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This study was carried out to evaluate the temporal variation of the potential toxic element concentration and
ecological risk level during the Holocene along the Southern Black Sea coasts. Ecological and ecotoxicological
indices such as enrichment factor (EF), modified ecological risk index (mRI), modified potential ecological risk
index (mPER) and toxic risk index (TRI) were used in the study. Anthropogenic effects were determined to be

more dominant in the western and middle parts of the Southern Black Sea Region. As, Cu, Pb, Zn, Cd, Hg, Ni
enrichments were observed in the last 200 — 300 years and the potential risk index values related to them
increased. Source of enrichment detected in the cores was found to be related to the volcanic activities that
occurred in different geological periods. It was determined that the increases in PTE concentration observed
specifically in the middle parts of the cores coincided with the dates of the volcanic activities observed in

Anatolia.

1. Introduction

Recent research on the distribution and storage properties of
potentially toxic elements (PTEs) in marine ecosystems has shown that
contamination occurs even in deep-sea sediments. Studies have pointed
out that these pollutants have more impact than expected in aquatic
ecosystems (Sanei et al., 2021; Xie et al., 2022). PTEs contribute to the
marine environment through natural resources, deposition, erosion,
industrial pollutants, agricultural activities, untreated sewage discharge
and they cause deterioration in water and sediment quality while
negatively affecting human health through the food chain by reducing
the quality of food products (Surricchio et al., 2019; Ozkan et al., 2022;
Kiikrer et al., 2020; Fural et al., 2022; Peng et al., 2022). PTEs cannot be
purified in biological treatment systems, and they can be released back
into the water with the formation of some suitable environmental con-
ditions, acting as a secondary source in terms of ecological and toxic risk
(Jarup, 2003; Rai, 2008; Varol et al., 2022).

PTEs cause significant ecological risk problems in open seas as well
as inland seas with more limited wave and current systems (Nour et al.,
2019; Ergin, 2020; Jeddi et al., 2021). Therefore, PTEs and other vari-
ables such as organic matter that are discharged into the inland marine
ecosystem are stored at central points where the wave-current system is
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weak. It is known that 50% of organic waste discharged from land to sea
accumulates at the margin of the continental shelf (Yanagi, 1990).

Covering an area of 436.402 km?, the Black Sea is one of the largest
inland seas in the world. The Black Sea has no connection with the open
seas except for the Bosporus and Dardanelles Straits. The Black Sea,
which drains a basin of approximately 2.200.000 km? in Europe and
Asia is under anthropogenic pressure from hundreds of cities, including
22 states, 13 capitals, and a population of approximately 200.000.000
(Alkan et al., 2008). Ecological and toxicological risks likely to arise in
the Black Sea may affect humans through the food chain (Makedonski
et al., 2017) because fishing and seafood farming are carried out
intensively in the area (Goulding et al., 2014; Balik, 2019).

The northern basin of the Black Sea, which covers an area of
1.920.000 km?, is formed by the catchment areas of the Danube,
Dniester, Dnieper, Don and Kuban Rivers (Fig. 1). Rivers in the northern
basin discharge Europe’s domestic and industrial waste load into the
Black Sea. Rivers in the northern basin discharge Europe’s domestic and
industrial waste load into the Black Sea (Vera et al., 2020; Jitar et al.,
2015). The southern basin of the Black Sea, on the other hand, covers an
area of 280.000 km? and includes Tiirkiye’s important cities, industrial
facilities, agricultural areas and transportation networks. The most
important rivers of the southern basin are Sakarya, Kizilirmak,
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Yesilirmak and Coruh Rivers. Recent studies conducted on a regional
scale in the southern basin of the Black Sea have shown that streams
discharge anthropogenic sourced PTE into the Black Sea, causing
ecological risk problems at various levels (Ustaoglu and Tepe, 2019;
Ustaoglu and Islam, 2020; Bilhan and ilalan, 2021; Yiiksel et al., 2022;
Yiicesoy and Ergin, 1992; Bakan and Biiyiikgiingor, 2000; Topcuoglu
et al., 2003; Bakan and Ozkog, 2007; Balkis et al., 2007; Ergiil et al.,
2008; Bat et al., 2014; Bat and Ozkan, 2019; Elderwish et al., 2019;
Ozkog and Ariman, 2022; éz§eker et al., 2022; Kalkan, 2022). The
aforementioned studies point to ecological risk problems at various
levels in the Black Sea. However, these studies reflect ecological risk
problems in small parts of the Black Sea. This study aimed to; i) analyze
the temporal variation of ecological and toxicological risk issues from
PTE contamination, ii) identify the sources, transport and precipitation
processes of PTEs and iii) investigate the traces of natural events (vol-
canic eruptions, etc.) and paleoecological conditions in the Black Sea
sediments during geological periods in a study area of 1200 km in
east-west direction along the southern shores of the Black Sea. The study
differs from the existing studies as it is the most comprehensive
ecological risk research initiative conducted on the Black Sea coasts in
line with the aforementioned purposes.
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1.1. Material — method

1.1.1. Sampling and analytical methods

Core samples were taken from 6 points at water depths ranging from
80 to 2000 m along the 1200 km line in Turkish territorial waters on the
southern shores of the Black Sea. Sampling points were chosen in
accordance with the current systems and stream entrances of the Black
Sea. West Black Sea 1 (WBS-1) is on the route of the currents coming
from the Sea of Marmara. West Black Sea 2 (WBS- 2) and East Black Sea
1 (EBS-1) are located in the current centers descending from the surface
to deep. Middle Black Sea 1 (MBS-1), Middle Black Sea 2 (MBS-2) and
East Black Sea 2 (EBS-2) are located at the mouths of the rivers draining
the Anatolian land (Fig. 1). The surface sediments of the cores were
sliced at 1-5 cm intervals according to water content of samples and the
rest of the samples were sliced at 10 cm intervals. All samples were
taken to the laboratory under appropriate storage conditions at + 4 °C.
The cores were evaluated by dividing them into three different sections
as lower, middle and upper sections according to major changes in
element contamination (Fig. 2).

