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Abstract

The aim of this study was to investigate the accumulation of elements (Se, As, Hg, Cr, Cd, Pb, Cu, Zn, Ni, Mn, Al, Fe, Co
and V) in some marine organisms [Eriphia verrucosa (Forskal, 1775), Solea solea (Linnaeus, 1758), Mytilus galloprovin-
cialis Lamarck, 1819, and Ulva lactuca Linnaeus, 1753] collected from the northern Sea of Marmara (Biiyiikgcekmece,
Silivri, Tekirdag, and Sarkdy) in 2019. For this purpose, element accumulation was measured using ICP-MS (Inductively
Couple Plasma-Mass Spectrometer). The lowest and highest element concentrations in marine organisms are Fe (0.00
—7499.78 pg g~! dw); Pb (0.00-31.12 pg g~! dw); Cd (0.00-9.93 ug g~! dw); Cu (2.98-775.63 ug g~ dw); Cr (0.24—
26.19 pg g~ dw); Mn (1.53-427.60 ug g~ dw); Al (0.00— 13,788.4 pg g~! dw); Ni (0.00-56.26 pg g~! dw); Hg (0.03—
3.37 ug g~ dw); Zn (0.00-1554.23 pg g~ dw); As (0.00— 1.84 ug g~! dw); Se (0.00-0.04 ug g~! dw); V (0.13-72.54 pg g
dw); and Co (0.00-10.98 ug g~! dw), respectively. According to these element values, Pb, Cd and Hg values were found to
be higher in mussels than in crabs and exceeded the limits of the Turkish Food Codex. This study shows that more caution

should be exercised when consuming marine organisms that exceed the limits of the Turkish Food Codex.
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Introduction

Environmental pollution and its damages affect the marine
ecosystem and the organisms living there. Marine ecosys-
tems are constantly exposed to pollution due to increasing
population and industrialization. If precautions are not taken,
especially with regard to domestic and industrial waste, this
may cause serious problems for marine ecosystems.

Heavy metals, among chemical substances, play a sig-
nificant role in causing pollution in aquatic environments
(Bettini et al. 2006). Metals are important pollutants that
reach coastal areas through various pathways and contribute
to environmental degradation. In addition, metals also enter
the oceans as a result of human activities, through rivers and
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the atmosphere (Mason 2013). Today, the use of metals in
industrial products has increased. As a result, people who use
these essential materials (such as dental amalgam fillings,
toothpaste, mouthwash, lead-based paint, shampoo, etc.) and
those who consume aquatic products where elements bio-
accumulate in their environment are gradually exposed to
elemental toxicity. Since aquatic organisms interact with their
environment, these chemicals can accumulate in the tissues
of aquatic organisms and pass through higher trophic levels
(Raposo et al. 2009). Essential (Cu, Fe, Zn) and non-essential
elements (Hg, Cd, Pb) can have toxic effects when present at
high levels in organisms (Odzak et al. 2000).

The Sea of Marmara is located between the continents
of Asia and Europe which approximately 240 km in length,
70 km in width, 1390 m in maximum depth and with a surface
area of 11.500 km?. It is connected to the Black Sea through
the Bosphorus Strait and to the Aegean Sea through the Dar-
danelles Strait, forming a transition area between the Black
Sea and the Mediterranean Sea (Besiktepe et al. 1994). The
Sea of Marmara has a two-layered water system due to the
flow of low salinity (17.6%0) Black Sea waters through the
upper current via the Bosphorus and high salinity (38%0) Med-
iterranean-origin saltwater through the lower current via the
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Dardanelles (Ullyot and Pektas 1952; Yiice and Tiirker 1991).
Between the two layers there is a halocline at a depth of about
25 m, which limits the exchange of oxygen between the surface
and the lower waters. The upper layer, with a volume of about
230 km’, is renewed every 4-5 months, while the lower layer,
with a volume of 3,378 km?, is renewed approximately every
6—7 years (Besiktepe et al. 1993, 1994; Unliiata et al. 1990).

The Sea of Marmara is constantly exposed to pollution
due to the terrestrial inputs, the presence of many settle-
ments and industrial facilities around it and the effects of
maritime transport. It can be said that the Sea of Marmara,
which can only breathe through two narrow straits (the
Bosphorus and the Dardanelles), is struggling more and
more with the increasing pollution load. This pollution can
have a negative impact on the ecosystem. The recent muci-
lage event in the Sea of Marmara is a demonstration of this
(Algan et al. 2004; Kayhan et al. 2006, 2007; Kurun et al.
2006, 2010; Okus et al. 2007; Aktan et al. 2008; Tiifek¢i
et al. 2010; Aksu et al. 2011; Balkis et al. 2011; Acar et al.
2021; Balkis-Ozdelice et al. 2021; Ergul et al. 2021). The
deteriorating condition of the Sea of Marmara is also affect-
ing the organisms living there.

Numerous studies have been conducted on metal pollution
in various marine organisms in Turkish waters (Topguoglu
et al. 2004, 2010; Kayhan et al. 2007, 2016; Tiirkmen 2011;
Balkis et al. 2012, 2013; Erdem et al. 2015; Miilayim and
Balkis 2015; Ozden and Tuncger 2015; Giiner et al. 2016;
Korkmaz et al. 2017; Durmus et al. 2018; Bat et al. 2019,
2023; Duyar and Bilgin 2019; Tiirksonmez and Diler 2019;
Yagc1 2019; Bayrakli 2021; Erguden et al. 2021; Kilig et al.
2021; Koker et al. 2021; Yildirim et al. 2022; Acarli et al.
2023; Kogbas et al. 2023). In marine pollution monitoring
studies, certain indicator organisms are used to search long-
term pollution. These organisms are selected for their low
mobility and their ability to accumulate pollutants. These
organisms act as passive samplers and provide information
on the pollution trend in the region.

