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A B S T R A C T   

Spatial distribution and ecological risk levels of toxic metals (Cu, Pb, Zn, Ni, Co, As, Sr, V, and La) in sediments 
from the southern Black Sea coastal (Türkiye) were evaluated. The sediment samples were taken in April and 
May 2019 from thirty-one stations, from depths ranged between 16 and 65 m. The average metal concentrations 
(in dry weight) varied from 59.4 ± 4.8 to 102.5 ± 12.3 for Cu, 39.3 ± 4,1 to 46.1 ± 2.9 for Pb, 104.5 ± 4.7 to 
126 ± 6.9 for Zn, 21.2 ± 1.8 to 24.9 ± 1.4 for Ni, 9.8 ± 0.4 to 16.6 ± 1.5 for As, 16.7 ± 0.5 to 18.2 ± 0.9 for Co, 
68.2 ± 11.4 to 123.3 ± 13.5 for Sr, 82.7 ± 13.1 to 97.3 ± 4.3 for V, and 16.2 ± 1.8 to 23.6 ± 1.8 μg g− 1 for La. 
Geoaccumulation index (IGEO), Sediment enrichment factor (SEF), and pollution load index (PLI) indicated that 
Cu and Pb are above the pollution limits. Thus, continuous pollution monitoring programs should be established. 
Moreover, measures should be implemented more effectively to prevent pollution.   

1. Introduction 

The Black Sea is a unique ecosystem representing the world's largest 
landlocked sea with a surface area of 4.2 × l05 km2 and a volume of 5.3 
× l05 km3 with a maximum depth of 2200 m (Özsoy and Ünlüata, 1997). 
The total coastal length of the Black Sea, including the Sea of Azov, is 
4869 km. 3456 km of this is the coasts of Ukraine (1756 km, 36.1 %) and 
Türkiye (1700 km, 34.9 %) (Üniversitesi et al., 2019). It is among the 
most vulnerable bodies of water on the earth due to its rare hydro
chemical, hydrographic, geographical, and geological features and its 
exposure to significant human-induced effects (Tuncer et al., 1998). One 
of the most notable characteristics of the Black Sea's oceanography is 
that freshwater input surpasses water loss through evaporation. It is 
connected to the Aegean Sea via the Bosporus, the Sea of Marmara, and 
the Dardanelles (Ozseker et al., 2013; Sezgin et al., 2017). Both natural 
and anthropogenic influences have a significant impact on the Black Sea 
(Mutlu, 2021; Ozseker, 2021; Ozseker et al., 2016; Terzi et al., 2020). 
The largest rivers of the Europe (Danube, Dnieper, and the Dniester) 
discharge into the north-west (Sezgin et al., 2017). The Danube, which is 
one of Europe's largest rivers, has a major impact on the Black Sea 
environment. (Mee, 1992; Muftuoglu, 2013). These rivers drain the in
dustrial centers and agricultural areas of Central and Eastern Europe and 

transport a substantial amount of anthropogenic and natural pollutants 
(Sarı et al., 2018). Türkiye has numerous large and minor rivers that 
empty into the Black Sea as well. 

The pollution levels in river and marine environments have 
increased due to global urbanization, population, and industry partic
ularly in the last 150 years (Sarı et al., 2018). Urbanization in the Black 
Sea continues to increase rapidly along the entire coastal area. Unfor
tunately, the settlements' domestic wastes are released directly into the 
sea or streams without being treated. As a result, the transportation of 
anthropogenic contaminants from rivers has had a negative impact on 
the Black Sea sediments and water in recent centuries (Mülayim and 
Balkis, 2015; Sarı et al., 2018; Terzi et al., 2022; Yiǧiterhan and Murray, 
2008). Due to its geographical position, intense river inputs, and limited 
water change, the Black Sea had become one of the most polluted sea in 
terms of toxic metals (Bat et al., 2019). 