Chlorophyll degradation products (CDP) analysis was performed by
applying acetone extraction in wet sediment samples (Lorenzen, 1971).
The sediments dried at 60 °C for 24 h were pulverized and passed
through an 11 mesh sieve. Walkley Black Titration method was used for
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Fig. 1. Location and sampling points of the southern basin of the Black Sea.
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Fig. 2. Ages and sections of cores.

total organic carbon (TOC) analysis (Gaudette et al., 1974). CO3 2
analysis was performed by Scheibler calcimeter (Schlichting and Blume,
1966) and BSi analysis was performed according to De Master (1981).
Multi-element analyzes were performed by ICP-MS at the accredited
Bureau Veritas Laboratory (Canada). The prepared sample was digested
with a modified aqua regia solution with equal parts of concentrated
HCl, HNO3, and DI H20 for 1 h in a heating block at 95 °C. The sample
was made up to volume with 5% HCI. An internal reference sample (STD
OREAS45EA), duplicate measurements, and blank samples were used
for quality control of the analyses. Recovery rates varied between
99.26% and 106.67%. Dating of sediment samples was performed with
bulk organic material in the Beta Analytic Laboratory (Miami, FL) using
the AMS *C method. Samples for AMS radiocarbon dating were taken
from the following depths: 20 and 30 cm for WBS-1, 20, 30 and 76 cm
for WBS-2, 10 and 25 c¢m for MBS-1, 30, 60 cm for MBS-2 and 76 cm, 20,
30 and 47 c¢m for EBS-1, 10, 20 and 30 cm for EBS-2. "The data obtained
from AMS radiocarbon measurements were plotted using calendar
calibration, and subsequently, age-depth curves were expressed using
polynomials. Using these equations, ages at other levels of the core were
predicted through interpolation.

1.1.2. Multiparametric Approaches

The enrichment factor (EF) was used for the separation of natural -
anthropogenic sources of elements and was calculated according to
formula 1 (Sutherland, 2000). Fe, Ti or Al, which are the conservative
elements of the earth’s crust, are used in order to minimize the error due
to grain size in the sediment in the calculation of EF (Zhang et al., 2007).
In this study, Al was used as a conservative element for the geochemical
normalization process.

It is very important to determine the background values of the ele-
ments correctly in enrichment factor calculations. Since each region has
its own unique geochemical structure, backgrounds should be deter-
mined regionally. There are two ways to do this: either the elemental
contents of the bedrock in the region are used, or the values of the pre-
pollution period in the core sediments. Using continental crust values in
EF calculations may lead to misleading results (Fural et al., 2020). For
this reason, different background values were calculated for the ele-
ments for which EF values were calculated in all cores. In this way, the
background value determined for each station was ensured to represent
that region. The minimum element concentrations determined after

geochemical normalization was applied to the cores were accepted as
the background value. Errors due to grain size were standardized with
geochemical normalization.
EF = B(%ref)sample (1)
(E‘mf)backgmund

In the EF formula; C; is element concentration, Cef is the reference
element concentration used for normalization, B; is the regional back-
ground value of the element and B is the background value of the Al
selected for normalization. After applying geochemical normalization
with the reference element in the core, the minimum element concen-
trations were accepted as the background value. A separate background
value was calculated for each core.

The modified ecological risk index (mRI) was used to determine the
individual ecological risk levels of PTEs (Hakanson, 1980; Brady et al.,
2015). mRI was calculated according to formula 2.

mRI = EF x Tr; 2

In the formula; EF is the enrichment factor and Tr; is the toxic risk
coefficient of the PTEs. Toxic risk coefficients are as follows: Hg = 40, Cd
=30,As=10,Cu=Pb=Ni=5,Cr=2,Zn =1, Mn = 1. The modified
potential ecological risk index (mPER), which is the sum of the mRI
values and which indicates the total ecological risk, was calculated ac-
cording to formula 3 (Hakanson, 1980; Brady et al., 2015).

mPER =" =mER 3)

The Toxic Risk Index (TRI) was used to determine the toxic effect
levels of the PTEs (Zhang et al., 2016). The individual toxic risk coeffi-
cient of PTEs (TRI;) was determined according to the formula 4.

TRI; = \/((CI/TEL)2 + (Ci/PEL)*) .

2

In the formula; C; represents the PTE concentration, TEL represents
the “threshold effect level” and PEL represents the “probable effect
level” (Mac Donald et al., 2000).

Toxic risk index (TRI), showing the total toxic risk, was calculated
according to formula 5.
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TRI=Y"" =TRI, (5)

In the formula; TRI; represents the individual toxic risk coefficient of
the PTEs, ; represents the PTE concentration, " represents the number of
PTEs used in the analysis, and TRI represents the total toxic risk value.
The findings obtained from the indices were evaluated according to
Table 1.

2. Results and discussion
2.1. Core Ages

The International Commission on Stratigraphy has divided the Ho-
locene epoch into three parts, from lower to upper, as Greenlandian
Stage/Age (BP 11.7- 8.2 thousand years), Northgripian Stage/Age (BP
8.2-4.2 thousand years) and Stage/Age Meghalayan (BP 4.2 thousand
years- to present / 1950) (Kazanci, 2018). Accordingly, EBS-1 shows the
level of PTE contamination and ecological risk from Greenlandian to the
present; WBS-1, EBS-1 and EBS-2 shows the level of PTE contamination
and ecological risk from the Northgripean to the present and WBS 2 and
EBS-2 show the level of PTE contamination and ecological risk from
Meghalayan to the present (Fig. 2).