This study aims to determine the levels of toxic elements
such as Se, As, Hg, Cr, Cd, Pb, Cu, Zn, non-toxic major ele-
ments such as Ni, Mn, Al, Fe, and rare earth elements such
as Co and V in different marine organisms (mussels, crabs,
fish, and macroalgae) collected from the northern part of
the Sea of Marmara. The study also investigates the possible
sources of this metal pollution and aims to reveal the current
state of metal pollution in the Sea of Marmara based on the
results obtained.

Material and Method

The samples used in this study (mussels, crabs, fish, and
macroalgae) were collected from stations in the northern
part of the Sea of Marmara, including Biiyiikcekmece
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(Station 1), Silivri (Station 2), Tekirdag (Station 3) and
Sarkdy (Station 4) between May and September 2019
(Fig. 1). Measurements of Se, As, Hg, Cr, Cd, Pb, Cu, Zn,
Ni, Mn, Al, Fe, Co, and V were conducted on the obtained
samples. Ten individuals of crab samples (Eriphia verru-
cosa) used in the study were collected by trammel net and
diving, while five individuals of sole fish (Solea solea) sam-
ples were collected by local fishermen. Ten individuals of
mussels (Mytilus galloprovincialis) and about 500 gr of the
fresh weight macroalgae samples (Ulva lactuca) were col-
lected by hand. The collected samples were placed in nylon
bags, transported to the laboratory, and stored in a deep
freezer. The crab samples were divided into two categories
based on size, less than 7 cm and greater than 7 cm. Both
sizes were found at the Tekirdag and Sarkdy stations. Soft
tissues were extracted from mussels, crabs, and fish, and all
samples to be examined were dried using the freeze-drying
technique with a Freeze Dryer device. Subsequently, 1 g of
each sample was weighed and placed in teflon tubes, and a
wet digestion process was performed. For this purpose, 5 ml
of concentrated HNO3 and 2 ml of concentrated H202 were
added to the tubes, and the tube openings were tightly sealed
(UNEP 1982, 1984 and 1985). The teflon tubes were then
placed in a microwave digestion device (CEMXS5) and left
at 120 °C for 2 h to break down the samples with acid. Fol-
lowing this process, the samples were filtered through a disk
filter, adjusted to 25 ml with 1 M HNO3, and made ready for
analysis using a Perkin Elmer Nexion 1000 ICP-MS device.

The Minimum Limit of Detection (MLOD) values for
this analytical method are as follows: Fe 0.025 ppm, As:
0.25 ppb, Se: 0.25 ppb, V: 0.0025 ppm, Co: 0.025 ppm, Pb:
0.01 ppm, Cd: 0.0025 ppm, Cu: 0.01 ppm, Cr: 0.025 ppm,
Mn: 0.0025 ppm, Al: 0.125 ppm, Ni: 0.0025 ppm, Hg:
0.025 ppb, Zn: 0.025 ppm. The Minimum Limit of Quanti-
fication (MLOQ) values are: Fe: 0.075 ppm, As: 0.75 ppb,
Se: 0.75 ppb, V: 0.0075 ppm, Co: 0.075 ppm, Pb: 0.03 ppm,
Cd: 0.0075 ppm, Cu: 0.03 ppm, Cr: 0.075 ppm, Mn:
0.0075 ppm, Al: 0.375 ppm, Ni: 0.0075 ppm, Hg: 0.075 ppb,
Zn: 0.075 ppm. Spearman's rank correlation was used to
examine the relationships using SPSS v.25 software between
species based on the element accumulations in the organisms
obtained in the study (Siegel 1956).

Results and Discussion

In this study, measurements of toxic elements such as Se,
As, Hg, Cr, Cd, Pb, Cu, Zn, non-toxic major elements such
as Ni, Mn, Al, Fe, and rare earth elements such as Co and
V were carried out in samples of mussels, crabs, fish, and
macroalgae. The values within each sample group were
evaluated independently.
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Fig. 1 Sampling location in the Sea of Marmara

Mussels

The elemental concentrations recorded in the mussel sam-
ples in the study were Fe 0.00-6058.36 ug g~! dry weight
(dw), Pb 0.00-30.01 pg g~! dw, Cd 0.00-9.93 ug g~! dw,
Cu 4.89-302.08 ug g~! dw, Cr 0.65-21.12 ug g~! dw,
Mn 2.75-331.47 pg g~' dw, Al 0.00-8134.95 ug g~! dw,
Ni 0.00-56.26 ug g~! dw, Hg 0.45-2.12 pg g~! dw, Zn
18.23-2802.00 ug g~ dw, As 0.04-0.66 pg g~! dw, Se
0.00-0.03 pg g~! dw, V 0.53-25.89 ug g=' dw and Co
0.00-10.98 ug g~! dw (Table 1). Based on the results, the
order of toxic elements in mussel samples from the inside
Biiyiikgekmece port, from the lowest to the highest con-
centration, is Se < As <Hg < Cr < Cd < Pb < Cu <Zn; non-
toxic major elements are Ni < Mn < Al <Fe, and rare earth
elements are Co < V; outside the Biiyiikcekmece port, Pb
<Se<As<Cd<Cr<Hg<Cu<Zn for toxic elements;
Fe = Al < Ni < Mn for non-toxic major elements, and Co<V
for rare earth elements; outside the Silivri port, toxic ele-
ments is Se < As < Hg < Cd < Cr < Pb < Cu <Zn, non-toxic
major elements are Ni < Mn < Al < Fe, and rare earth ele-
ments are Co <V; inside the Tekirdag port, toxic elements
are Pb=Cd=Se < As < Cr < Hg < Cu < Zn, non-toxic major
elements are Al=Ni < Mn < Fe, and rare earth elements are
Co <V; outside the Tekirdag port, Se < As<Hg<Pb<C
d < Cr < Cu < Zn for toxic elements, non-toxic major ele-
ments are Ni<Mn < Al < Fe, and rare earth elements are

Kocaeli

Sakaryal

28°0" 29°0' 0°0'

Co < V; outside the Sarkdy port, toxic elements is Se < A
s<Hg < Cd <Pb < Cr< Cu<Zn, non-toxic major elements
are Ni <Mn < Fe < Al, and rare earth elements are Co< V.