Sediments are particles consisted of several substances at the bottom 
of water bodies. Depending on the environmental influence of rivers, 
biogeochemical processes, and hydrodynamic structure, coastal marine 
sediments have become a significant accumulation area for toxic metals. 
Thus sediments are considered as a sink for the toxic metals in marine 
environment. In addition, sediments can reflect the level of aquatic 
pollution and are an indicator of aquatic environmental pollution with 
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this feature (Ali Azadi et al., 2018; Galkus et al., 2012; Selvaraj et al., 
2004). Many biogeochemical reactions occur when sediments deposited 
by toxic metals. During these reactions, transfer of toxic metals from 
pore water to deep seawater takes place. As a result, the geochemistry of 
bottom sediments influences the chemistry of the water column. Thus, 
heavy metals accumulated in polluted sediments create a toxic effect not 
only for benthic organisms, but also for the living organisms in the water 
column (Ozseker, 2021). Because of their accumulative behavior, toxic 
metals in aquatic ecosystems are considered serious pollutants (Monikh 
et al., 2015; Saiful et al., 2015; Bibak et al., 2018). They are often 
regarded as the most significant anthropogenic pollutants in marine and 
coastal habitat (Sreenivasulu et al., 2018). Pollution sources in sur
rounding estuaries and rivers are linked to toxic metal pollution in 
coastal ecosystems. The majority of anthropogenic metals found in 
coastal areas are of terrestrial origin. Industrialization, urbanization, 
mining, and other human-induced activities make the greatest contri
bution (Ip et al., 2007; Ozseker, 2021). The metals, such as copper (Cu), 
lead (Pb), zinc (Zn), mercury (Hg), arsenic (As), nickel (Ni), and cobalt 
(Co) in aquatic ecosystems are regarded as toxic pollutants (Forstner and 
Wittmann, 1983; Özşeker, 2019). Therefore, sediments play a key role in 
determining toxic metal pollution in aquatic ecosystems since they are 
sinks for these elements (El Nemr and El-Said, 2017; Abrahim and 
Parker, 2008; Yeşim Özkan et al., 2012; Parween et al., 2021). Sediment 
analyses are widely used in defining the toxicity of metals, environ
mental quality assessment, and digenetic studies (Longhini et al., 2022; 
Shaw, 1990; Soliman Alshami and A, 2018; Zhang et al., 2021). Phys
ical, chemical, and biological processes can return contaminants from 
sediments to the water column following precipitation. Several chemical 
and physicochemical parameters influence the mobility of toxic metals 
in the sediment layer (Ali et al., 2021; Ziyath et al., 2011). These factors 
are the mechanisms controlling. For this reason, it is important to 
consider these factors in evaluating the toxicity of metals for the envi
ronment and to associate them with the physicochemical parameters of 
the environment (Ali et al., 2021; Ozseker, 2021). There has been 
several studies determining the toxic metal contamination in the bottom 
sediments of the Black Sea (Alkan et al., 2018; Alkan et al., 2021; Ozkan 
and Buyukisik, 2012; Ozseker et al., 2013; Ozseker and Eruz, 2016), 
however the mentioned studies are very limited in the sample size and 
area. Thus, the aim of this study is to investigate the spatial distribution 
of natural and anthropogenic toxic metal pollution in the southern Black 
Sea's coastal sediments. In addition, pollution load index (PLI), sediment 
enrichment factor (SEF), sediment quality guideline (SQG), and geo
accumulation index (IGEO), were used to reveal the pollution, natural 
and anthropogenic separation, and ecological effect of metals in Black 
Sea coast of Türkiye. 

2. Materials and methods 

2.1. Study area and sampling 

The Turkish coast of the Black Sea, which has an approximate coastal 
length of 1100 km, was chosen as the research area. It is located between 
the coordinates 41.216868 N - 30.445846 E and 41.457114 N - 
41.355802 E on the southern coast of Türkiye. The sediment samples 
were taken in April and May 2019 from thirty-one stations, with depths 
varying between 16 and 65 m. Station numbers between 1 and 10 
represent the coasts of the southwestern Black Sea Region (WB), those 
between 11 and 20 represent the coasts of the middle Black Sea region 
(MB), and those between 21 and 31 represent the coasts of the south
eastern Black Sea region (EB) (Fig. 1). While determining the stations, 
industrial and domestic discharge points, river discharge areas, and 
intense residential areas were considered. 