2.2. Temporal variation of PTE, TOC, CDP, BSi and CO§2 concentrations

WBS-1 core reveals an increasing trend in almost all elements, except
As and Cd, from approximately 20 cm towards the surface of the core. As
and Cd exhibit minor fluctuations in the lower sections of the core, their
most significant increases occur at the surface level. This pattern sug-
gests substantial anthropogenic discharges of these elements into the
sea. While not as sharp as As and Cd, an increasing trend is also observed
in the surface sediment for Zn, Ni, Fe, and P . However, the rising trends
of Cu, Pb, Hg, Al, and Cr elements, which commence at 20 cm depth,
exhibit a reversal at the surface (Fig. 3a).

At WBS-2 station, the common increases in elements predominantly
occur around 50-60 cm depth. Above 40 cm, except for As, fluctuations
are minor. As exhibits an increase at the 20 cm level. Pb, Zn, Ni, Cr, Fe, ,
Al, and Mn show peaks at 60 cm, whereas Cd, P, and Hg display sig-
nificant peaks at 50 cm (Fig. 3b).

In station MBS-1, there is no common trend among elements. Cu, Zn,
Fe, As, Al, and Cr elements show a decreasing trend in the 0-10 cm
range, while Pb, Ni, Cd, Mn, and P show an increasing trend at the

Table 1
Index Scales.

Enrichment Factor Modified Ecological Risk Index

EF (Sutherland, 2000) mRI (Hakanson, 1980).

<2 Deficiency to minimal < 40 Low ecological risk
enrichment

2-5 Moderate enrichment 40 < mRI < 80 Moderate ecological

risk

5-20 Significant 80 < mRI Significant ecological
enrichment <160 risk
20 - 40 Very high enrichment 160 < mRI High ecological risk
< 320
> 40 Extremely high > 320 Very high ecological
enrichment risk
Toxic Risk Index Modified Potential Ecological Risk
Index
TRI (Zhang et al., 2016). mPER (Hakanson, 1980)
TRI<5 No toxic risk <150 Low potential
ecological risk
5 < TRI Low toxic risk 150 < mPER Moderate potential
<10 < 300 ecological risk
10 < TRI Moderate toxic risk 300 < mPER Significant potential
<15 < 600 ecological risk
15 < TRI Considerable toxic mPER > 600 Very high potential
<20 risk ecological risk
TRI > 20 Very high toxic risk
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surface. Hg, however, exhibits its own fluctuations outside these two
groups (Fig. 3c).

At MBS-2 station, Cu, Zn, Cd, and TP exhibit an increasing trend
above 40 cm towards the surface, while Mn, Cr, and Ni elements show a
decreasing trend. Pb and Hg maintain a relatively stable trend below the
surface but exhibit a remarkable peak in surface sediment. The increase
in Al at the surface is also noteworthy (Fig. 4a).

EBS-1 core generally displays common trends in the distribution of
elements. Common peaks are observed at 20 cm for Cu, Pb, Zn, Ni, and
Cd. Fe, Al, and Cr elements exhibit similar distributions throughout the
core. While Hg shows a relatively stable trend along the core, it initiates
an increasing trend from 15 cm, culminating in a peak at 10 cm, fol-
lowed by a decreasing trend towards the surface. Mn, on the other hand,
demonstrates a regular decreasing trend from the base of the core to
20 cm, followed by an increasing trend towards the surface (Fig. 4b).

In the EBS-2 core, Pb, Zn, and Fe elements show minor fluctuations,
indicating an increasing trend from the base to the surface., but this
trend reverses at the surface. Other elements exhibit fluctuations along
the core and do not show a regular trend. Cu, Ni, As, Cr, and P elements
increase their concentrations in surface sediments (Fig. 4c).

The averages of PTEs in six surface sediment cores taken from the
southern coast of the Black Sea were compared with those from various
coastal regions worldwide. Elevated concentrations of Cu, Ni, Fe, Cd,
and As were notable. Cu concentration was found to be higher than that
of all other coasts except the Al-Khobar Coast and Montenegrin Coast. Ni
and Fe concentrations surpassed those of all other coastal regions. Cd
and As concentrations were higher than those in other coastal regions,
except for the Montenegrin Coast. A detailed comparison of other PTEs
is provided in Table 2.

The CO§2 concentration was found to be maximum (32.21%) in the
middle part of WBS- 2 (BP 201 - 3708) and minimum in the middle part
of EBS-2 (BP 234 - 1400) (Figs. 3b and 4c). The CO3 2concentration that
tended to increase towards the surface in WBS-1, WBS- 2 and MBS-2
tended to decrease in the other cores. The probable reason of the
increasing trend of CO§2 concentration on the surface of the WBS-1,
WBS-2 and EBS-2 cores may be the discharge of CO3? into the Black
Sea by the rivers because WBS-1 is under the influence of the rivers in
the north of Istanbul, WBS- 2 is under the influence of the Sakarya River,
and MBS-2 is under the influence of the Kizilirmak (Fig. 1). These river
basins are areas where CO32 containing rock formations are common
(MTA, 2022).

TOC concentration was found to be maximum (11.77%) in the
middle part of EBS - 1 (BP 396 - 9662), and minimum (0.22%) in the
middle part of MBS-2 (BP 202 - 4847). TOC tended to increase in the
upper sections of all cores except MBS-1 and EBS-2 (Figs. 3c and 4c).
This shows that the amount of TOC has started to increase in the Black
Sea region in recent years due to industry and urbanization. The
decrease in surface sediments in EBS-2 is due to phosphate in the water
column limiting algal growth.