Crabs

The elemental concentrations in the crab samples were
Fe 92.68-379.19 ug g~! dw, Pb 0.25-0.85 ug g~! dw,
Cd 125 0.01-0.78 pg g~! dw, Cu 3.65-39.50 ug g~! dw,
Cr 1.03-1.70 pug g~' dw, Mn 1.53-9.83 ug g~! dw, Al
7.68-366.05 126 ug g~' dw, Ni 0.75-3.23 ug g~! dw,
Hg 0.63-1.28 ug g~' dw, Zn 92.87-226.55 pg g~! dw,
As 0.02-1.84 pg g~! dw, Se 0.02-0.04 ug g~ dw, V
1.25-9.06 pg g~! dw and Co 0.00—4.65 ug g~! dw (Table 1).
As for the values for crabs, the order of toxic elements in
Biiyiikcekmece port is Se < As <Cd<Pb<Hg<Cr<Cu<Z
n, while the non-toxic major elements are Ni<Mn < Al <Fe,
and the rare earth elements are Co <V; in Silivri port, the
order of toxic elements is Se <Cd <As<Pb<Hg<Cr<
Cu <Zn, non-toxic major elements are Ni < Mn < Al <Fe,
and rare earth elements are Co < V; in Tekirdag crab
(>7 cm), the order for toxic elements is Cd<Se < As<P
b <Hg < Cr < Cu<Zn, the non-toxic major elements are
Ni<Mn < Al < Fe, and the rare earth elements are Co<V; in
Tekirdag crab (<7 cm), the order of toxic elements is As=
Cd < Se <Pb<Hg < Cr< Cu < Zn, non-toxic major elements
are Ni<Mn < Al <Fe, and rare earth elements are Co< V; in
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Table 1 Element concentrations in marine organisms (ug g~' dw)

Stations Fe Pb Cd Cu Cr Mn Al Ni Hg Zn As Se V Co
Mussel 1 (in port) 2153.38 18.76 993 8276 7.86 7241 1176.64 34.83 0.52 113420 0.08 0.03 7.86 7.74
1 (out of port) 0.00 0.00 0.15 23355 0.65 4.88 0.00 0.18 2.05 792.88 0.04 0.01 230 0.00
2 (out of port) 2942.64 30.01 5.55 12954 9.71 77.73 260942 17.64 1.65 1259.77 0.08 0.03 10.72 2.00
3 (in port) 68.54 0.00 0.00 489 122 2.75 0.00 0.00 2.12 18.23 0.66 0.00 0.53 0.00
3 (out of port) 146598 6.23 6.65 302.08 10.05 107.93 1188.10 27.30 0.45 2802.00 0.21 0.03 6.40 4.68
4(out of port) 6058.36 13.46 7.50 8298 21.12 331.47 813495 56.26 1.11 155423 0.09 0.03 25.89 10.98
Crab 1 35240 0.85 0.78 3.65 1.70 9.83 196.08 323 093 132.08 0.05 0.03 9.06 4.65
2 228.87 0.80 0.04 39.50 1.03 3.34 29.70  2.89 098 138.57 0.14 0.03 234 048
3(>7cm) 9324 038 0.01 3196 1.24 1.53 1773  0.83 1.13 226.55 0.08 0.02 1.53 0.00
3(<7cm) 168.61 0.59 0.02 2540 1.33 4.79 10.17 1.65 0.67 183.84 0.02 0.03 1.25 0.00
4 (>7cm) 92.68 025 0.01 31.75 148 1.85 7.68 0.75 1.28 148.85 0.06 0.04 233 0.00
4 (<7 cm) 379.19 0.33 0.04 20.67 1.24 7.09 366.05 2.38 0.63 92.87 1.84 0.02 279 144
Fish 2 0.00 0.28 0.00 6.94 0.36 6.06 0.00 0.80 3.37 11395 0.07 0.00 0.62 0.00
3 6.86 0.00 0.05 4091 0.24 3.64 0.00 0.18 040 132.86 0.03 0.00 0.13 0.00
4 282.15 0.00 0.00 298 4.13 2455 4638.65 0.50 0.03 0.00 0.00 0.00 1.78 0.00
Macroalgae 1 (in port) 7499.78 2791 1.25 590.16 26.19 427.59 8100.81 37.69 1.25 447.47 0.03 0.01 2438 3.4l
1 (out of port) 7017.50 14.38 2.66 45.81 20.47 161.09 9443.56 35.19 0.66 138.81 0.03 0.00 27.53 2.53
2 (in port) 3660.21 0.96 0.68 2475 1143 63.86 13,788.43 13.43 0.04 10.18 0.02 0.00 15.75 0.00
3 (in port) 5868.80 37.20 3.20 73.35 19.10 32895 6896.05 40.95 0.05 64.45 0.04 0.00 27.60 2.85
3 (out of port) 141225 495 0.85 68.58 6.23 4593 600.55 6.55 0.38 49.53 0.01 0.00 7.55 0.00
4 (in port) 3698.69 31.12 1.79 775.63 6.60 12526 1299.63 14.78 1.04 24896 0.02 0.02 2239 2.05
4 (out of port) 5392.96 425 5.00 30.92 20.71 159.79 4897.46 45.79 0.88 76.17 0.05 0.00 72.54 233
Turkish Food Mussle - 1.50 1.00 - - - - - 0.50 - - - - -
Codex Crab - 0.50 0.50 - - - - - 050 - - - - -

Sarkdy crab (>7 cm), the order of toxic elements is Cd < S
e <As<Pb<Hg < Cr<Cu<Zn, non-toxic major elements
are Ni<Mn < Al < Fe, and rare earth elements are Co<V; in
Sarkdy crab (<7 cm), the order for toxic elements is Se < C
d <Pb <Hg < Cr<As < Cu<Zn, non-toxic major elements
are Ni<Mn < Al < Fe, and rare earth elements are Co< V.

