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Abstract: The pollution history of aluminum (Al), chromium (Cr), cobalt (Co), lead (Pb), zinc (Zn), copper (Cu), and mercury (Hg)
were evaluated using geochemical and sedimentological properties of two sediment cores. The MD22A contained a mass-flow unit
and two coccolith units. The upper coccolith was characterized by high organic matter, but it was relatively depleted in terms of all
studied elements, suggesting dilution by high inorganic carbon. In the mass-flow unit, the relatively high Cr, Co, Zn, and Hg levels
suggested additional contamination sources from the Kocadere Stream and Kocasu River. The ranges of Al, Cr, Co, Cu, Hg, Pb, and
Zn concentrations in mg kg™ in all core sediment samples were 3510-45840 (Al), 35.7-216.6 (Cr), 3.5-38.1 (Co), 4.5-57.6 (Cu), 17.2-
187.2 (Zn), 8.9-71.8 (Pb), and 0.0-0.2 (Hg), respectively. The index of geoaccumulation (Igeo), enrichment factor (EF), contamination
factor (CF), pollution load index (PLI), and ecological risk index (RI) were used to assess the contamination statuses of the samples.
The MD22A core sediments contained more enriched trace elements than the MD89A core sediments. According to EF and I, the
sediments had moderate enrichment with Cr, Cu, Co, Pb, and Zn and were moderately contaminated with Cr, Co, Zn, Pb, and Hg.
RI showed a moderate to high potential ecological risk for the presence of trace elements in the study area. The principal component
analysis (PCA) results strongly suggested that the pollution (Cr, Co, Cu, Zn, Pb, and Hg) was mainly caused by anthropogenic activities
around the region and transported to the eastern and southern coast of the gulf by the Kocasu River and the Karsak Creek. The upper

part of the core in the Gulf of Gemlik has been significantly polluted with Cr, Co, Hg, and Zn since 1930.
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1. Introduction

Trace element pollution in aquatic ecosystems is highly
worrying due to these elements’ toxicity, bioaccumulation,
and persistence properties and adverse effects on human
health through the food chain (Bakak et al., 2020; Yu et
al., 2021). In recent years, trace elements entered marine
environments through lithogenic or anthropogenic
pathways, mainly by soil erosion, industrial activities,
mining and smelting, agriculture, and urban sewage (Yu et
al.,2021). Sediment is one of the major factors of the storage
ecosystem (Zhang et al., 2021); it has sensitive indicators
for monitoring pollutants in aquatic environments
(Vrhovnik et al,, 2013; Zhang et al., 2014). When metals
enter aquatic environments, they primarily accumulate in
fine fragments and suspended particulate substances as a
result of interactions such as adsorption, coprecipitation,
or metal-ligand bonds (e.g., organic matter, oxides,
sulfides, Singh et al., 2017) before getting deposited in
marine bottom sediments. The priority pollutants listed by
the US Environmental Protection Agency (U.S. EPA, 1986)
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in aquatic environments are cadmium (Cd), chromium
(Cr), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn),
which have been transported and deposited in marine
sediments as a result of anthropogenic activities over the
last 200 years. Core studies in geochemistry, paleontology,
and paleomagnetic are highly valuable and can provide
useful information about past environmental conditions
(Kirc1 Elmas et al., 2007; Sar1 et al., 2018; Makaroglu, 2021).
They can also represent historical records of anthropogenic
or natural heavy metal accumulations and trace elements
based on background reference data over time periods.
For this purpose, many researchers have paid importance
to these studies (i.e. Kiikrer et al., 2019; Varol et al., 2020;
Marziali et al., 2021; Young et al., 2021). Although many
surface sediment studies have been carried out in the Gulf
of Gemlik and Marmara Sea, these studies have generally
focused on biodiversity (Taviani et al., 2014; Balc1 et al.,
2017) and anthropogenic pollution (Algan et al., 2004;
Unlii et al., 2006; Sar1 et al., 2013; 2020; Arslan Kaya et
al., 2020). There is almost no information available in the
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literature for trace element pollution in core sediments of
the Gulf of Gemlik.

The main aim of this study is to evaluate the pollution
history and sediment quality in the Gulf of Gemlik, which
may become a baseline for further monitoring research.
Therefore, the paper attempts to measure the total organic
carbon (TOC), total inorganic carbon (TIC), grain size
content, and geochemical concentration of Al, Cr, Co, Cu,
Zn, Pb, and Hg elements.

1.1. Description of the study area

The Gulf of Gemlik is a polluted area in the Marmara Sea
with high anthropogenic pressure due to riverine inputs,
urbanization, coastal shipping, and industrial activities
(Unlii et al., 2008). The gulf was formed as a pull-apart
basin during the late Pliocene-early Pleistocene mainly
controlled by west-trending dextral strike-slip faults along
the middle strand of the North Anatolian Fault Zone
(Barka and Kadinsky-Cade, 1988; Barka and Kuscu, 1996;
Yaltirak and Alpar 2002; Yaltirak et al., 2005).