The sediment samples from each station were collected in triplicate 
using an Ekman Grab (Zárate et al., 2021). The sediment layer from the 
top 5 cm was processed for further analysis. Each sample was homog
enized and stored in polyethylene containers. Immediately after sam
pling, sediment physicochemical parameters; pH, oxygen, salinity, and 
temperature were measured in situ. pH was measured using a Hach 
Lange HQ40D multimeter from the sediment water mix (1:2 w/v). 
Temperature, salinity, and dissolved oxygen were measured using a 
Conductivity, Temperature, and Depth sensor (CTD) probe. A modified 
Walkley–Black titration method with a <0.05 % detection limit was 
used to determine total organic carbon (TOC) (Gelman et al., 2012). To 
prevent any metal contamination from the equipment, plastic tools were 
used to handle the sediments. The samples were stored in a cooler and 
transported to the laboratory, then, kept at − 18 ◦C to prevent contam
ination prior to the analysis. Metals tend to accumulate in the fine- 
grained fractions of sediments, hence, categorizing sediments by grain 
size is an important factor affecting the metals accumulation capacity of 
sediments (Chileshe et al., 2020; Sharma et al., 2020; Zhang et al., 
2014). A vibratory sieve shaker (AS200, Retsch, Duesseldorf, Germany) 
was used to categorize the particles; clay (≤0.063 mm), sand (0.063–2 
mm), and gravel (2 mm) (Fantong et al., 2014). Since toxic metals tend 
to accumulate in the smaller fractions of the sediments (Maslennikova 
et al., 2012; Nazneen and Patel, 2016), clay fractions with <63 μm was 
used for the metal analyses (Morillo et al., 2004). A total of ten toxic 
metals (Copper (Cu), Lead (Pb), Zinc (Zn), Nickel (Ni), Cobalt (Co), 
Arsenic (As), Strontium (Sr), Vanadium (V), Lanthanum (La) and 
Aluminum (Al)) were measured using an inductively coupled plasma 
mass spectrometer (ICP-MS) at the ACME laboratory (Vancouver, BC, 
Canada). The analysis' precision ranged between 95.79 and 130.49 %. 
STD-DS 7 was used as the reference material for determining the accu
racy of metal analysis in sediment samples. The detection limits for the 
toxic metals were as follows: 0.1 μg g− 1 for Cu, 1 μg g− 1 for Zn, 0.1 μg 
g− 1 for Ni, 0.1 μg g− 1 for Co, 0.6 μg g− 1 for As, 1 μg g− 1 for Sr, 2 μg g− 1 

Fig. 1. Map of the study area.  
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for V, 1 μg g− 1 for La, 0.01 % for Al in sediments. 

2.2. Sediment pollution indexes 

The pollution load index (PLI) proposed by Tomlinson et al. (1980) 
was used for determining toxic metal contamination level from a holistic 
view of the sampling area (Kowalska et al., 2018). The PLI was estimated 
according to Eqs. (1) and (2). 

CF = CMetal concentration
/

CBackground concentration of the same metal (1)  

PLI = (Cf 1 × Cf2 × Cf3 × ⋯ × Cn)1∕n (2) 

After geochemical normalization, the Sediment Enrichment Factor 
(SEF) is used to assess the degree of contamination caused by each 
element individually (Kowalska et al., 2018). Metal concentrations in 
the upper continental crust (UCC) were used as background reference 
values (Rudnick et al., 1985). Although there is no definite agreement 
about the selection of the element to be used in normalization, elements 
that are geochemically inactive and easily found in fine-grained mate
rials such as aluminum, iron, zircon, and titanium are generally used 
(Migaszewski et al., 2014). Because of its resemblance to the metal 
concentration in silicate crustal rocks, Al was chosen for geochemical 
normalization (Faměra et al., 2018). SEF was estimated using the 
following Eq. (3); 

SEF = (CM/CAl)Sample

/
(CM/CAl)Earths crust (3)  

where (CM/CAl)Sample is the ratio of the measured metal concentration 
and Al (CAl) in the sediment sample, and (CM/CAl)Earth's crust is the ratio of 
the measured metal (CM) and the reference ratio of Al in the Earth's crust 
(Sinem Atgin et al., 2000). 

The geoaccumulation index (IGEO) was used to estimate the contri
bution level of anthropogenic effects to the toxic metal abundance by 
using following Eq. (4) (Liu et al., 2019): 

IGEO = log2
[Cn/(1.5Bn) ] (4)  

where Cn is the measured concentration of the toxic metal n in the 
sediment, Bn is the geochemical background concentration for element 
n which is either directly measured in un-impacted sediment of the area 
or taken from the literature (Turekian et al., 1961). Classification and 
definition values of the pollution indexes are given in Table 1. 