CDP concentration was found to show an increasing trend in the
upper part of all cores except MBS-2 and EBS-1. The maximum CDP
concentration (1121 pg/gr) was found in the middle part of EBS-1 (BP
396 - 9662), while the minimum CDP concentration was found in the
upper part of MBS-1 (BP O - 58). This increase in CDP concentration in
the EBS-1 core is thought to be related to climatic factors. As a matter of
fact, TOC values showing similar changes in the same core support this
view.

The BSi concentration was found to be maximum (12.84%) in the
upper part of EBS-1 (BP 0 - 396) and minimum (2.16%) in the upper part
of WBS-1 (BP 0 - 350). BSi, with a tendency to increase on the surface of
MBS-1 and EBS-2, tended to decrease in other cores. Figs. 3 and 4 pre-
sents the temporal variations of all variables in detail. The contrast be-
tween the BSi increase in the EBS-1 core surface and the CDP and TOC
values at the same level may indicate that these variables have different
sources. CDP and TOC are thought to be of terrestrial origin, while BSi is
of marine origin.
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Table 2

Comparison of element concentrations with some coastal areas.
(ppm) Cu Pb Zn Ni Mn Fe As cd Cr Hg
S. Black Sea Coast" 59.62 30.98 99.20 90.33 594 41,500 11.43 0.33 102.67 0.07
Ismailia Canal” 32.64 31.78 117.00 32.14 194 5200 0.23
Al-Khobar Coast* 180.90 5.33 52.51 75.17 113 7473 0.22 0.80
Red Sea Coast’ 0.47 2.57 6.74 2.44 909 4168 0.09
Montenegrin Coast® 154.00 70.30 234.00 83.30 634 23,400 12.30 0.65 97.60 0.77
Caspian Sea' 21.87 15.98 73.22 47.71 10.37 127.38
Yellow Sea® 20.03 23.33 65.97 26.69 9.92 0.20 59.06 0.02
Adriatic Sea" 11.58 218.00 410.00 27.77 676 0.22 28.65 0.03

# This study (Tiirkiye)

b Nour et al. (2022) (Egypt)

¢ Al-Kahtany et al. (2023a) (Saudi Arabia)
4 Al-Kahtany et al. (2023b) (Egypt)

¢ Joksimovic et al. (2020) (Montenegro)

f Bastami et al. (2015) (Iran)

& Xu et al. (2016), (China)

h Frontalini and Coccioni (2007) (Italy).

2.3. Temporal variation of EF, mRI, mPER, and TRI

Cu, Zn and Cd were moderately enriched, while Hg was significantly
enriched in the upper part of WBS-1 (BP 0 - 350). Pb was moderately
enriched in the middle-upper part of WBS-1 (BP 350 - 3940) in
Meghalayan (BP O - 4.2 thousand years). Hg was moderately enriched in
lower part of WBS-1 (BP 3940 - 4724), representing the beginning of the
Northgripian period (BP 8.2-4.2 thousand years). No enrichment was
detected in any part of WBS-1 for Ni, Cr, Mn, As and Al, indicating that
these elements come from natural sources. The EF values of the PTEs
other than As and Cd, which were enriched at various levels in different
parts of WBS-1, have a tendency to decrease today. However, Cd
enrichment tended to increase sharply in the last 200 — 300 years
(Fig. 5a). The enrichments observed in the post industrial period can be
explained by human influence, while the enrichments observed during
the Northgripian and Meghalayan periods can be explained by paleo-
ecological conditions.

According to mRI data; Cd caused a moderate ecological risk in the
lower (BP 3940 - 4724) and middle (BP 350 - 3940) parts of WBS-1 and a
significant ecological risk in the upper part of WBS-1. On the other hand,
Hg created a moderate ecological risk in the lower part (BP 3940 - 4724),
a significant ecological risk in the middle part (BP 350 - 3940) and a high
degree ecological risk in the upper part of WBS-1 (BP 0 - 350). No
ecological risk hazard has been identified for the other PTEs. The
increasing ecological risk level of Hg and Cd draws attention. mPER data
showed a medium-significant potential ecological risk in the middle part
(BP 350 - 3940) and significant potential ecological risk in the upper
part of WBS-1 (BP 0 - 350). Potential ecological risk generally increased
from the lower part of the core to the middle part but has a tendency to
decrease today. According to TRI data, no toxic risk was found in the
lower part of WBS-1 (BP 3940 - 4724), but a low toxic risk was detected
in the middle (BP 350 - 3940) and upper part (BP 0 - 350). The toxic risk
tends to increase continuously from the lower part of the core to the
present (Fig. 7a).

Significant Cd enrichment and moderate Hg enrichment were
detected in the middle section of WBS 2 (BP 201 - 3708), which repre-
sents the Meghalayan period. Today, Cd enrichment tends to decrease,
while Hg enrichment tends to increase (Fig. 5b). According to mRI
values, Cd was high in the middle section of WBS 2 (BP 201 - 3708),
while Hg created a significant ecological risk. Hg posed moderate
ecological risk in the upper (BP 0 - 201) and lower sections of WBS 2 (BP
3708 - 4136). Although the ecological risk level of Hg decreased to the
moderate level in the upper part of the core, the ecological risk level
tends to increase nowadays. Toxic risk index values (TRI) indicate low
toxic risk in all sections of WBS 2. mPER shows an increasing trend to-
wards the surface in the WBS 2 core, while TRI shows an almost stable

appearance. The likely source of increased element enrichment and
potential ecological risk during the mid-Meghalayan period was paleo-
ecological conditions (Fig. 7b) since there were any anthropogenic ac-
tivities in the region during the Meghalayan period.