The Gulf of Gemlik is situated in the south-eastern
part of the Marmara Sea that comprises a two-layer water
structure. The upper layer is of the Black Sea origin (22-26
ppt), the lower layer is of Mediterranean origin (38.5 ppt).
These water layers are separated by a sharp pycnocline at
-25 m (Besiktepe et al., 1994). The gulf is a semienclosed
basin, with a maximum depth of 113 m, length of 36 km,
and width of 11 km (Yaltirak and Alpar, 2002; Vardar et
al., 2014). The main sources of fresh water and sediments
entering the gulf are the Kocasu River, the Karsak Creek,
and the Yaman Creek. The Kocasu River drainage area is
27,600 km?, its main branch length is 321 km, and it has
an area of 50.7 km® (Ozsahin, 2015). The shore length
of the Kocasu Delta is 20.8 km; its slope is 1.1%o, and its
progression amount is 3.5 km. Its total area that does not
contain water is 48 km? (Kazanci et al., 1997; 1999). The
Simav, Orhaneli, Mustafakemalpasa, and Niliifer branches
and Kocagay are the main tributaries of the Kocasu River
(Kazana et al., 1999). The Kocasu River (flow rate: 171
m?/s; suspended solids: 614,000 t/year; Ergin et al., 1991)
carries a significant pollution load from industrial and
agricultural areas to the Gulf of Gemlik (Sar1 et al., 2008).
The Karsak Creek is connected to Lake Iznik to the east,
whereas there are two big towns around it, and various
industrial wastewater and domestic sewerage flow into this
channel (Unlii et al., 2008).

The main anthropogenic sources of pollutants in
the region include shipping, domestic discharges from
225,000 inhabitants around the gulf (Gemlik and Mudanya
districts), and industrial wastewater discharges, and the
area hosts almost 40 industrial plants located in the eastern
and southern parts of the gulf, such as tanneries, fertilizer,
oil, gas, paint production, and chemical industries, food,
textile, and metal industries (Unlii et al., 2008).

2. Materials and methods

2.1. Sample collection and analysis

The studied cores MD22A (40°22'54.56"K, 28°51'1.79"D)
and MDS89A (40°25'48.00"K, 29°8'13.79"D) were
recovered from the Gulf of Gemlik by using a gravity
corer during cruise onboard R/V Alemdar in July 2014
(Figure 1). We assumed that both stations were more
polluted areas in the Gulf of Gemlik. The Kocasu River is
the most important sediment source in the south, while
the Karsak Creek is the most important pollution source
in the east. Many industrial complexes use these rivers and
discharge their load directly into the Gulf of Gemlik. Both
cores were taken from near these river’s paleo delta and
channels (Figure 1). Afterward, the cores were transported
to Istanbul University Institute of Marine Sciences and
Management, Marine Geology laboratory. To prevent the
sediment cores from deteriorating, we kept them at +4
°C in the core repository until they were described and
sampled. Care was taken to protect the sediment samples
from contamination during sampling, transportation,
and preparation for analysis. The cores were split in two
halves, photographed, sampled, and described according
of their texture. After the lithological description carried
out on split halves, the cores were logged for magnetic
susceptibility (MS) and gamma density (GD) at 0.5-cm
resolution using a Bartington point sensor mounted on
a Geotek Multi-Sensor Core Logger (MSCL) at ITU-
EMCOL. One of half was sampled for grain size analysis
with 2-cm slices through the core. Another halfwas sampled
for geochemical analysis with 1 cm slices for the top 30 cm
below sea floor (cmbsf), 2-cm slices for the 30-60 cmbsf,
and 5-cm slices for the 60-100 cmbsf part of the core. The
rest of the core was sampled with 10-cm slices. The samples
were dried in an oven at 45 °C for 48 h and ground using a
mortar and a pestle. The homogenized samples were then
stored in labeled glasses until geochemical analysis was
performed. Metal analyses were performed using ICP-MS
(Agilent 7500 Tokyo, Japan) after total digestion process.
For the analysis, approximately 0.2 g of sample was totally
digested in a hot HNO3-HF-HClO4-HCI acid mixture
using a MARS 240/50 microwave digestion system
(CEM, USA). Montana soil (NIST SRM 2710) was used
for checking accuracy. Five replicate analyses of reference
samples showed good precision, with recovery rates
of 92%-102% for the studied elements (Table 1). Total
mercury (THg) content was analyzed using Milestone
DMA 80. For this analysis, the procedure required samples
with a dry weight of approximately 0.25 g. The sample
was placed inside a glass tube and then the calculation
was done automatically based on 3 times the standard
deviation of blank measurements. Replicated analysis (n
= 3) of NIST SRM 2976 showed good accuracy (Table 1).
Total organic carbon (TOC) analysis was carried out using
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Figure 1. Google Earth map showing locations of (A) Marmara Sea and study area, (B) bathymetry of the Gulf of Gemlik showing the
core locations. The gulfis fed by numerous rivers. Black eddies show counterclockwise bottom currents that are mainly derived from the
Mediterranean waters (Besiktepe et al., 1994), and (C) land use map showing main industrial complexes and residential areas around

the Gulf of Gemlik.

Table 1. Summary of measured and certified values for Cr, Cu, Co, Zn, and Pb in
standard SRM 2710 (mg kg™') and Hg in standard SRM 2976 (ug kg™') with five and

three replicate analyses, respectively.

Element Measured value Certified value Recovery (%)
Cr 35.63 +0.45 39.00* 92

Cu 2807.33 +26.85 2950.00 £+ 130 100

Co 8.96 + 0.05 10.00° 90

Zn 7180.16 £ 27.15 6952.00 £ 91 102

Pb 5067.00 * 87.16 5532.00 £ 80 95

Hg 632+0.7 61.0+3.6 100

Noncertified value

the Walkley Black method. The analysis is based on the
titration with ferrous ammonium sulfate of the dichromate
left after a wet combustion of the sample with potassium
dichromate (Gaudette, 1974; Loring and Rantala, 1992).