2.3. Statistical methods 

The normal distribution of the data was tested using the Shapiro- 
Wilk test. The data did not satisfy the normal distribution; thus, 
nonparametric tests were used to analyze the data. The difference in 
metal concentrations between the regions was checked using the 
Kruskal-Wallis test. In case significant differences were noticed, Dunn's 
test was used as a post hoc test to determine the differing regions. The 
relationship between toxic metals, physicochemical properties were 
assessed using the Spearman correlation. Principal component analysis 
was conducted to reduce the dimension of the data to identify 

multivariate effects of metals. The clustering stations were determined 
using the k-means clustering method. Redundancy analysis (RDA) was 
used to determine the effects of measured environmental factors on the 
heavy metal distribution. The environmental parameters with <10 
variance inflation factor (VIF) were selected for the RDA. The analyses 
were done by R programming language (R 4.1.2) (R Core Team, 2021) 
using vegan (Oksanen et al., 2020), factominer (Lê et al., 2008), and 
rstatix (Kassambara, 2021). Data were visualized using ggplot2 (Wick
ham, 2016). 

3. Results and discussion 

3.1. Evaluation of physicochemical properties and sediment 
characterization 

The physicochemical properties and sediment characteristics in the 
presented study are similar to the general coastal oceanographic fea
tures of the Black Sea. However, when analyzed within itself, there are 
differences between regions. The physicochemical properties and sedi
ment grain size are given in detail in Table 2. The sand fractions were 
found to be dominant (>63.5 %) in the sediment layer. It is known that 
metals transition from solid sediment surfaces to pore water and hence 
from pore water to water column with the effect of physicochemical 
parameters. In this context, sediment porosity is an important factor in 
benthic studies (Zhang et al., 2014). In the present study, the porosity 
varies between 41.5 % and 60.5 %. TOC concentration, another 
important factor affecting metal mobility, was between 0.31 % and 1.84 
%. When the physicochemical parameters related to the mobility of 
metals were examined, a difference was observed between the stations 
depending on the depth. Also, values of pH, temperature, salinity, and 
oxygen in the stations ranged between 6.12 to 8.20, 7.29 to 12.84 ◦C, 
18.21 to 18.81 ‰, and 6.89 to 8.60 mg/L, respectively. 

3.2. Evaluation of toxic metal concentrations in sediments 

Spatial concentrations of toxic metals (Cu, Pb, Zn, Ni, Co, As, Sr, V, 
and La) in the coastal sediment samples are given in Fig. 2. Toxic metal 
concentrations in surface sediments of WB (stations between 1 and 10) 
varied from 35.1 to 78.1 μg g− 1 for Cu, from 33.1 to 54.4 μg g− 1 for Pb, 
from 84 to 134 μg g− 1 for Zn, from 16.4 to 35.1 μg g− 1 for Ni, from 15.2 
to 36.7 μg g− 1 for Co, from 8 to 12.3 μg g− 1 for As, from 55 to 124 μg g− 1 

for Sr, from 71 to 98 μg g− 1 for V, and from 15 to 24 μg g− 1 for La. 
Toxic metal concentrations in MB (stations between 11 and 20) 

varied from 46.3 to 89.2 μg g− 1 for Cu, from 19.9 to 53.5 μg g− 1 for Pb, 
from 99 to 207 μg g− 1 for Zn, from 17 to 34.1 μg g− 1 for Ni, from 15.1 to 
31.1 μg g− 1 for Co, from 9.4 to 17.2 μg g− 1 for As, from 50 to 148 μg g− 1 

for Sr, from 77 to 120 μg g− 1 for V, and from 8 to 24 μg g− 1 for La. 
Toxic metal concentrations in EB (stations between 21 and 31) var

ied from 58.3 to 170.5 μg g− 1 for Cu, from 27.4 to 62.3 μg g− 1 for Pb, 
from 90 to 160 μg g− 1 for Zn, from 15.1 to 31.1 μg g− 1 for Ni, from 16.4 
to 19.8 μg g− 1 for Co, from 10.5 to 28.7 μg g− 1 for As, from 52 to 226 μg 
g− 1 for Sr, from 80 to 131 μg g− 1 for V, and from 14 to 35 μg g− 1 for La 
(Fig. 2). 

Table 1 
Classification and definition values of pollution indices.  