The lower section (BP 6138 - 6444) of MBS-1 represents the North-
gripian, while the middle (BP 58 - 6138) and the upper section (BP O -
58) represent the Meghalayan period. No enrichment was detected for
any PTEs in MBS-1. However, the enrichment level of Pb, Zn, Ni, Cd, Cu
started to increase in the post-industrial period (Fig. 5¢). This indicates
the existence of anthropogenic sourced discharges near MBS-1. A
moderate ecological risk from Cd and Hg was detected in the upper
section of MBS-1 (BP O - 58). It is noteworthy that Hg caused moderate
ecological risk throughout the core. The ecological risk level of Cd
tended to increase in the last 200 — 300 years. Potential ecological risk
indexes also tended to increase in the upper section of the core (BP O -
58), indicating the increase of anthropogenic effects in MBS-1 (Fig. 7c).

The lower section of the MBS-2 core (BP 4847 - 6057) taken at the
mouth of the Kizilirmak River, which drains an important urbanization,
agriculture and industry basin in Tiirkiye, represents the Northgripian
period, while the middle (BP 202 - 4847) and the upper sections (BP O -
202) represent the Meghalayan period. Moderate Hg enrichment was
detected in the upper section of MBS-2. Pb approached the moderate
enrichment limit in the post-industrial period (Fig. 6a). In addition to Hg
and Pb, Cu enrichment showed an increasing trend in that period. The
studies conducted in the Kizilirmak basin pointed to significant
anthropogenic PTE contamination (Bilhan and Ilalan, 2021). This is an
important proof that the anthropogenic effects in the basin directly
affect the Black Sea. Cd was found to pose a moderate ecological risk in
the middle (BP 202 - 4847) and upper sections (BP 0 - 202) of MBS-2. Hg
created a moderate ecological risk in the lower (BP 4847 - 6057) and
middle sections of MBS-2, and a significant ecological risk in the upper
section. The ecological risk level of Cu, Pb and Hg rapidly increased in
the upper parts of cores. Therefore, contaminations of Cu, Pb and Hg
around MBS-2 should be carefully monitored. A moderate toxic risk was
identified in all sections of MBS-2. Moderate potential ecological risk
was detected in the upper section of MBS-2. It is noteworthy that the
toxic risk and potential ecological risk in MBS-2 tended to increase in the
in the last two or three centuries, which represents the upper section of
the core (BP O - 202) (Fig. 8a). This indicates that the discharge of PTE
from terrestrial sources of anthropogenic origin continues.

The oldest core of the study area was identified as EBS-1. The lower
section of the core (BP 9662 - 10883) corresponds to the late Green-
landian period and the middle section (BP 396 - 9662) corresponds to
the Northgripian period. Cd and Hg were moderately enriched in the
upper section of EBS-1 (BP 0 - 396). Cu, As, Hg, and Cd were moderately
enriched in the middle section that represented the Northgripian period.
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Cr were moderately enriched in the lower section that represented the Although a moderate to significant potential ecological risk was detec-
Greenlandian period (Fig. 6b). A moderate to significant Cd and Hg ted in the upper (BP 0 - 396) and middle sections of EBS-1, it is note-
ecological risk was detected in the middle section of EBS-1 (BP 396 - worthy that the downward trend began in the surface. The reason for
9662). The ecological risk of Cd and Hg tends to decrease nowadays. this decrease may be related to the decrease of Cd and Hg enrichment
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towards the surface. Toxic risk was found to be moderate in all sections
of the core. The level of toxic risk remained almost constant in the recent
years (Fig. 8b).

All EBS-2 sections represent the Meghalayan period. Moderate Ni
and Cr enrichment was detected in the middle (BP 234 - 1400) and lower
sections (BP 1400 - 2056) of the core (Fig. 6¢). Moderate Hg ecological
risk was detected in all parts of EBS-2. Cd created a moderate ecological
risk in the middle and upper sections of the core (BP 0 - 234). The
ecological risk level of Cu, Ni, As, Cr and Hg tended to increase in the last
few years. Toxic risk was low in all sections of the core. However, it is
noteworthy that the toxic risk level tended to increase in recent years.
The potential ecological risk was found to be moderate in the middle and
upper sections of EBS-2 and it continues to increase today (Fig. 8c).

Based on the assessment of all cores, it is observed that As, Cu, Pb, Zn,
Cd, Hg, Ni enrichment increased in the recent past in the Black Sea.
Anthropogenic effects were detected most in the core coded WBS-1

Table 3
Results of factor analysis.

Regional Studies in Marine Science 70 (2024) 103374

which was taken from the northern coast of Istanbul and the the core
coded MBS-2 which was taken from the mouth of the Kizilirmak mouth.
The source of moderate Cu, Zn and Cd and significant Hg enrichments in
WBS-1 during the last 350 years.

Hg enrichment in MBS-2 and the related ecological risk level were
observed to be noteworthy. mRI findings pointed to Hg and Cd as the
main PTEs posing a moderate to significant ecological risk across the
Black Sea. According to the research findings, the integrated potential
ecological risk is concentrated in over the last few years. This provides
evidence that human activities in the Black Sea basin have an impact on
ecosystem degradation.