Fishes

The elemental concentrations in the fish samples were
Fe 0.00-282.15 ug g~' dw, Pb 0.00-0.28 pg g~! dw,
Cd 0.00-0.05 ug g=' dw, Cu 2.98-40.91 ug g~! dw,
Cr 0.24-4.13 pg g~! dw, Mn 3.64-24.55 pg g~! dw,
Al 0.00— 4638.65 ug g~! dw, Ni 0.18-0.80 pg g~ dw,
Hg 0.03-3.37 ug g~! dw, Zn 0.00-132.86 pg g=! dw,
As 0.00-0.07 pg g~! dw, Se 0.00-0.00 pg g~ dw, V
0.13-1.78 ug g~ dw and Co 0.00-0.00 ug g~! dw (Table 1).
Regarding the values for fish samples, the order of toxic
elements in Silivri is Cd=Se < As<Pb<Cr<Hg<Cu<Z
n, while the non-toxic major elements are Ni< Mn, and the
rare earth elements are Co < V; in Tekirdag, the order for
the toxic elements is Pb<Se < As<Cd<Cr<Hg<Cu<Z
n, the non-toxic major elements are Al <Ni<Mn < Fe, and
the rare earth elements are Co < V; in Sarkdy, the order for
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the toxic elements is Pb=Cd=Zn=Se=As<Hg<Cu<C
1, the non-toxic major elements are Ni <Mn < Fe < Al, and
the rare earth elements are Co<'V.

Macroalgaes

The elemental concentrations in the macroalgae samples
were Fe 1412.25-7499.78 ug g~' dw, Pb 0.96-37.20 ug g™
dw, Cd 0.68-5.00 ug g~ dw, Cu 24.75-775.63 pg g~' dw,
Cr 6.23-26.19 ug g~' dw, Mn 45.93-427.59 ug g~ 151
dw, Al 600.55-13,788.43 ug g~! dw, Ni 6.55-45.79 pg g~!
dw, Hg 0.04-1.25 pg g~ dw, Zn 10.18-447.47 ug g=!
152 dw, As 0.01-0.05 pg g~! dw, Se 0.00-0.02 ug g~!
dw, V 7.55-72.54 pg g~' dw and Co 0.00-3.41 ug g~! dw
(Table 1). As for the values for macroalgae samples, the
order of toxic elements inside the Biiylikcekmece port is
Se < As <Hg=Cd < Cr <Pb <Zn < Cu, while the non-toxic
major elements are Ni < Mn < Fe < Al, and the rare earth ele-
ments are Co <V; outside the Biiyiikcekmece port, the order
for toxic elements are Se < As<Hg<Cd<Pb<Cr<Cu<Z
n, the non-toxic major elements are Ni < Mn < Fe < Al, and
the rare earth elements are Co < V; inside the Silivri port,
the order of toxic elements are Se < As <Hg <Cd <Pb<Zn
< Cr < Cu, non-toxic major elements are Ni < Mn <Fe < Al,
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Table 2 Spearman's rank correlation, according to the toxic elements
concentration of organisms (**p <0.01)

Macroalgae Mussel Crab (7>cm) Crab (<7 cm)

Mussel 916%*

Crab (>7 cm) .819%%* .696%*

Crab (<7 cm) .851%%* B21%* - 801**

Fish NAVA .660%*  TO2** 679%*

and the rare earth elements are Co < V; inside the Tekirdag
port, the order for toxic elements are Se <As<Hg<C
d < Cr<Pb < Zn < Cu, the non-toxic major elements are
Ni<Mn < Fe < Al, and the rare earth elements are Co<'V;
outside the Tekirdag port, the order of toxic elements are
Se < As <Hg < Cd < Pb < Cr<Zn < Cu, non-toxic major ele-
ments are Ni <Mn < Al < Fe, and the rare earth elements are
Co < V; inside the Sarkoy port, the order of toxic elements
are As=Se <Hg < Cd < Cr <Pb <Zn < Cu, non-toxic major
elements are Ni < Mn < Al < Fe, and the rare earth elements
are Co < V; outside the Sarkody port, the order for toxic ele-
ments is Se < As < Hg < Pb < Cd < Cr < Cu < Zn, non-toxic
major elements are Ni<Mn < Al <Fe, and the rare earth
elements are Co< V.

When the correlation was applied to the values of
other toxic elements except Fe and Al outside the ports of
Tekirdag and Sarkdy, it was found that macroalgae, mussels,
crabs and fish showed a positive correlation (p <0.01) with
each other in terms of elements (Table 2). This finding indi-
cates that elements are transferred through the food chain.

When examining the correlation of elements in mussels
(Table 3), the following relationships were observed: Fe had
a strong positive correlation (p <0.01) with Al and V, and
a positive correlation (p <0.05) with Pb, Cr, and Co. Cd
had a strong positive correlation (p <0.01) with Ni, and a
positive correlation (p <0.05) with Co. It had a negative

correlation (p <0.05) with Hg. Cr had a strong positive cor-
relation (p<0.01) with Mn and Al, and a positive correlation
(p<0.05) with Zn and Co. Mn had a strong positive correla-
tion (p < 0.01) with Zn, and a positive correlation (p < 0.05)
with Al, Ni and V. Al had a positive correlation (p <0.05)
with V. Ni had a strong positive correlation (p <0.01) with
Co and a positive correlation (p <0.05) with V. Hg had a
negative correlation (p <0.05) with Zn and Se. Zn had a
positive correlation (p <0.05) with Se.