PLI SEF IGEO 

Class Range Remark Class Range Remark Class Range Remark  

1 <0–0 Non pollution  1 1–3 Minor enrichment  0 ≤1 Uncontaminated  
2 0–1 Low pollution  2 3–5 Moderate enrichment  1 0–1 Uncontaminated-Moderately  
3 1–2 Moderate pollution  3 5–10 Moderate-severe enrichment  2 1–2 Moderately  
4 2–4 High pollution  4 10–25 Severe enrichment  3 2–3 Moderately-Heavily  
5 4–8 Very high pollution  5 25–50 Very severe enrichment  4 3–4 Heavily  
6 8–16 Extremely pollution  6 >50 Extremely Severe enrichment  5 4–5 Heavily-Extremely        

6 ≥5 Extremely  
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Total and regional average toxic metal concentrations are given in 
Table 3. The highest average concentrations of toxic metals were 
detected in the Eastern Black Sea region (EB) (stations between 21 and 
31). The lowest average toxic metal concentrations were found in the 
Western Black Sea Region (WB) for Cu, Zn, As, and V. Besides, for Pb, Ni, 
Co, Sr, and La, the lowest average values were found in Middle Black Sea 
Region (MB) (Table 3). 

The toxic metal concentrations measured on the Black Sea coastal 
sediments were compared to suitable reference values, according to 
worldwide average shale value (WASV), continental crust values (CCV), 
toxicity reference values (TRV), and sediment quality guideline (SQGs) 
(Table 3). According to this comparison, the Cu, Pb, Zn, and As con
centrations were higher than the reported reference values (WASV, CCV, 
and TRV), while the Co, Sr, V, and La concentrations were found to be 
lower. Ni, on the other hand, was low according to WASV and CCV 

values, but high according to TRV value. Moreover, known numerical 
SQGs (according to probable effect concentration) of the concentrations 
of toxic metals were compared (MacDonald et al., 2000). In the com
parison made according to the sediment quality guideline (SQGs), the 
values of Cu, Ni, and As were found to be lower than the effect range 
median (ERM) and probable effect level (PEL) values and higher than 
effect range low (ERL) and threshold effect level (TEL) values. While the 
mean concentration of Zn was low compared to SQG, Pb was found to be 
low except for the TEL value (Table 3). 

3.3. Statistical evaluation 

Toxic metal concentrations among the regions were significantly 
different except for Ni and Pb (Kruskal-Wallis test, p < 0.05). As, Cu, La, 
and Sr concentrations were found to be significantly higher in EB (16.61 

Table 2 
Physicochemical properties of the coastal sediments in the present study.  

Area Station Depth 
(m) 

Gravel 
(%) 

Sand 
(%) 

Clay 
(%) 

Porosity 
(%) 

TOCa 

(%) 
Salinity 
(‰) 

pH Oxygen 
(%) 

Oxygen 
(mg/L) 

Temperature 
(◦C) 

Western Black Sea 
Region (WB)  

1  16 2,4 54,6 43 57 0,52 18,77 7,96 80,8 8,6 12,84  
2  20 2,8 50,1 47,1 58,6 0,54 18,21 7,95 79,8 8,4 12,26  
3  22 2,8 49,4 47,8 59,7 0,57 18,46 7,56 79,8 8,4 12,26  
4  41 1,2 74,3 24,5 44,2 0,52 18,72 7,97 70,9 7,38 7,97  
5  35 6,7 68,3 25 46,3 0,58 18,68 7,61 72,6 7,58 8,07  
6  20 1,6 40,7 57,7 58,6 0,56 18,62 7,63 70,9 7,49 9,76  
7  52 5,3 70,6 24,1 46,2 0,55 18,77 7,74 65,7 7,31 7,38  
8  60 4,7 54,9 40,4 56,2 0,31 18,79 8,2 63,6 7,2 7,30  
9  65 1,9 73,5 24,6 43,5 0,31 18,81 8,18 63,6 7,18 7,29  

10  45 15,6 60,1 24,3 48,5 0,5 18,72 7,95 72,6 7,37 7,37 

Middle Black Sea 
Region (MB)  

11  30 10,4 56,4 33,2 56,2 0,48 18,62 7,97 77,7 8,02 8,07  
12  28 4,3 70,1 25,6 46,2 0,51 18,56 7,9 75,7 7,96 8,61  
13  50 5,6 45,1 49,3 57,3 0,52 18,75 7,96 63,4 7,1 7,38  
14  27 1,8 66,1 32,1 46,4 0,52 18,59 7,9 78,5 8,04 8,28  
15  17 7,3 70,6 22,1 46,2 0,54 18,62 7,82 81,3 8,57 12,31  
16  30 6,2 75,1 18,7 44,5 0,63 18,62 7,41 76,4 7,9 8,01  
17  28 2,5 59,7 37,8 55,1 0,56 18,59 7,65 75,6 7,52 8,28  
18  34 2,6 63,7 33,7 47,3 0,6 18,68 7,5 74,2 7,5 7,83  
19  51 1,9 74,1 24 42,8 0,84 18,77 7,49 68,6 7,08 7,31  
20  42 3,7 68,3 28 46,5 0,71 18,72 7,87 70,1 7,11 7,45 