2.4. Source apportionment

One of the two most risky cores in terms of ecological risk and PTE
contamination was identified to be WBS-1. WBS-1 is located in the Black

Table 3a: Factor Analysis of WBS 1

Table 3b: Factor Analysis of WBS 2

Fac. 1 Fac. 2 Fac. 3 Fac. 1 Fac. 2 Fac. 3 Fac. 4
TOC 0.306 -0.025 0.914 CO3 — 2 -0.936 -0.133 -0.053 -0.116
CDP 0.829 -0.027 0.385 TOC -0.855 0.249 0.018 0.402
BSi 0.138 -0.732 0.432 CDP 0.048 -0.194 0.017 0.928
Cu 0.892 -0.083 0.192 BSi 0.669 0.682 -0.079 -0.122
Pb 0.981 0.026 -0.079 Cu -0.058 0.898 -0.120 -0.005
Zn 0.949 0.001 0.228 Pb 0.803 -0.152 0.083 0.275
Ni 0.927 0.030 0.349 Zn 0.926 0.141 0.121 0.103
Mn 0.676 0.361 0.483 Ni 0.905 0.035 0.250 0.107
Fe 0.851 0.258 0.351 Mn 0.767 0.082 0.527 -0.119
As -0.178 0.813 0.291 Fe 0.979 0.066 0.139 0.012
Cd 0.615 0.551 0.315 As 0.123 0.010 0.942 0.042
P 0.931 0.094 0.309 Ccd -0.909 0.336 -0.057 0.066
Cr 0.972 0.010 0.194 P -0.899 -0.166 0.072 0.112
Al 0.896 0.168 0.111 Al 0.973 -0.150 0.068 0.007
Hg 0.971 -0.097 0.008 Hg -0.181 0.819 0.261 -0.215
C03-2 0.200 0.718 -0.044

Table 3c. Factor Analysis of MBS 1 Table 3d: Factor Analysis of MBS 2

Fac. 1 Fac. 2 Fac. 3 Fac. 4 Fac. 1 Fac. 2 Fac. 3 Fac. 4
C03 —2 -0.080 -0.025 -0.302 0.876 C03 — 2 0.150 -0.078 -0.003 0.943
TOC -0. 783 0.182 -0. 059 0.054 TOC 0.015 -0.829 -0.193 0.286
CDP -0.302 0.835 0.040 -0.364 CDP 0.680 -0.172 0.199 -0.436
BSi 0.219 0.758 0.257 0.254 BSi 0.842 -0.226 0.355 -0.012
Cu 0.102 -0.087 0.892 -0. 183 Cu 0.874 -0. 292 -0.072 0.021
Pb -0.674 -0.390 0.525 0.210 Pb 0.890 -0.195 0.345 -0.029
In 0.694 0.318 0.559 0.127 Zn 0.957 -0.196 -0.172 0.030
Ni 0.122 0.180 0.743 -0.236 Ni -0.304 0.882 -0.045 0.135
Mn -0.825 -0.268 -0.178 0.224 Mn -0.855 0.234 -0.077 -0.059
Fe 0.937 0.141 0.004 -0.271 Fe -0.202 0.770 0.477 -0.034
As 0.874 0.242 0.185 -0.220 As -0.172 0.788 -0.189 -0.090
cd -0.615 0.201 -0.085 0.685 cd 0.844 -0.171 -0.369 0.289
P -0.856 0.060 0.019 0.088 P 0.937 -0.187 -0.107 0.093
Cr 0.915 0.191 0.175 0.066 Cr -0.425 0.706 0.004 0.322
Al 0.522 0.747 -0.269 0.036 Al -0.445 0.334 0.754 -0.117
Hg 0.580 0.445 0.106 -0.589 Hg 0.454 -0. 110 0.819 0.038

Table 3e: Factor Analysis of EBS 1 Table 3f: Factor Analysis of EBS 2

Fac. 1 Fac. 2 Fac. 3 Fac. 1 Fac. 2 Fac. 3 Fac. 4
CO3 —2 -0.751 -0.292 0.070 CO3 —2 -0.159 0.018 0.743 0.176
TOC -0.437 0.719 -0.086 TOC -0.617 0.360 -0.444 -0.008
CDP -0.059 0.925 0.165 CDP -0.151 0.786 -0.239 0.053
BSi 0.227 0.001 0.882 BSi 0.775 0.072 0.212 -0.040
Cu 0.127 0.922 0.028 Cu 0.178 0.745 0.420 0.331
Pb 0.698 0.635 -0.057 Pb 0.833 -0.429 -0.233 -0.070
Zn 0.920 -0.029 0.245 Zn 0.826 -0.340 -0.129 0.109
Ni 0.564 0.514 0.238 Ni -0.322 0.717 0.397 0.271
Mn 0.701 -0.360 -0.493 Mn -0. 339 0.406 0.268 0.731
Fe 0.830 -0.386 0.149 Fe 0.806 -0.166 0.035 0.056
As -0.286 -0.779 0.388 As 0.104 0.652 0.506 -0. 300
cd -0.398 0.727 0.350 cd 0.732 0.070 -0.283 0.058
P 0.752 0.294 0.124 P 0.729 0.340 0.446 0.136
Cr 0.913 -0.352 -0.130 Cr 0.027 0.168 0.784 0.010
Al 0.900 -0.111 -0. 106 Al 0.484 -0.006 0.019 0.828
Hg -0.942 -0.057 -0. 125 Hg 0.920 0.067 -0.095 -0.019
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Sea in the most open location to anthropogenic effects. The location of
the core is influenced by the rivers that discharge to the northern shores
of the Black Sea, especially the Danube, because a clockwise current
system is dominant in the Black Sea from the littoral zone to the deep
parts (Bakan and Biiyiikgiingor, 2000).

The aforementioned current system carries the waters discharged
from the south and north of the Black Sea along the coast. The sampling
area where the WBS-1 core was taken is under the influence of the Sea of
Marmara as well as the inland current system of the Black Sea. The Sea of
Marmara is an extremely problematic inland sea ecologically that carries
the anthropogenic burden of approximately 20 million people and
important metropolises (Oztiirk and Seker, 2021). The bottom currents
advancing from the floor of the Sea of Marmara towards the Black Sea
pass through the area where the WBS-1 core is located (Giiler et al.,
2004). The rivers of the northern basin of Istanbul, which drain into an
area close to WBS-1, are under the pressure of other industrial activities,
especially mining (Avci, 2019).