Regarding the correlation of elements in crabs (Table 4),
the following relationships were observed: Fe had a strong
positive correlation (p <0.01) with Al, and a positive cor-
relation (p <0.05) with Cd, Mn, Ni, and Co. It had a negative
correlation (p <0.05) with Hg and Zn. Pb had a positive
correlation (p < 0.05) with Ni. Cd had a strong positive cor-
relation (p <0.01) with Ni and Co, and a positive correlation
(p <0.05) with Mn. Cu had a negative correlation (p <0.05)
with Mn. Mn had a strong positive correlation (p<0.01)
with Co. Ni had a positive correlation (p <0.05) with Co. Zn
had a negative correlation (p < 0.05) with V and Co. Finally,
V had a positive correlation (p < 0.05) with Co.

Regarding the correlation of toxic elements in fish
(Table 5), the following relationships were observed: Cu
had a strong positive correlation with Zn, and a strong nega-
tive correlation with Cr, Mn, and V. Cr had a strong positive
correlation with Mn and V, and a strong negative correlation
with Zn (p<0.01). Mn had a strong positive correlation with
V, and a strong negative correlation with Zn. Ni had a strong
positive correlation with Co (p <0.01). Hg had a strong posi-
tive correlation with As and Se. Zn had a strong negative
correlation with V. As had a strong positive correlation with
Se (p<0.01).

When examining the correlation of toxic elements in
macroalgae (Table 6), the following relationships were
observed: Fe had a strong positive correlation with Mn and
Co (p<0.01), and a positive correlation with Cr (p <0.05).

Table 3 Correlations between

Cr Mn Al Ni Hg Zn As Se V

s . Fe Pb  Cd Cu

toxic elements contents in

mussels (**p<0.01; *p<0.05) Pb .829%
Cd .657  .600
Cu -.143  -143 .029
Cr .829% 543 .600  .200
Mn 771 486 .657  .429
Al .943** 714 543  .086
Ni 771 543 .943*%% 086
Hg -429 -429 -829% -429
Zn 600 429 .600  .600
As 086  -086 -257 -257
Se 429 600 .543  .600
Vo943 771 714 .086
Co .829% 600 .886* -.143

943%%

943%% - 8B6*

71 .829*% 714

-657  -714  -486 -771

886%  .943** 771 714  -.829%

371 .086 257 -143 029 143

.600 .657 543 486 -.829*% .829* -.029

771 .829%  886* .829*% -486 .657 -200 .486
.829*% 771 J71 .943% -T714 657 143 429 771
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Table 4 Correlations between

. . Fe Pb Cd Cu Cr Mn Al Ni Hg Zn As Se V
toxic elements contents in crab
(**p<0.01; *p<0.05) Pb 429
Cd .883* .706
Cu -543 -143 -.530
Cr .029 580  .448 174
Mn .829*% 486 .883* -829* .203
Al .943*%% 371 794 -429  -.058 .657
Ni  .829*%  .829* 971%* -371 493 .771 71
Hg -.829* -257 -.618 .600 261 =771 -.657 -.543
Zn -.829% -143 -794 543 =232 =771 -771 -.657 543
As 371 -.314  .088 314 -203 -143 543 086 -.086 -.429
Se -429 .143  .000 .029 754 -.029  -486 -.029 .600 .029 -.486
v 714 314 794 -486 348 .657 771 714 -257 -.886% 371 .143
Co .886* .543  971** -657 377 .943*+ 771 .886* -.657 -.886* .086 .029 .829%*

Pb had a positive correlation with Cu and Se (p <0.05). Cd
had a strong positive correlation with V (p<0.01), and a
positive correlation with Ni (p <0.05). Cu had a strong posi-
tive correlation with Se (p <0.01). Cr had a positive correla-
tion with Mn, Ni, As, and Co (p <0.05). Mn had a strong
positive correlation with Co (p<0.01). Ni had a strong posi-
tive correlation with As and V (p<0.01).Hg had a strong
positive correlation with Zn (p<0.01). As had a strong posi-
tive correlation with V (p<0.01).

Looking at the correlation tables, the strong correlation
of Fe and Al with all the elements, especially in mussels
and crabs, is related to the fact that the structures of the
elements are bound to iron aluminosilicate structures when
they enter the sea from land and these structures accumulate
in the organisms. The positive correlation of Pb, Cr, and
Co in mussels and crabs can be explained by similarities in
the mechanisms of element uptake by these organisms. It
can also be explained by similarities in their feeding mecha-
nisms and biochemical compositions. The negative correla-
tion between Se and Hg, due to their antagonistic effects,
is quite natural. Similarly, the positive correlation between

Se and Zn is significant due to the affinity of selenium for
sulfur, which has similar in chemical structure.

Se < As <Hg < Cr<Cd <Pb < Cu<Zn, which is the
sequence of elements from smallest to largest, can be
observed based on their natural abundance. Se and As are
naturally present in relatively low levels. In addition, Hg is
present in aquatic environments in a very low soluble form
due to the salinity of the marine environment. It is therefore
natural for Se, As, and Hg to be detected at lower levels than
other trace element. In general, Cd disturbs this order. Cd
has a high solubility in water, but enters the natural environ-
ment only through anthropogenic activities, and its presence
in living tissues depends on local, periodic or continuous
inputs. Therefore, changes in the ranking in living tissues
can be explained by these reasons.