454

Total inorganic carbon (TIC) content was determined
with a gasometric method (Loring and Rantala, 1992). For
this analysis, dry ground sediment was acidified with 10%
HCI, followed by volumetric determination of released
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CO,. The TIC contents were converted to weight % total
carbonate (i.e. equivalent CaCO,) and expressed as such
throughout this paper. Grain size analysis was performed
using Micromeritics SediGraph 5120 for mud contents.
Gravel (>2 mm) and sand (0.063-2 mm) fractions were
analyzed using standard sieves. Grain-size results were
combined into three main size fractions: clay (<4 um), silt
(4-63 um), and sand (63 um to 2 mm).

2.2. Chronology

Accelerated mass spectroscopy (AMS) radiocarbon dating
was carried out at the Marmara Research Center (MAM),
TUBITAK in Turkey. The unbroken shell was used for
radiocarbon analysis. The shells were carefully cleaned,
and then inspected under a microscope to ensure that
they were diagenetically unaltered. For core MD89A, we
used the Calib7.0 software, adopting the IntCal 13.14c
Calibration curve of Reimer et al. (2013) to calibrate
the age (Table 2). However, we could not construct an
age-depth model due to insufficient radiocarbon dates
through the core. Therefore, we calculated sedimentation
rates for MD89A based on assumption of a uniform
sedimentation rate. Our radiocarbon date is reported as
measurements without the modern ca. 415-year reservoir
correction (Siani et al., 2000). The chronology of core
MD22A was established by stratigraphic correlation with
core MNTKI-13 from the same basin, which was dated
by Albut (2014) using radionuclide method. Both cores
show similar sedimentological characteristics, magnetic
susceptibility, and gamma density profiles, and include
correlatable mass-flow and coccolith units (Figures 2 and
3; see Section 4.2). Radionuclide ages in MNTKI-13 were
used to integrate the chronological information for core
MD22A (Figure 3; see Section 3.2).

2.3. Assessment of sediment quality

2.3.1. Enrichment factor (EF)

Enrichment factor (EF) was calculated to identify the
pollution levels of trace elements (Sutherland, 2000). It can
be possible to evaluate the anthropogenic influences on
trace elements in sediment from EF (Selvaraj et al., 2004;
Duman et al,, 2022; Ozkan et al., 2022). Anthropogenic
influences on trace elements in sediment were evaluated
from EE. Al, Fe, Mn, and Rb are widely used as conservative
soil elements (Ackerman, 1980; Loring, 1990; Loring and
Rantala, 1992). In this study, we used Al because it is a

conservative and major element of clay minerals, and has
been previously used by several researchers (e.g., Balls et
al., 1997; Pekey, 2006). Enrichment factor was calculated
using the following equation according to Sutherland
(2000):

CM CM
EF = (m) sample/ (m) background

where (CM/CALI) sediment is the ratio of concentration
of the heavy metal to Al concentration (mg kg™). (CM/
CAl) background is the ratio of unpolluted reference value.
The EF was categorized into five groups: EF < 2, indicating
minor enrichment, 2 < EF < 5 moderate enrichment, 5
< EF < 20 severe enrichment, 20 < EF < 40 very severe
enrichment, and EF > 40 extremely severe enrichment
(Sutherland, 2000).

2.3.2. Index of geoaccumulation (I )

Igeo was introduced by Muller (1969) to determine metal
contamination. I~ was calculated using the following
formula:

I Log2 tn
geo = Log2 (75,

where Cn is concentration of the examined metal in
the sediment, Bn is background value for the metal n
(Turekian and Wedepohl, 1961), and the factor 1.5 is used
because of possible variations of the background data due
to lithological variations (Usese et al., 2017). According to
I, value, the pollution level of any metal is ranged from
class 0 (unpolluted, I < 0) to class 6 (extremely polluted,
I >5).

geo
2.3.3. Contamination factor (CF) and pollution load
index (PLI)
In this study, pollution degree of trace elements and
possible anthropogenic impact on core sediments from
the Gemlik Gulf was evaluated using contamination factor
(CF) and pollution load index (PLI). The contamination
factor of the studied trace elements was calculated with the
following equation:

CF = Cmetal/Cbackground

Cmetal represents the pollutant concentration in the
sediment and Cbackground refers to metal background
values. CF values were interpreted as the levels of metal
pollution categorized by Sar1 et al. (2020); CF < 2 indicating

Table 2. Radiocarbon age obtained for core MD89A. The age is calibrated by using CALIB program. cmbsf; meters below

sea floor.
Water depth (m), dated . Core depth Radiocarbon ages | Calibrated radiocarbon age
. Core location
material (lab. number) (cmbsf) (AD) (AD)
-38 m, shell (0799) MDS89%A 0.58 1216 £ 26 1687 + 153
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Figure 2. Physical properties (lithological description, grain size, gamma density, and magnetic susceptibility) of cores.

highly contaminated sediments.
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Figure 3. Stratigraphic correlation of cores MD22A and MNTKI-13, based on lithology, magnetic susceptibility, density, and grain size.
The lithologic log and radionuclide ages of core MNTKI-13 are from Albut, 2014.

researchers (Bhuiyan et al., 2010; Varol et al., 2022). The
PLI is calculated using the following formula (Tomlinson
et al., 1980):

PLI = /(CF1 * CF2 * ...CFn)

The PLI values were interpreted as suggested by
Tomlinson et al. (1980), where the value of PLI < 1
indicates no pollution, 1 < PLI < 2 is moderate pollution,
2 < PLI < 3 is heavy pollution, and PLI > 3 is extremely
heavy pollution.