Eastern Black Sea 
Region (EB)  

21  45 11,5 55,7 32,8 56 1,84 18,77 6,8 69,1 7,1 7,55  
22  50 8,6 70,5 20,9 46,1 1,61 18,76 6,82 66,7 6,89 7,36  
23  34 2,4 80,1 17,5 41,5 0,71 18,68 7,24 76,8 7,71 7,83  
24  30 6,5 72,4 21,1 44,2 0,65 18,59 7,36 75,9 7,52 8,28  
25  18 3,1 47,2 49,7 60,5 0,6 18,62 7,85 82,4 8,41 8,35  
26  25 1,9 70,3 27,8 46 0,61 18,56 7,74 80,23 8,11 12,77  
27  30 4,6 54,8 40,6 56,8 1,91 18,62 6,12 75,61 7,52 9,16  
28  18 2,9 60,3 36,8 48,2 0,9 18,65 7,65 82,11 8,23 12,21  
29  22 7,8 66,5 25,7 48,2 0,78 18,21 7,67 81,64 7,98 9,39  
30  26 5,4 70,7 23,9 45,5 0,78 18,51 7,67 79,81 7,72 9,16  
31  18 9,1 69,4 21,5 44,3 0,91 18,60 7,1 81,66 8,54 12,40  

a Dry weight for TOC. 

Fig. 2. Change in metal concentrations according to stations.  
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± 1.52 μg g− 1, 102.52 ± 2.32 μg g− 1, 23.64 ± 1.77 μg g− 1, and 123.27 
± 13.55 μg g− 1 respectively) compared to the other regions (Fig. 3). On 
the other hand, As concentration in WB (9.82 ± 0.41 μg g− 1) and Sr 
concentration in MB (68.2 ± 11.44 μg g− 1) were significantly lower 
(Fig. 3). 

Principal component analysis (PCA) was used to determine the main 
drivers of the spatial distribution of the toxic metals. The first two 
components with eigenvalues > 1 were used to construct the PCA biplot. 
The cumulative contribution of the first two principal components was 
70.1 % (46.3 % and 23.8 % for PC1 and PC2, respectively). The variance 
on the PC 1 (x-axis) was mainly driven by Cu, Ni, Co, Sr, V, and La. 
Besides, the variance on the PC 2 (y-axis) was highly contributed by Zn, 
As, and La (Fig. 4A). The stations were segregated into three clusters 

determined by the k-means clustering method (Fig. 4B). Cluster 2 was 
mainly affected by Zn, As, Cu, and V concentrations, on the other hand, 
cluster 3 was found to be affected by Co, Ni, Sr, and La. The redundancy 
analysis plot was constructed using the environmental variables with 
<10 variance inflation factor (VIF) which were pH, salinity, tempera
ture, clay, and TOC. In this context, pH and TOC were the most effective 
physicochemical parameters on toxic metal composition. A significant 
difference between the regions was determined in terms of metal com
positions (PERMANOVA, F = 5.81, p < 0.05). A pairwise PERMANOVA 
revealed that the toxic metal composition in EB was significantly 
different from WB and MB (p < 0.01) which is also visually segregated in 
RDA analysis (Fig. 4B). 

The detailed correlation coefficients are given in Fig. 5. According to 

Table 3 
Metal content (μg g− 1) of present study and its comparison with reference values.  

Metal Surface coastal sediment Reference values 

Average conc. (present study) 