Factor analysis was performed for each core to identify the source of
the PTEs. The lithophile elements Al, Fe, Mn were together with
moderately enriched Cu, Pb, Zn and moderately to significantly enriched
Cd - Hg in Factor 1 which was identified in the factor analysis conducted
for WBS-1 (Table 3a). The main source of Hg, Pb, Cu, Zn and Cd were
estimated to be domestic and industrial wastes drifted by the un-
dercurrents of the Sea of Marmara. Cu and Zn enrichment in WBS-1
appeared in in the past few years. Pb enrichment appeared before the
Meghalian but it does not exist today. Cd enrichment emerged in recent
years and continues today. Hg enrichment emerged in the mid-
Meghalayan and continues today. In conclusion, Hg and Cd enrich-
ment is the current problem in WBS-1. The probable reason for the Hg
and Cd enrichment is the rapidly increasing domestic and industrial
waste load around Istanbul.

The decrease in lithophile element concentrations in the periods
when Pb, Zn, Cu concentrations increased in WBS-1 strengthens the
possibility that the mentioned elements are of terrestrial anthropogenic
origin. As and Cd are included in the same factor as well. It is estimated
that As and Cd, which are affected by anthropogenic activities, originate
from domestic and industrial waste discharge. Diatoms in the aquatic
environment decrease with Cd and As contamination. This disrupts the
phytoplankton community and decreases the BSi concentration. The
CDP concentration increased with the input of P into the aquatic envi-
ronment. Mn and TOC move together in the suboxic zone. Being car-
bonate lithophile and anthropogenic may be of dual origin due to the
existence of natural clay deposits and mines in the region (MTA, 2022).

WBS 2 was taken from the point located 124 km off the coast, at the
east of the Sakarya River mouth, at a depth of 2000 m. Significant Cd
and Hg enrichment was detected in the lower section of WBS 2 (BP 3708
- 4136), representing the early Meghalayan period. This enrichment
cannot be explained by anthropogenic activity. The source of the
element enrichment experienced in the early Meghalayan period may be
related to the paleo-environmental conditions of the period.

Factor 1 in WBS 2 consists of positively loaded Pb, Zn, Ni, Mn, Fe, Cr,
Al elements. Factor 1 is a complex set of lithophiles and elements of
mostly anthropogenic origin. Factor 2 consists of Cd and Hg, affected by
natural sources in the early Meghalayan period and anthropogenic
sources in the upper section of the core. Factor 2 is a factor of complex
origin, but consists of elements that are discharged in different ways
(possibly volcanic eruption) compared to other sets/clusters. Factor 3
consists of As, Mn and P (Table 3b). As, generally under the effect of
anthropogenic sources, was not enriched in WBS 2. In this case, Factor 3
consists of lithophyll-based elements discharged by rivers via terrestrial
erosion. CDP in Factor 4 may have experienced a positive linked con-
centration increase in the marine environment. WBS 2 is largely under
the influence of discharges from the Sakarya River Basin. There are
traces of Holocene volcanism on the Ankara Melange and Karacakaya
Formation which includes the Sakarya River. In addition, the erosion
and transport capacity of Anatolian rivers increased during the
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Holocene, the interglacial period (Russel, 1954). The enrichment that
emerged in a period when human influence was extremely slim is very
likely to be related to terrestrial erosion and transport processes. Galatia
volcanic region, which was active in the Holocene, is located within the
borders of the Sakarya River basin, the Western Anatolia volcanic area.
(Atic1 and Tiirkecan, 2017). In this case, the source of element enrich-
ment in the lower section of WBS 2 is the volcanic activity experienced
in the region in the past.

MBS 1 was retrieved from the western part of Sinop, 13.8 km
offshore, at a depth of 91 m. No element enrichment was observed in
this core; however, there was an increasing trend in Cu, Pb, Zn, and Cd
enrichment during the Anthropocene. The potential source of the Cu
enrichment trend is the Cu mines in Kiire Mountain (Mineral Research
and Exploration Department MTA, 2021). Zn and Cd are essential plant
nutrients used in agriculture, and Cd can also originate from domestic
and industrial waste (Cheng et al., 2013). No lithophilic source for Pb
has been identified in the MBS 1 area; thus, the source of Pb is believed
to be anthropogenic. A potential source of the Pb enrichment trend is
ongoing mining and other industrial activities around the coastal zone
(Homens et al., 2013). No anthropogenic impact has been detected in
MBS 1 at a level that would create enrichment or ecological risk. The
sources of PTEs are complex, and factor analysis supports the current
findings.

MBS-2 was taken from a point close to the mouth of the Kizilirmak
River, 15 km from the shore, at a depth of 75 m. Pb and Hg were found
to be moderately enriched in the upper section of the core corresponding
to the Anthropocene. Cd, on the other hand, approached the moderate
enrichment limit. The anthropogenic source of the aforementioned el-
ements is domestic and industrial wastes (Homens et al., 2013). Kizi-
lirmak is the largest river and the largest catchment area in Tiirkiye.
Domestic and industrial wastes of many cities are discharged to the
Black Sea via Kizilirmak. In factor analysis, Pb and Cd were found to be
in the same factor, while Hg was included in a separate factor. The
possible source of this difference is the discharge of the elements into the
Black Sea via different transport processes.