2.3.4. Ecological risk index (E;) and potential ecological
risk index (RI)

Ecological risk E, was created by Swedish scientist
Hakanson (1980) to assess the quantitative potential risk
of each metal in the sediment to the aquatic ecosystem. E,
is calculated using the following equation:

EL =Tr «CF

n

R1=ZE;‘

1

RIrepresents the summing up of all risk factors for trace
metals in sediments. (E}) represents the environmental
risk index suggested by Hakanson (1980). Tr is the toxic
response factor projected by Hakanson (1980) for six
metals Zn: 1, Cr: 2, Cu and Pb: 5, As: 10 and Cd: 30, and
CF is the contamination factor calculated using the Equal.
E/ and RI are divided into 5 and 4 categories, respectively.
These are E; < 20, RI < 30: low risk; 20 < E; < 40, 30 <RI <
60: moderate risk; 40 < E; < 80, 60 < RI < 120: significant
risk; 80 < E; < 160, RI > 120: high risk; E; > 160: very high
risk.

2.3.5. Statistical analysis

Multivariate statistics were used to evaluate the
characteristics of trace element content in sediment
(Rani et al.,, 2021; Ciice et al., 2022). In this study, PCA
and Pearson’s correlation coefficient were applied to
understand the probable origins of contaminants. The
correlation coefficient analysis is a method used to measure
the correlativity between heavy metals (Tume et al., 2011,
Yang et al, 2011). PCA was examined by the Varimax
normalized rotation, Kaiser-Meyer-Olkin (KMO) value
(>0.5) and Bartlett sphericity tests (p < 0.001) to establish
the validity of the data. All statistical analyses were
performed in SPSS statistics 21.

3. Results

3.1. Core description and physical properties

The core MD22A consisted of greyish-brown homogeneous
mud, locally containing whole and fragmented bivalves,
as observed both visually and in the radiographic images
(Figure 2). On average, the sediments consisted of 6%
sand, 54% silt, and 40% clay (Figure 2). Based on the
petrographic examination, most of the coarse fraction in
the interval from 100 to 157 cmbsf of this core consisted
of calcareous shells and shell fragments. The hemipelagic
sedimentary sequence was interrupted by a mass-flow
unit that was characterized by a reddish sand-silt-rich
basal unit and was probably sourced from the Kocadere
Delta front on the eastern shoreline of the Gulf of Gemlik
(Gasperini et al., 2011; Taviani et al., 2014; Cagatay et al.,
2015) (Figures 2 and 3). The mass-flow unit was easily
distinguished from normal hemipelagic sediments by its
high gamma and radiographic densities (Figure 3). This
unit constituted the upper 10-18 cmbsf interval of the core
MD22A and consisted of reddish sandy-silty clay with up
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to 5% sand and 45% silt contents. The coarse basal parts
of the mass-flow were characterized by a high gamma
density and magnetic susceptibility (MS), with maximum
values of 1.71 g/cm’® and 250 u.S.I., respectively (Figure
3). In comparison, the density and MS of the background
hemipelagic sediments were relatively low, except for a
sharp increase near the core bottom, due to detrital inputs
from the Kocasu River. The light laminae in the core
sequences were mainly composed of coccoliths. The silt-
and sand-sized material mainly consisted of bivalve shell
fragments. The intervals of 2.5-7.5 and 86-94 cmbsf were
whitish banded mud, and they represented the coccolith
units (Figures 2 and 3; see Section 4.2).

The core MD89A consisted of homogeneous
greyish-brown mud with microlaminated bands. The
concentrations of sand in the core varied between 0.1%
and 4% and averaged at 1% (Figure 2). The core sequence
was mainly composed of silt and clay that represented
many macro- and microfossils. On average, the sediments
consisted of 33% silt and 66% clay. The whole core was
characterized by a uniform gamma density, ranging from
1.47 to 1.5 g/cm’. However, from 70 to 90 cmbsf and from
120 to 145 cmbsf, the gamma density dropped sharply
with fluctuations between 1.43 and 1.47 g/cm® due to the
absence of sediments (Figure 2).

3.2. Chronology of cores MD22A and MD89A

As explained in Section 2.2., the chronology of the
core MD22A was based on its correlation with the core
MNTKI-13 that was recovered from the same basin.
MNTKI-13 has been extensively studied and dated by
Albut (2014) (Figure 3). Since we can robustly correlate
the cores MD22A and MNTKI-13 based on lithology,
we used the ages of the mass-flow and coccolith in the
core MNTKI-13 for the chronology of the core MD22A.
On the basis of radionuclide chronologies, the upper
coccolith unit was deposited between 1995 and 1985. The

Al Cr Co
MD22A  MDS89A (mgkg')  (mgkg') (mgkg')
(-38 m) (-38 m)

1995_, 0

1985 10

1930 — 20
30.