WB MB EB Overall WASVa CCVb TRVC SQGsd 

ERM ERL PEL TEL 

Cu 59.4 ± 4.8 65.3 ± 4.3 102.5 ± 12.3 76.7 ± 5.9  45.0  55.0 16.0 270 34 108.2 18.7 
Pb 41.2 ± 2.4 39.3 ± 4.1 46.1 ± 2.9 42.3 ± 1.9  20.0  12.5 31.0 218 46.7 112.2 30.2 
Zn 104.5 ± 4.7 122.1 ± 10.5 126 ± 6.9 117.8 ± 4.5  95.0  70.0 110.0 410 150 271 124 
Ni 22.8 ± 1.9 21.2 ± 1.8 24.9 ± 1.4 23.1 ± 1.0  68.0  75.0 16.0 51.6 20.9 42.8 15.9 
As 9.8 ± 0.4 13.1 ± 0.9 16.6 ± 1.5 13.3 ± 0.8  13.0  1.8 6.0 70 8.2 41.6 7.2 
Co 17.3 ± 1.1 16.7 ± 0.5 18.2 ± 0.9 17.4 ± 0.4  19.0  25.0 n.i n.i n.i n.i n.i 
Sr 77.9 ± 8.5 68.2 ± 11.4 123.3 ± 13.5 90.9 ± 7.8  300.0  375.0 n.i n.i n.i n.i n.i 
V 82.7 ± 3.1 90.9 ± 4.3 97.3 ± 4.3 90.5 ± 2.3  130.0  135.0 n.i n.i n.i n.i n.i 
La 18.4 ± 1.2 16.2 ± 1.8 23.6 ± 1.8 19.6 ± 1.1  92.0  30.0 n.i n.i n.i n.i n.i 

n.i. not included, WASVa worldwide average shale value (Turekian et al., 1961), CCVb continental crust values (Rudnick et al., 1985), TRVc toxicity reference values 
(MacDonald et al., 2000) SOGsd Numeric Sediment Quality Guideline, ERL Effect Range Low, ERM Effect Range Median, TEL Threshold Effect Level PEL Probable 
Effect Level (EPA, 2008). 

Fig. 3. The concentrations of each toxic metal by region and the pairwise comparisons with Dunn's test (ns: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001).  
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the Spearman's rank correlation test: Zn and Cu exhibited a strong 
positive correlation, Cu also showed a significant positive correlation 
with As, Ni, and Co. Significant correlations between Sr and La, and V, 
Co, and Ni were noticed. As and Cu exhibited a strong positive corre
lation with TOC. pH and salinity were negatively correlated with toxic 
metal concentrations. 

3.4. Evaluation of sediment pollution indexes 

Many indices are used in the literature to assess the extent of heavy 
metal contamination in sediment (Huang et al., 2020; Jiang et al., 2017; 
Matys Grygar and Popelka, 2016). In this study, sediment enrichment 
factor (SEF), pollution load index (PLI), and geoaccumulation index 
(IGEO), which are widely used in the literature, were used to evaluate the 
extent of metal pollution (Huang et al., 2020; Lan et al., 2022; Ozseker, 
2021). The values of SEF and IGEO are given in Fig. 6A. The SEF of toxic 
metals in the Black Sea Coastal Sediments were Pb > Cu > Zn > As > Co 
> V > Ni > Sr > La. The highest SEF and IGEO values were determined in 
Eastern Black Sea Region (Fig. 6A). The SEF value of Cu and Pb were 

found to be in the range of 5–10 (moderately severe enrichment); As and 
Zn were found to be in the range of 3–5 (indicating moderate enrich
ment); Co, Ni, V, Sr, and La were found to be in the range of 1–3 
(indicating minor enrichment) for all the region. 

The geoaccumulation index (IGEO) which is a commonly accepted 
indicator, was used to evaluate the anthropogenic effect levels (Zahran 
et al., 2015). The sediment samples were considered moderately 
contaminated by IGEO since Cu and Pb were between the range of 0 <
IGEO < 1. Besides, the other toxic metals were considered uncontami
nated because IGEO < 0 was determined for the coast of the Black Sea 
Region (Fig. 6A).The terrestrial mineralogical structure plays a deter
minative role in the toxic metal concentrations in the bottom sediments. 
The Eastern Black Sea region of Türkiye is very rich in mineral deposits, 
especially Cu and Pb (Aydın, 2004; Inci et al., 2011). Considering that it 
is the region with the highest rainfall in Türkiye, terrestrial material, 
rich in Cu and Pb elements at a high rate due to erosion, is discharged to 
the Southeastern Black Sea Coast. Hence, the accumulation of the 
mentioned toxic metals in the study area is inevitable due to natural 
processes. There is also intensive agricultural activities in the southern 

Fig. 4. Principal component analysis (PCA) biplot for metal concentration in the Black Sea sediments (A). The ellipses in A show the clusters based on k-means 
clustering. Redundancy analysis results (B). 
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coastal area of the Black Sea in which the use of agrochemicals con
taining Cu and Pb is a common practice. These pollutants can be 
transported to marine environment with precipitation and surface wa
ters. Another possible transportation way of Cu and Pb is the intensive 
landfill practices and the international highway along the coast. 