Three main mechanisms determine the solubility of ele-
ments in seawater. These mechanisms are the precipitation
of elements with their insoluble salts, the precipitation of
elemental sulfides in the presence of reducing sulfides, and
the adsorption of elements onto inorganic compounds such
as inorganic iron sulfide, hydrous ferric oxide, hydrous

Table 5 Correlations between

: . Pb Cd Cu Mn Ni Hg Zn As Se \%
toxic elements contents in fish
(**p<0.01) cd  -500
Cu .000 .866
Cr .000 -.866 -.999%%*
Mn .000 -.866 -.999%*  999*:*
Ni .866 -.866 -.500 .500 .500
Hg .866 .000 .500 -.500 -.500 .500
Zn .000 .866  .999**  -999**  _999**  _500 .500
As 866 .000 .500 -.500 -.500 .500 .999%* 500
Se .866 .000 .500 -.500 -.500 .500 .999%* 500 .999%%*
v .000 -.866 -.999%*  999**  99Q9** 500 -.500 -.999%* 500 -.500
Co .866 -866 -.500 .500 .500 .999%* 500 -.500 .500 500 500
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Tab.|e6 Correlations be.twcen Fe Pb Cd Cu Cr Mn Al Ni Hg Zn As Se V
toxic elements contents in
macroalgae (**p <0.01; Pb 464
p<003) Cd 464 357

Cu .286 .857*% 071

Cr .857* .036 464 -.071

Mn .964**% 571 .500 357 821

Al 429 -250 -.179 -464 464 357

Ni .679 286  .857* .036 786* 750 107

Hg .500 321 .250 .607 464 429 -286 .321

Zn 714 536 .321 .679 536 .643 -071 .393 .929%:

As .643 107 750 -179  .821* 714 286 .964** 143 214

Se .335 .788%* .059 2906%* 059 433 -217 158 571 .670 -.020

vV 643 250 .929%* -071 714 .679 143 964+ 214 321 .929%* 020

Co .964** 571 .500 357 821*%  .999** 357 750 429 643 714 433 .679

manganese dioxide, apatite, clay and organic matter
(Krauskopf 1956).

As a result of precipitation and dissolution mechanisms,
the concentration of elements in seawater is controlled, and
more soluble forms of elements, as well as elements bound
to organic structures or food, enter the food chain and pose
a threat to human health. In this respect, organisms that are
permanently present in the aquatic environment are indica-
tor species to show the level of elemental pollution in that
environment. Upon examination, it is observed that zinc and
copper, both of which readily chelate with proteins, are pre-
sent in high concentrations in all organisms, except for iron,
which is relatively major (West and Crouch 2022). The order
of their presence is related to factors such as the pH of the
environment, the amount of input to the aquatic environ-
ment, the abundance of chelating structures in organic mat-
ter, such as carboxyl, hydroxyl, and amine groups, and the
ability of elements to form ligands with each other.

In a study conducted by Erdem et al. (2015) in the Black
Sea, the metal values in Eriphia verrucosa were measured
as follows: Zn > Cu> Fe > Cr>Pb > Ni, and it was found
that except for Pb, the values were within the limits values
set by FAO/WHO and the Turkish Food Codex. Miilayim
and Balkis (2015), in their research on E. verrucosa in the
Black Sea, reported the following metal levels: Cr levels
ranged from 0.4 to 1.2 mg kg™, Cd levels ranged from 0.9
to 25.2 mg kg™!, Pb levels ranged from 0.3 to 4 mg kg™’
and Hg levels were at 0.1 mg kg™!. They found that Cd and
Pb values were above or at the limit of the Turkish Food
Codex values. Bat and Oztekin (2016) found high levels of
Cu, Zn, and Fe in their study on E. verrucosa. In another
study by Durmus et al. (2018) on E. verrucosa, the trace
element values were found as: Zn > Fe > Cu>Mn > Se > Ni
> Co, and the measured Cd (0.17-0.32 pg g~ w/w) and Pb
(0.13-0.36 ug g~ w/w) values were found lower than the
codex values. Bayrakli (2021), metal contents (Zn, Cu, Fe,

As, Al, Mn, Hg, Pb, Cd) of E. verrucosa in the Black Sea
were found to be below the acceptable levels of the Turkish
Food Codex and the EU Commission. In this study, the val-
ues of certain elements in E. verrucosa were determined at
all stations as follows: The lowest Cr value was 1.03 ug g~!
dw at the Silivri station, and the highest was 1.70 ug g~!
dw at the Biiyiikcekmece station. The lowest Cd value was
0.01 ug g~!' dw at the Sarkoy and Tekirdag stations, and
the highest value was 0.78 ug g~! dw at the Biiyiikgekmece
station. The lowest Cu value was 3.65 ug g~! dw at the
Biiyiikgekmece station, and the highest was 39.5 pg g~! dw
at the Silivri station. The lowest Pb value was 0.25 pg g~
dw at the Sarkoy station, and the highest was 0.85 pg g~! dw
at the Biiyiikcekmece station. The Hg value was the lowest
at 0.63 pg g~ dw in crabs (<7 cm) at the Sarkoy station,
and the highest was 1.28 pg g~! dw in crabs (>7 cm) at the
same station. The lowest Zn value was 92.87 pg g~! dw in
crabs (<7 cm) at the Sarkdy station, and the highest was
226.55 ug g~! dw at the Tekirdag station in crabs (>7 cm).
The lowest Fe value was 92.68 ug g~' dw in crabs (>7 cm)
at the Sarkdy station, and the highest was 379.19 pug g~! dw
in crabs (<7 cm) at the same station. The lowest Ni value
was 0.75 ug g~' dw in crabs (>7 cm) at the Sarkdy sta-
tion, and the highest was 3.23 pg g~! dw at the Biiyiikgek-
mece station. The lowest Mn value was 1.53 ug g~! dw in
crabs (>7 cm) at the Tekirdag station, and the highest was
9.83 ug g~ ! dw at the Biiyiikgekmece station. The high levels
of these elements in the edible parts of crabs may be due to
their habitat and feeding habits.