1827 —40
50 16874153 .
60 L
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150
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3’|k1046"‘104 0 150300 0 20 40 020406080 0 100 2000 50 1000 0.100.20012345 246 81012

radionuclide analysis of the mass-flow unit revealed an age
of 1930. Assuming uniform sedimentation rates after the
mass-flow unit (4.6 cm/year), the level at which pollution
started (40 cmbsf) corresponded to 1827 (see Section
4.2). The chronology for the core MD89A was based on
extrapolation from the radiocarbon age at 58 cmbsf. Based
on this assumption, the sedimentation rate was 5.6 cm/
year for the core MD89A.

3.3. Trace elements, total organic carbon, and carbonate
contents

The vertical distribution patterns for Cr, Co, Cu, Hg, Pb,
and Zn in the cores MD22A and MD89A are shown in
Figure 4. The ranges of Al, Cr, Co, Cu, Hg, Pb, and Zn
concentrations in mg kg™ in all core sediment samples
were 3510-45840 (Al), 35.7-216.6 (Cr), 3.5-38.1 (Co),
4.5-57.6 (Cu), 17.2-187.2 (Zn), 8.9-71.8 (Pb), and 0.0-0.2
(Hg). The mean values of the trace element concentrations
followed this order: Al (20605) > Cr (139.7) > Zn (95.2) >
Cu (40) > Pb (37.3) > Co (24.4) > Hg (0.1) for MD22 and
Al(19804) > Cr (99.1) > Zn (71.2) > Cu (37.4) > Pb (24.8)
> Co (21.2) > Hg (0.1) for MD89A in mg kg™'.

The mean TIC contents as dry weight % CaCO3 were
7.6 for MD22A and 6.1 for MD89A (Figure 4). The mean
and range (in parentheses) values of the TOC contents of
the cores MD22A and MD89A were 1.1% (0.1%-2.3%)
and 0.9% (0.1%-3.9%), respectively. The TOC contents in
the core MD22A were relatively high (up to 2.2%) in the
interval from 2.5 to 7.5 cmbsf, corresponding to the upper
coccolith unit. In the core MD22A, the lower TIC content
was in the interval of 10-18 cmbsf. The downcore profiles
of the total carbonate contents in the cores MD22A and
MD89A showed relatively high trends (Figure 4).

3.4. Correlation coefficient analysis

The Pearson’s correlation coefficient, which may indicate
the different origins or controlling factors of the trace
elements in sediments, e.g., the lithogenous components

Cu Zn Pb Hg

P . B L. TOC (%)
(mgkg') (mgkg') (mgkg') (mgkg')

TIC (%)

e VIDS9A
— MD22A

Figure 4. Vertical geochemical profiles (trace element, TOC, and TIC) of cores.
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(Rubio et al, 2000), was utilized in the analyses. The
correlation coeflicients of the trace elements in the Gulf
of Gemlik are summarized in Table 3. Significant positive
correlations were observed between Al, Cr, Cu, Zn, Co, Pb,
and Hg concentrations (p < 0.01; Table 3).

3.5. Principal component analysis

According to the results of the PCA, only one PC with Eigen
values > 1 was extracted, accounting for a total variance of
77.37% (Table 4). The results indicated significant positive
correlations among all studied trace elements. PCI,
explaining 77.37% of the total variance, had strong Cu, Co,
Pb, Cr, Zn, and Hg factor load values (Table 5).

4, Discussion

4.1. Origin of mass-flow unit and coccolith

The coccolith and mass-flow units were used for correlation
between the MD22A and MNTKI-13 cores. The oscillations
of gamma density and magnetic susceptibility profiles
along the cores showed similarities in the mass-flow
units. The cores were correlated using these oscillations.
The red-brown mass-flow unit between 22 and 29 cmbsf
in the MNTKI-13 core showed physical (magnetic

susceptibility) similarities to the similar mass-flow unit
between 10 and 18 cmbsf in the MD22A core. However,
their stratigraphic location required them to be of different
ages. This similarity indicated that the materials of the
units were transported from the same sedimentary source.
This source was the Kocadere Delta. This was because the
presence of similar red sediments was previously detected
in the underwater part of the Kocadere Delta in the Gulf
of Gemlik (Gasperini et al., 2011). This mass-flow unit was
not found in the MD89A core (Figure 2). This result was
probably due to the fact that the MD89A core is located
in the shallower north-eastern part of the delta, and a
mass-flow originating from the delta did not reach this
location. Although the low water mass was represented
by a counterclockwise current (Figure 1), the circulation
was limited in the location of the MD89A core due to the
narrow geographic settings. Another important difference
between the cores was that the dark grey-brown mud unit
overlying the coccolith-laminated unit in the MD22A core
was not seen in the MD89A core. The possible reason for
this was that MD22A was closer to the sources of pollution
(via the Kocasu River); therefore, coccolith production
continued.

Table 3. Pearson’s correlation coefficient for the trace element concentrations.

Al Cr Co Cu Zn Pb Hg

Al 1 1.000” |0.983" [0.942™ |0.893" |0.716" |0.396™
Cr 1 0.983™ |0.942™ [0.893" |0.716" [0.396™
Co 1 0.936™ |0.864" [0.723" [0.360™
Cu 1 0.858™ [0.841" [0.433"
Zn 1 0.736™ |0.440™
Pb 1 0.446~
Hg 1

**Correlation is significant at the 0.01 level (2-tailed).

Table 4. Extracted % of variance of principal components analysis.