Similar results were found in the evaluation made according to the 
PLI method. In this classification, the pollution level of metals was 
evaluated in three sub-categories. The Pb was considered moderately 
polluted because of class 4 (range 2–3). The Cu and Zn were considered 

unpolluted to moderately because of class 3 (range 1–2). The other 
metals were considered unpolluted because of class 2 (range 0–1) 
(Fig. 6B). 

There are many studies about metal pollution on both the northern 
and southern shores of the Black Sea. However, many of these studies 
represent local study areas (Table 4). In addition, there are compilation 
studies in which these local studies are brought together (Altaş and 
Büyükgüngör, 2007; Raykov et al., 2020). In this study, the current 
status of toxic metals in the coastal sediments of approximately 1100 km 

Fig. 5. The correlation between physicochemical properties and metal concentrations in the coastal sediment samples.  

Fig. 6. Overall comparison of IGEO, SEF (A), and PLI (B) values.  
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on the southern coasts of the Black Sea was evaluated in detail. When the 
results obtained from the study (Table 3) are compared with the studies 
previously reported (Table 4) in the Black Sea, it is seen that toxic metals 
such as Ni, Cr, Co, and As are in high concentrations on the southwest 
Black Sea coasts, and metals such as Cu, Zn and Pb are in high con
centrations on the southeast Black Sea coasts, similar to previous 
studies. Most of the studies have focused on toxic metals such as Cu, Pb, 
Ni, Zn, Co, As, Cd and Cr. In this presented study, toxic metals such as La, 
Sr, and V were examined in detail, and it was determined that the results 
were below acceptable values. In addition, it is seen that the metal 
values tend to increase in the Southeastern Black Sea Coasts. Pollution 
indices methods such as SEF, PLI, and IGEO, which we have applied to 
reveal the pollution dimension of metals, also confirm this result. 

Most cities on the Black Sea coast of Türkiye suffer from local envi
ronmental problems due to the unconscious discharge of untreated do
mestic and industrial waste (Bat et al., 2018). There are many sources of 
metal pollution in coastal sediments (Ekoa Bessa et al., 2021). Especially 
on the southern Black Sea coasts, the most important metal sources are 
domestic and industrial discharges and terrestrial transport due to 
erosion (Ocakoğlu et al., 2018; Stan et al., 2019). Although, large rivers 
such as Kızılırmak, Yeşilırmak, and Sakarya directly discharge from the 
central and western Black Sea coasts, there are many large and small 
river discharging from the eastern Black Sea coasts. Considering the 
general current system of the Black Sea, it is known that the sediment 
transport is from west to east and many pollutants in the western Black 
Sea region are transported eastwards (Staneva et al., 2001). 

4. Conclusion 

In this study, which was carried out on the southern coasts of the 
Black Sea, the current situation of the pollution on the Turkish coasts of 
the Black Sea was evaluated by interpreting toxic metals according to 
different indices. For this purpose, 31 sampling points covering domestic 
and industrial discharge points, freshwater discharge areas, and settle
ments were evaluated. It was determined that the toxic metals Cu and Pb 
were above the pollution levels for the Black Sea coasts. While As and Zn 
elements were detected at the pollution limit level, other elements were 
determined below the pollution levels. In addition, the Turkish coast of 
the Black Sea was divided into 3 regions; the west, middle and east. 
According to this comparison result, it was seen that the highest metal 
values were in the eastern Black Sea coasts of Türkiye. In the long run, 
routine pollution monitoring studies should be established in the Black 
Sea to evaluate and control the toxic metal pollution levels. Moreover, 
laws should be implemented more effectively to prevent pollution. 
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Kurt, M.A., Sezer, N., 2018. Geochronology and sources of heavy metal pollution in 
sediments of Istanbul Strait (Bosporus) outlet area, SW Black Sea, Türkiye. 
Chemosphere 205, 387–395. 

Selvaraj, K., Ram Mohan, V., Szefer, P., 2004. Evaluation of metal contamination in 
coastal sediments of the Bay of Bengal, India: geochemical and statistical 
approaches. Mar. Pollut. Bull. 49, 174–185. 

Sezgin, M., Bat, L., Ürkmez, D., Arıcı, E., Öztürk, B., 2017. Black Sea Marine 
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Investigation of the sediment pollution in Izmir Bay: trace elements. Spectrochim. 
Acta Part B At. Spectrosc. 55, 1151–1164. 

Soliman Alshami, A., A, S.D., 2018. Mineralogy and digenetic impacts on chemical 
composition of paleozoic mudrocks, southwestern Sinai, Egypt. Al Azhar Bull. Sci. 
29, 93–107. 
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