When examining the correlations in fish, it is observed
that Cr, Mn, and V elements have similar applications,
and they are found in fuels or in petroleum. The presence
of these elements in this region is related to the source of
pollution. Copper and zinc have the same affinity, which
explains their positive correlation. The antagonistic relation-
ship between As and Se is also evident in the correlations.

@ Springer



1002

Thalassas: An International Journal of Marine Sciences (2024) 40:995-1005

In the study by Tiirkmen (2011), on Solea solea, the metal
levels were determined as follows: Cd: 0.02-0.38 mg kg~!,
Co0:<0.01-0.43 mg kg~!, Cr: 0.11-1.78 mg kg7,
Cu: 0.30-1.82 mg kg~!, Fe: 7.19-59.7 mg kg~!,
Mn: 0.08-1.11 mg kg~!, Ni: 0.01-3.27 mg kg~!, Pb:
0.17-1.13 mg kg~!, and Zn: 4.05-6.80 mg kg~'. These
values were reported to be below the recommended toler-
able daily and weekly intakes levels for human consump-
tion. In the study by Korkmaz et al. (2017) on S. solea in
the Mersin region, metal concentrations were measured
as follows: Cr (<0.001 mg kg '), Mn (0.33-3.88 mg kg
~1), Fe (3.86-25.76 mg kg ~"), Ni (0.06-0.63 mg kg ~1),
Cu (0.01-1.61 mg kg ~'), Zn (5.16-45.95 mg kg ~!), Cd
(<0.0004 mg kg ~1), Pb (0.03-0.99 mg kg ~!). In the study
by Kili¢ et al. (2021) conducted in the Iskenderun, Mer-
sin, and Antalya Gulfs on S. solea, the wet weight metal
results were found as follows: Cd values ranged from 0.004
to 0.01 pg g, Co values ranged from 0.01 to 0.03 pg g, Ni
values ranged from 0.04 to 0.05 pg g, and Pb values ranged
from 0.08 to 0.10 pg g. In the present study on S. solea, the
metal values were detected as follows: The lowest Cu value
was 2.98 ug g~! dw at the Sarkdy station, and the highest
was 40.91 pg g~! dw at the Tekirdag station. The lowest Cr
value was 0.24 pg g~' dw at the Tekirdag station, and the
highest was 4.13 ug g~! dw at the Sarkdy station. The lowest
Mn value was 3.64 ug g~ dw at the Tekirdag station, and
the highest was 24.55 pg g~! dw at the Sarkoy station. The
lowest Ni value was 0.18 pg g~! dw at the Tekirdag station,
and the highest was 0.80 ug g~ dw at the Silivri station. The
lowest Zn value was 0.00 pg g~ dw at the Sarkdy station,
and the highest was 132.86 ug g~! dw at the Tekirdag sta-
tion. The lowest Cd value was 0.00 ug g~ dw at the Sarkdy
and Silivri stations, and the highest was 0.05 ug g~' dw at
the Tekirdag station. The lowest Pb value was 0.00 pg g™
dw at the Tekirdag and Sarkoy stations and the highest was
0.28 ug g~ ! dw at the Silivri station.

In a study conducted by Topguoglu et al. (2004) in
the Sea of Marmara, the following metal values were
found in M. galloprovincialis: Cd as 1.26-2.88 ug g~!;
Co as<0.05-1.89 pug g~!'; Cr as <0.06-3.54 ug g~ \;
Ni as <0.1-13.96 ug g~!, Zn as 208.3-319.9 ug g7/,
Fe as 120-415 ug g~!, Mn as 4.5-11.7 ug ¢!, Pb
as<0.1-5.2 ug g7', Cu as 6.7-9.5 pg g~'. In the study
by Balkis et al. (2013), conducted between 2005 and
2009 in the Black Sea, they reported the following metal
levels in M. galloprovincialis: Pb as <0.01-25 pg g~',
Cd as<0.01-6.0 ug g~!, Hg as <0.01-3.6 pg g~!, Cu as
0.8-80 ug g~!, Zn as 13-801 g g~!, Fe as 21-2363 pg g~
and Mn as 1.1-86 pg g~'. Kayhan et al. (2016) conducted
a study on M. galloprovincialis on the coast of Tuzla and
reported that the Cd levels were low, but the Pb levels
exceeded the acceptable values according to the Turk-
ish Food Codex. Yildirim et al. (2022), in their study in

@ Springer

the south of the Sea of Marmara, found that all trace ele-
ments measured were below the legal limits. Acarli et al.
(2023), in their study on the Yalova coast (Sea of Marmara),
showed that the levels of copper, zinc, mercury and lead in
mussels were suitable for human consumption, while the
levels of arsenic and cadmium exceeded the legal limits in
some stations. Bat et al. (2023), determined that the heavy
metal levels of M. galloprovincialis that collected at the
Samsun coast of the Black Sea are safe for human health.
In the present study, the metal concentrations in M. gal-
loprovincialis were found as follows: The lowest value of
Cd was 0.00 pg g~! dw inside the Tekirdag Port, and the
highest value was 9.93 pg g~ dw inside the Biiyiikgekmece
Port. The lowest value of Co was 0.00 pg g~! dw outside
the Biiylikcekmece Port and inside the Tekirdag Port, and
the highest value was 10.98 ug g~! dw outside the Sarkdy
Port. The lowest value of Cr was 0.65 pg g~ dw outside the
Biiyiikgekmece Port, and the highest value was 21.12 ug g~
dw outside the Sarkdy Port. The lowest value of Ni was
0.00 pg g~! dw inside the Tekirdag Port, and the highest
value was 56.26 pg g~' dw outside the Sarkoy Port. The
lowest value of Zn was 18.23 pg g~! dw inside the Tekirdag
Port, and the highest value was 2802.00 pg g~ dw outside
the Tekirdag Port. The lowest value of Fe was 0.00 ug g~
dw outside the Biiylikgekmece Port, and the highest value
was 6058.36 pg g~! dw outside the Sarkdy Port. The lowest
value of Mn was 2.75 ug g~! dw inside the Tekirdag Port,
and the highest value was 331.47 ug g~ dw outside the
Sarkdy Port. The lowest value of Pb was 0.00 ug g~! dw out-
side the Biiyiikcekmece Port and inside the Tekirdag Port,
and the highest value was 30.01 ug g~! dw outside the Sili-
vri Port. The lowest value of Cu was 4.89 ug g~ dw inside
the Tekirdag Port, and the highest value was 302.08 ug g™
dw outside the Tekirdag Port. The lowest value of Hg was
0.45 ug g~ dw outside the Tekirdag Port, and the highest
value was 2.12 ug g~! dw inside the Tekirdag Port.