Initial Eigenvalues Extraction sums of squared loadings
Component
Total % of variance Cumulative % Total | % of variance | Cumulative %
1 4.642 77.372 77.372 4.642 77.372 77.372
2 0.788 13.131 90.504
3 0.351 5.850 96.353
4 0.165 2.757 99.110
5 0.041 0.681 99.792
6 0.013 0.208 100.000
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Table 5. Component matrix of trace elements.

Trace element Component
Cu 0.972
Cr 0.961
Co 0.951
Zn 0.927
Pb 0.854
Hg 0.531

Notes: PCA > 0.6 are shown in bold.
Extraction method: principal component analysis.

4.2. Trace element pollution and its history

This study was conducted using two different core
sediment samples from the Gulf of Gemlik, Marmara
Sea, Turkey. The vertical trends of the trace elements are
shown in Figure 4. The differences observed in terms of
accumulation were attributed to ore mineralogy and
enrichment processes in different periods (Pan etal., 2011).
Assuming that the upper part of the core deposits reflected
the industrial period, it can be easier to distinguish the
anthropogenic impacts on the sediment. To assess the
extent of metal pollution, the background values of study
area were calculated using uncontaminated preindustrial
sedimentary sections of the cores MD22A and MD89A
below 40 cmbsf. The average of the lowest five values of
each element with a high ratio of clay (>60%) was used
as the background value of the analyzed metals. Based on
this assumption, the background values representing the
study area were determined in mg kg™ as Al, 27,534.5; Co,
16.7; Cr, 92.5; Cu, 31.7; Pb, 19.4; and Zn, 48.3. In the depth
profiles, all selected trace elements were depleted below the
40 cmbsf line in the MD22A. The maximum trace element
concentration was observed in the upper layer, where the
trace element content was at least 2 times higher than that
in the bottom layer, except for the Hg content (Figure
4). The chronology for the upper part (0-40 cmbsf) of
the core was based on extrapolation from the mass-flow
unit. Based on the radionuclide dates reported by Albut
(2014), the lower part of the mass-flow unit could be
dated back to 1930. Then, assuming uniform precipitation
from the mass flow to the end of the core, the 40 cmbsf
level corresponded to about 1827. In the core MD22A, all
studied element concentrations started to increase after the
year 1827 (corresponding 40 cmbsf, Figure 3). The heavy
metal concentrations in the core MD22A were higher than
those in MD89A, which may be due to the higher influx
of detrital material by mass transport events, which was
suggested by the highly fluctuating metal concentrations.
In the mass-flow unit, the TOC value dropped to 0.2%-
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1.0%, which may be due to disrupted water-stratification
in the Gulf of Gemlik. The highest concentrations of Cr,
Co, Pb, and Zn were found in this unit (10-18 cmbsf
interval), corresponding to the sediment deposited in 1930
(Figure 3). The source of this pollution was thought to be
the Kocadere Stream. Organic matters of terrestrial origin,
as well as pollutants, were transported by Kocasu River.
Aykol et al. (2003) reported heavy metal pollution released
from Balya Pb-Zn slag and tailing dumps to the Kocasu
River. The Balya Pb-Zn Mine District, covers the mine-
waste site, the Kocasu River, and Lake Manyas (Budakoglu
and Pratt, 2005). High concentrations of Pb, Zn, and Cd
were also reported, and they were compared to average
shale and crust in Kocasu River sediments (Budakoglu and
Pratt, 2005). In the core MD22A, the upper coccolith unit
was found in the 2.5-7.5 cmbsf interval, corresponding
to the sediment deposited during the period from 1995
to 1985. This unit was enriched in TOC (up to 2.2%) but
relatively depleted in terms of all studied heavy metals,
suggesting dilution by high TIC content (Figure 4). The
total inorganic carbon content increased from 40% to
60% in the upper coccolith unit. Coccolith eruptions
during this period probably indicate high nutrient input
(eutrophication). As a matter of fact, the area contains an
artificial silk factory, the Gemlik Fertilizer Factory, and
pulp production facilities originating from the olive oil
industry, which can cause organic pollution in the region
(Albut, 2014). The concentrations of each studied element
in the core MD89A was relatively lower than those in
the background levels. For this reason, trace element
enrichments were not observed in MD89A (Figure 4).

4.3. Assessment of sediment contamination according to
EE 1 ,CF PLL E, and RI
geo

High concentrations of trace elements do not always
indicate a great degree of pollution (Young et al., 2021;
Yiiksel et al., 2021). Therefore, in this study, not only was
metal distribution examined, but also contamination
analysis methods such as EE I, CE PLI, E,, and RI were
used. The EF values calculated for Cr, Co, Cu, Zn, Pb, and
Hg in the core sediments (MD22A and MD89A) of the
Gulf of Gemlik area are presented in Figure 5. The results
of this study showed that the EF value ranges of the studied
elements were 0.5-14.6 for Cr, 0.5-14.7 for Co, 0.6-11.1
for Cu, 0.5-27.2 for Zn, 0.5-20.9 for Pb, and 0.9-19.0 for
Hg (Table 6). Our results indicated that the MD22A core
sediments were enriched (EF > 2) in Cr, Co, Cu, Zn, Pb,
and Hg. However, the EF values for these elements were
generally lower than 2 for MD89A (Figure 5). The highest
EF values were observed in a mass-flow including severely
enriched in Cr, Co, Cu, and Hg and very severely enriched
in Pb and Zn (Figure 5).

