It is also known that the climate was arid
during the last glacial maximum and most of the
late glacial and therefore the denudation and sedi-
mentation rates were highly different in Anatolia
(Landmann et al., 1996; Eastwood et al., 1999; Fon-
tugne et al., 1999).

It should be remembered that the present Sea of
Marmara was a relatively small but deep lake
(Smith et al., 1995; Aksu et al.,, 1999; Cadatay
et al., 2000) during the last glaciation (=latest Pleis-
tocene), consequently the base level of the Susurluk
Drainage Basin was lower. Combined with active
tectonism, the elevational difference between the
basin and the upland of SDB (c. 2500-3000 m)
could have played a major role in the rapid forma-
tion of the present morphology; however, this needs
further data to be proven.
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