The relationship between Cu and Se in macroalgae is sim-
ilar to that in mussels, whereas the relationship between Cr
and Mn is similar to that in fish. In their study conducted in
the Sea of Marmara, Topcuoglu et al. (2004) determined the
following metal values in U. lactuca: Cd <0.02-1.10 ug g™,
Co<0.05-1.01 pg g7!, Cr<0.06-4.90 pg g~ !,
Ni<0.1-16.91 pug g7', Zn<0.2-286.4 ug g~!, Fe
0.1-2197 ug g~!,Mn 0.1-105.2 pg g~', Pb<0.1-154 pg g,
Cu 0.1-29.1 pg g'. Ozyigit et al. (2017) reported the fol-
lowing metal values in U. lactuca in their study on the Istan-
bul coasts: Cd (0.45-3.22 mg/kg), Cu (6.67-18.32 mg/kg),
Fe (553.32-989.33 mg/kg), Mn (8.27-25.32 mg/kg), Pb
(4.93-19.32 mg/kg), and Zn (15.16-41.30 mg/kg). Duyar
and Bilgin (2019), in their study with U. lactuca collected
from the Sinop coast in the Black Sea determined the
metal values in the following order: Fe >Mn>Zn > Ni>
Cu>Pb> Cd. Erguden et al. (2021), in their study in the
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Mediterranean Sea (Iskenderun and Mersin Bay), found Fe
values that were high in U. lactuca. Kogbas et al. (2023),
in their study in the northern Aegean, they found the Fe
concentration to be in the range of 304.76—1140.54 mg kg~!
and the cadmium to be <0.01 in the U. lactuca. In the pre-
sent study, the metal values were determined as follows: The
lowest value Cd was inside the Silivri Port as 0.68 pg g~!
dw, highest value outside the Sarkdy Port was 5.00 pg g~
dw. The lowest value of Cr inside the Tekirdag Port was
6.23 ug g~! dw, highest value inside the Biiyiikgekmece Port
was 26.19 ug g~! dw. The lowest value of Pb inside the
Silivri Port was 0.96 ug g~' dw, highest value inside the
Tekirdag Port was 37.2 ug g~! dw. The lowest value of Zn
inside the Silivri Port was 10.18 pg g~' dw, highest value
inside the Biiyiikcekmece Port was 447.47 ug g~' dw. The
lowest value of Cu inside the Silivri Port was 24.75 ug g~!
dw, highest value inside the Sarkdy Port was 775.63 ug g~!
dw. The lowest value of Mn outside the Tekirdag Port was
45.93 ug g~! dw, highest value inside the Biiyiikcekmece
Port was 427.59 ug g~' dw. The lowest value of Fe outside
the Tekirdag Port was 1412.25 ug g~' dw, highest value
inside the Biiyiikcekmece Port was 7499.78 ug ¢~ dw. The
lowest value of Co outside the Tekirdag Port and inside the
Silivri Port were 0.00 ug g~' dw, highest value inside the
Biiyiikcekmece Port was 3.41 ug g~! dw.

According to the Turkish Food Codex (2011), it was
found that Pb and Cd values in mussel samples exceeded the
limits at all stations except station 1 (out of port) and station
3 (in the port) also, Hg values exceeded the limits at all sta-
tions except station 3 (out of port). In crab samples, while Pb
values below the limits at three stations [Station 3 (> 7 cm),
Station 4 (>7 and <7 cm)], Cd values were found below
the limits except for station 1. On the other hand, Hg values
exceeded limits at all stations (Table 1). The high metal lev-
els in mussels, which are filter feeding, are expected due to
their feeding behaviour. Similarly, metals such as, Cd, Pb,
and Hg tend to accumulate in shellfish because they com-
pete with elements such as Ca and Mg, which form the shell
structure. Because of this competition for accumulation, the
elements tend to be higher in such organisms.

Conclusion

This study analysed the accumulation of toxic elements
in macroalgae, mussels, crabs, and fish obtained from the
northern part of the Sea of Marmara. It can be said that
the edible marine organisms used in the study could pose a
potential risk to human health. Metals in the marine envi-
ronments can present a potential risk to both to marine
life in the region and to humans who consume these
organisms. The Sea of Marmara, which is heavily pol-
luted, is therefore an important environment to monitor.

Proper wastewater treatment in the Sea of Marmara and
the planning of environmentally friendly industrial activi-
ties are crucial for reducing the risk of metal pollution
in the marine ecosystem. It can be stated that the met-
als entering the Sea of Marmara are attributed to various
anthropogenic activities in the coastal zone. In order to
ensure proper management of marine resource, it is nec-
essary to have comprehensive knowledge of the status of
the region's biodiversity and the threats it faces. Regular
marine monitoring studies should be carried out in this
region, which includes numerous industrial and tourism
structures. This will help to monitor the effects of changes
in the marine ecosystem.
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