The degrees of heavy metal contamination in the Gulf
of Gemlik sediments were also assessed based on the
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Figure 5. Vertical distribution of enrichment factor (EF) and index of geoaccumulation (I, ) of cores. Grey banded shows high pollution

loading of core MD22A.

index of geoaccumulation. The I, results of the MD22A
and MD89A are shown in Figure 5. The I mean value for
each element in the core MD22A is given in parenthesis;
Cr (1.0), Co (1.0), Cu (0.8), Zn (1.3), Pb (1.3),and Hg (1.4).
The highest I levels were determined at mass-flow. Based
on the mean I , values in this unit, the following order was
found: Zn (1. 9) > Cr (1.4) > Co (1.3) > Hg (1.2) > Cu (1.0)
> Pb (0.3). According to the I calculations (Figure 5),
the mass-flow unit had Cu contamination degrees varying
from uncontaminated to moderately contaminated, and it
was moderately contaminated with Pb, Hg, Co, Cr, and Zn.
The sediments in MD89A were uncontaminated with Zn,
Cr, Co, Hg, Cu, or Pb. The I values of all studied elements
were low, which indicated no enrichment (values < 0) in
the MD89A.

The contamination factor (CF) values were
calculated and are given in Table 6. According to the
mean CF calculations, the MD22A core sediments were
uncontaminated to slightly contaminated with Cr, Co, Cu,
and Hg, while they were moderately contaminated with
Zn and Pb. However, the CF values for these elements
were lower than 2 for MD89A, which indicated that the
sediments were uncontaminated to slightly contaminated.

The PLIvalues were 1.6 for MD22A, and 0.9 for MD89A
(Table 6). According to the PLI values, the MD22A core
sediments were moderately contaminated with all selected
elements, while MD89A was uncontaminated.

The ecological risk statuses of the studied trace elements
are shown in Table 6. By calculating the soil ecological risk
index, E, it was found that the risk levels of the MD22A
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Table 6. Descriptive statistics of trace elements in core sediments of the Gemlik Gulf.

MD22A MD89A

Cr Co Cu Zn Pb Hg Cr Co Cu Zn Pb Hg
EF 0.5 0.5 0.6 0.5 0.5 0.4 0.1 0.4 0.5 0.3 0.5 0.1
EF 64 |62 |46 |78 (90 [34 |09 |18 (37 |19 [30 |19

mean 2.1 2.0 1.7 2.8 2.8 1.3 0.3 0.9 1.0 0.8 1.2 0.8

(L) mims 0.8 0.8 0.6 0.6 0.7 0.9 -1.1 |-1.0 |-1.1 |-09 |-1.0 |[-14
(R 16 (15 |11 |26 |25 |25 |01 |00 |02 |01 |02 o1
@), 05 |05 |06 |05 |05 |07 |-06 |-06 |-04 |-05 [-05 |-04
CF_ 0.8 0.8 0.9 0.8 0.8 1.1 0.5 0.6 0.5 0.6 0.6 0.4
CE_. 24 (24 |17 |41 |40 (37 |14 |12 |16 |14 |15 |15
CE_. 16 |15 |13 (21 |21 {20 (08 |08 (09 (09 |10 |09
E_ 16 |41 |46 (08 |41 (439 |14 (38 (35 |08 [38 [234
. 49 |19 [87 |41 [198 [1493 (31 (77 (88 |16 (86 665
. 16 |15 |13 |21 |21 |85 |20 |49 (57 |11 |59 [459
RI 111.1 55.4
PLI 1.6 0.9

and MD89A core sediment samples were low, except
for Hg, indicating that the heavy metal pollution in the
sediments of the Gulf of Gemlik was relatively light. The
range of E¥ values was 43.9-149.3, indicating that the Hg
in the MD22A core sediments constituted a slightly heavy
ecological risk. Similarly, the E}* values ranging from 23.4
to 66.5 indicated that the ecological risk index values of Hg
in the MD89A samples were moderate to high. The values
of the potential ecological risk index (RI) were 111.1 for
MD22A, and 55.4 for MD89A. The main donation of the
potential ecological RIs comes from Hg. The input of Hg
into the sediments of the study area is of great concern
because of the high toxic response factor of this element.
The results suggested that the eastern part (MD89A core
locations) of the Gulf of Gemlik was characterized by a
moderate potential ecological risk, while the southern
part was characterized by a high potential ecological risk.
This pattern may be due to the fact that the southern part
is much more affected by anthropogenic factors than the
eastern part (see Section 4.4).