Factor 1 in MBS-2 consists of Pb and Cd of anthropogenic origin and
non-enriched elements. Factor 2 consists of lithophile elements. Factor 3
consists of Hg from anthropogenic origin and Al from lithophile origin.
Factor 4 consists of CO3? discharged by terrestrial erosion (Table 3d).
Elements of anthropogenic origin discharged into streams and elements
transported by terrestrial erosion may be included in the same factor.
MBS-2 is a very complex core in terms of source and transport processes
for two reasons: (1) MBS-2 is under the influence of Kizilirmak, the
largest river draining the southern shores of the Black Sea. It discharges
the elements affected by different sources in the Kizilirmak basin to the
Black Sea. (2) MBS-2 reflects the effects of natural and anthropogenic
processes from the mid-Northgripean period (BP 6057) to the present.

EBS-1 was taken at a point located 132 km off the coast, from a depth
of 2000 m. Cu, Mn, As, Cd, Cr, Hg were found to be moderately enriched
in the middle section of the core (BP 396 - 6935). However, the afore-
mentioned elements were not enriched in recent years. Factor 1 in EBS-1
consists of lithophile elements in line with the Anthropocene conditions.
The negative correlation of Hg with all elements in Factor 1 indicates
that it was transported from a different source by a different route. It is
estimated that Factor 2 originated from agriculture or was formed by the
primary producer effect. Factor 3 is estimated to be formed as a result of
As transport of diatoms (Table 3e). The probable source of the element
enrichment in the middle part of the core, which started from the middle
of the Northgripian period and continued in the Meghalayan period, was
the volcanic activities that took place especially in Eastern Anatolia and
the Caucasus (Atic1 and Tiirkecan, 2017; Lebedev et al., 2010).

EBS-2 was taken at a point located 4.1 km off the coast, from a depth
of 200 m. In EBS-2, elements of lithogenic and anthropogenic origin are
combined in Factor 1. Elements may have been transported via diatom
in this factor. Pb and Hg were enriched in recent years to a near-
moderate level. These two elements are mostly of domestic and
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industrial origin (Homens et al., 2013). Factor 2 consists of Cu and Ni.
The elements Cu and Ni may be transported by primary producers other
than diatoms, such as macroalgae and other phytoplankton groups.
Factor 3 is composed of CO3 2 and Cr and is most likely of lithophile
origin. Factor 4 consists of Mn and Al and is of lithophile origin
(Table 3f). The presence of similar elements in different factors may be
related to the transport processes. As, Cu, and Hg enrichment increased
in recent years. Cu is an element mined in the Trabzon borders located in
the EBS-2 basin (Yilmaz et al., 2007). Possible sources of As and Hg in
the Anthropocene are domestic and industrial wastes and other
anthropogenic activities.

2.5. Overall evaluation

The sedimentary processes at the WBS-1 station are influenced by the
bottom currents of the Danube River and the Marmara Sea. Industrial-
ization and urbanization in Istanbul, as well as mining operations in the
Thrace region, constitute fundamental sources of pollution. The WBS-2
core, sampled 124 km away from the coast, is remote from human
impact and subject to natural processes. Element increases observed in
the middle of the core are consistent with volcanic activities in the
Sakarya Basin. Although there is no enrichment posing a risk in the MBS-
1 core, there is a tendency for an upward trend in elements, necessitating
monitoring of human activities in the region, particularly mining ac-
tivities in the Kiire Mountains. Sedimentation is prevented at this station
due to strong bottom transport vectors. The MBS-2 core, taken off the
Kizilirmak River, which drains the Kizilirmak Basin containing 18 cities,
reflects anthropogenic impacts. The EBS-1 station is located 132 km
offshore and is unaffected by human activities. Enrichments observed in
the middle portions of the core may indicate traces of volcanic eruptions
in Eastern Anatolia and the Caucasus. Enrichments in the upper parts of
the Karoun may represent agricultural activities. In the EBS-2 core, di-
atoms, macroalgae, and other phytoplankton groups play a dominant
role in the transport of metals to the bottom. The element distribution in
this core reflects a combination of anthropogenic impact and natural
weathering. Although anthropogenic impact is not yet at a risk level,
there is an increasing trend.

3. Conclusion

The Black Sea experienced significant anthropogenic pressure,
especially in the post-industrial period. PTEs, which contain large
amounts of ash emitted from volcanic eruptions that occurred in
different periods, reach the marine environment and are stored in the
sediment. This study concluded that the Southern Black Sea coasts were
under the influence of element enrichment caused by volcanic eruptions
in the Meghalian periods. PTE-induced enrichment (for As, Cu, Pb, Zn,
Cd, Hg, Ni) in other cores except the EBS-1 core of the Southern Black
Sea Region and increases in ecological risks due to this factor were
identified based on the examinations performed in the stations located
the study area. This increase has emerged as a result of the developments
in industrialization and urbanization. Anthropogenic effects were found
to be more dominant in the western and central parts of the Southern
Black Sea Region. Although the PTE concentrations in the Southern
Black Sea sediments show an increasing trend at some points regarding
the toxic risk index, they generally do not show significant changes
along the core. The difference between these two ecological risk indexes
is mainly due to the difference in the parameters addressed in the study.
While mPER is based on the enrichment factor of the elements, TRI uses
the threshold values specified in the sediment quality guidelines.
Another source of enrichment detected in the cores is the volcanic ac-
tivities that took place in different periods in the past. PTEs originating
from volcanic ash accumulate in aquatic ecosystems and are incorpo-
rated into biological cycle systems. Parallel to this, PTEs pose a signifi-
cant threat to the ecological balance even though they come from
natural sources. Increasing PTE contamination in the past few years
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showed that the quality of the Southern Black Sea sediments, exposed to
industrialization and urbanization, was deteriorating. For this reason, it
is recommended to intervene and take action especially in regards to
urban and industrial wastes and to treat these wastes before they reach
the marine environment.
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