4.4. Pollution sources of trace elements

The PCA results demonstrated that there could be only one
main source enriching the trace elements in the MD22A.
The mean EF value of all examined trace elements in the
upper part (i.e. 40 cmbsf) was greater than 1.5, indicating
that trace elements had been affected by anthropogenic
factors. The Gulf of Gemlik, especially the localities
of Gemlik, Mudanya, and Trilye, are both urbanized
industrial areas and resort settlements. The southern coast
of the Gulf of Gemlik, where anthropogenic activity levels
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are high, is much more polluted than the northern coast.
The fertilizer industry, iron-steel industry, port activities,
fuel tank terminals, and shipping activities constitute the
main anthropogenic effects on the Gemlik Gulf sediment
(Unlii et al., 2008). The results of the correlation coefficient
revealed strong positive correlations among Cr, Cu, Co,
Pb, Zn, and Hg; thus, these metals had been coming from
similar sources and originating from similar geochemical
processes. Furthermore, the PCA results were correlated
well with the Pearson’s correlation coeflicient values (Table
3). The highest contents of these trace elements were
noticed in the 0-40 cmbsf interval, and their content was
likely the result of port activities, as well as municipal and
industrial effluents. On the other hand, we suggested that
not only such anthropogenic activities but also the Kocasu
River in the south were the major terrestrial inputs in
the Gulf of Gemlik. Clay content in marine sediments is
important due to the absorption of high amounts of the
trace elements at the surface. Although the two cores
from the Gulf of Gemlik had high clay contents, only the
MD22A core sediments were polluted with Cr, Co, Cu, Pb,
Hg, and Zn according to the EF results. This was because
the MD22A core’s location was closer to the Kocasu River
than the other core. The Kocasu River consists of many
tributaries, especially the Niltifer branch, which drains the
domestic and industrial wastewater of Bursa and pollutes
the southern shelf area of the Marmara Sea (Sar1, 2008).
There are large industrial areas in Bursa, where leather,
textile, metal, rubber, and plastic constitute the main
products of the industrial sector.



Table 7. Selective trace element content of the Gemlik Gulf core sediments and its correlation with other studies. The concentration

units are mg kg™ dry weight.
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Site Al Cr Co Cu Zn Pb Hg |References
MD22A 20605 139.7 244 |40 952 |373 0.1 .

ean This study
MD89A___ 19804 [99.1 [212 [374 [712 [248 |01
Ambarli port 52251 98 X 54 145 29 X Sar1etal., 2014
Erdek Gulf 26487 111.7 39 159 |264 |684 |03 |Arslan Kaya etal., 2020
Bandirma Gulf 42800 64.2 X 8.9 38.7 |27.8 |0.9 |Mulayimetal,2012
Northern coast of Marmara Sea X 47.7 8.6 20.1 |42.8 |254 |X |Topguoglu etal, 2004
Thermaikos Gulf X 47 X 80 184 |77 X Christophoridis et al., 2009
Persian Gulf X 16.1 2.2 154 |21.1 |34 0.1 |Delshab etal., 2017
Average shale 80000 |90 19 45 95 20 X | Turekian and Wedepohl, 1961
Average shale 92000 100 20 57 80 20 0.4 |Krauskoph, 1979
Mean sediment X 72 X 33 95 19 X Mason, 1966

Notes: X: not analyzed in study.

4.5. Evaluation trace element content by other studies

The trace element contents of the core samples from the Gulf
of Gemlik were compared to trace elements data reported
for other marine environment sediment studies (Table 7).
Table 7 shows that the mean contents of all selected trace
elements were relatively high in the sediments of MD22A
in comparison to other studies. The mean concentrations of
Cr, and Co in the MD22A were higher than those in all other
studies that were reviewed for comparisons. Furthermore,
the mean Zn sediment concentration in the MD22A core
was higher than those at other locations, except for the
Ambarli Port (Sar1 et al., 2014) and the Thermaikos Gulf
(Christophoridis et al., 2009). The results showed that the
mean the Cr and Co concentrations were relatively high,
while the mean Cu, Zn, and Pb concentrations were low
in the MD22A and MD89A core samples analyzed in this
study. The mean Cu content of the MD22A sample in this
study was lower than reported from the Ambarli Port
(Turkey), Thermaikos Gulf, and average shale (Turekian and
Wedepohl, 1961; Krauskoph, 1979). The mean Hg content in
the core sediment from the Gulf of Gemlik in this study was
0.1 mg kg™'. This value showed that the Hg concentration
in this study was lower than those reported from the Erdek
Gulf (Arslan Kaya et al., 2020), Bandirma Gulf (Mulayim et
al,, 2012), and average shale (Krauskoph, 1979), except for
the Persian Gulf (Delshab et al., 2017), which had an equal
Hg value.

5. Conclusions

In this study, two sediment cores were used to reveal
pollution loads and history, and sediment quality in the Gulf
of Gemlik. Accumulation levels of trace elements, especially
heavy metals, were determined through the core sediments
with this study. For this purpose, physical properties (gamma

density, magnetic susceptibility, grain size) and geochemical
properties (trace element, THg, TOC and TIC) of the core
sediments were analyzed. The MD22A core included a
mass-flow unit and two coccolith units. The upper coccolith
unit was deposited between 1995 and 1985, while the mass-
flow unit was deposited after 1930. The sedimentation rate
for MD22A, excluding the mass-flow unit, was 4.6 cm/year.
The concentration of Cr, Co, Cu, Pb, Zn, and Hg in the core
MD?22A showed marked increases, starting mainly in the
1820s. This pollution was associated with the large amounts
of pollutant inputs by anthropogenic activities, especially via
the Kocasu River. However, in the core MD89A, there was
no enrichment for any of the studied elements.

The long-term monitoring of trace element
concentrations in different parts of the Gulf of Gemlik is
recommended. Thus, it will be possible to determine the
levels of negative and/or ineffective effects of these elements
on biota. Such monitoring can also help researchers classify
heavy metal sources, such as anthropogenic or natural
sources. For this reason, it is important to determine heavy
metal levels in the sediment at regular intervals.
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