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Abstract

This study assesses the occurrence of trace elements (TEs) in sediments of the southern Caspian Sea. A total of 16 shoreline
sediment samples and 15 seabed sediment samples along five coastal transects were studied. The mean concentration of TEs
follows the order of Zn >V > Cr>Ni> Cu>Pb> Co > As> Sb > Mo > Cd. The TEs had an uneven, heterogeneous distribution
within the shoreline and seabed sampling sites. This is due to that the study area comprises a large number of different pollution
sources, also different sediment physicochemical characteristics. Levels of individual TEs within the seabed sediment transects
were higher where their shoreline sites had higher concentrations, reflecting that the coastal sites play an important role in
diffusing the contaminants towards the sea. The main anthropogenic source of TEs in this highly populated region, especially
in the western part, is likely a large number of discharge points of greywater entering the sea. In addition, dominant fishing
industry, tourism, intense agriculture, and textile and paper industry, as well as several other commercial activities, contribute
significantly to the overall loading of TEs. Based on the statistical analyses, the organic matter and mud fraction had a strong
explanatory value for the spatial variation of Cu, while oxyhydroxides of Fe and Mn had good explanatory factors to govern the
spatial variation of other TEs. Pb and Zn had a relatively high partition coefficient (Kd), reflecting the affinity of these elements to
be sorbed to the sediment phase. Cd and Sb had lower Kd, tending to remain in the aqueous phase. Geochemical indices indicated
high enrichment of Cd, Sb, Zn, and Pb at a number of sampling sites, reflecting potential local sources of contamination. The
Sisangan recreational area was identified as the most contaminated site. From a public health perspective, the non-carcinogenic
risk of TEs was significant only at this site. The carcinogenic risks of Pb(I) and As(III) in adults, and Pb(Il), Cd(II), and As(IIl) in
children, were tolerable.
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Introduction

Increased population growth and consumption rate, accompa-
nied by the rapid development of industrial activities, have
contributed to the release of a huge amount of harmful pollut-
ants into the environmental systems, inflicting severe adverse
impacts especially on the coastal ecosystems reducing their
environmental quality (Ribeiro et al. 2018; Nematollahi
et al. 2020a). This has dire consequences as coastal and ma-
rine environments are considered among the most productive
environmental systems for an extensive range of biota.

Sediment is an important compartment of the aquatic eco-
systems as it serves as a net sink of pollutants. However,
changes in physical and chemical factors may lead to their
re-release into the water column. Contaminated sediments
can thereby act as a secondary source of pollutants to the
environment. Pollutants that accumulate in shoreline and sea-
bed sediments induce adverse effects on its living organisms,
imposing a fast degradation of coastal and marine ecosystems
(Ruiz-Compean et al. 2017). Since sediments store pollutants,
they are generally used to locate pollutant hotspots, identify
dispersion routes, and thereby determine the origin of pollut-
ants in coastal and marine systems (Ruiz-Compean et al.
2017). Furthermore, compared to the dynamic overlying wa-
ter column, the levels of contaminants in the sediment provide
a static measure to evaluate the state of the environment in
regards to the anthropogenic pressures, and the risk caused by
the pollutants in the aquatic environments. Synoptic environ-
mental surveys of the levels of contaminants in sediments are
therefore commonly conducted to gain good insight into the
state-of-the-environment in coastal and marine ecosystems.

Trace elements (TEs), in biochemistry commonly referred
to as heavy metals comprising type B (soft) and some inter-
mediate elements, are ubiquitous pollutants in coastal and ma-
rine ecosystems causing detrimental effects to aquatic biota.
These elements represent an environmental concern because
of their numerous anthropogenic sources, long residence time
in the environment, easy bioaccumulation in aquatic biota,
and toxic effects (Moore et al. 2015, Rosado et al. 2016,
Duan et al. 2018, Bing et al. 2019). Due to their low solubility,
the TEs in aquatic systems are mainly found adsorbed to
suspended particles and thus in the sediments (Merhaby
et al. 2018, Bing et al. 2019). Sediments are, therefore, espe-
cially suitable to monitor the contamination of TEs.

Many studies have assessed the levels of TEs in coastal and
marine sediments (e.g., Delshab et al. 2017, Liu et al., 2018,
Zhao et al., 2018, Xu et al., 2018, El Baz and Khalil, 2018, Li
et al. 2019, Tunde et al. 2020). There also exist a few such
studies conducted along the Mazandaran province coasts in
the southern Caspian Sea (Tabari et al. 2010, Agah etal. 2011,
Naji and Sohrabi 2015, Alizadeh et al. 2018, Mirnategh et al.
2018, Abadi et al. 2019). Though, to the best of our knowl-
edge, this is the first assessment of the levels of TEs in both
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shoreline and seabed sediments of the Mazandaran province
coasts in the southern Caspian Sea. The present study maps
the spatial distribution and concentrations of TEs within
shoreline and seabed sediments of the Caspian Sea coastal
zone of the Mazandaran province, Iran, evaluating their im-
pact on ecological and human health.

Study area
General properties and location of the study area

The Caspian Sea is the world’s largest inland water body and
surrounded by the littoral countries of Iran, Russia,
Azerbaijan, Turkmenistan, and Kazakhstan. It has a surface
area of 396,000 km?, a length of 1200 km, and a mean width
of 330 km, with a mean depth of 201 m. As the lake is
endorheic, the water in the south has a mean salinity of 12-
13 ppt and a pH of 8.5 (Nematollahi et al. 2020a). The south-
ern Caspian Sea coasts stretch about 920 km through the
Iranian subtropical Mazandaran, Guilan, and Golestan prov-
inces, of which the coastal length of Mazandaran province
comprises 487 km. About 130 rivers flow into the Caspian
seawater, discharging annually about 300 km® of water. The
largest river is the Volga, Europe’s longest river, entering into
the Caspian Sea from the north (CEP 2002). Iranian rivers
contribute about 5% of the total recharge (Alizadeh et al.
2018). Sediment delivery to the Iranian coastal zones of the
southern Caspian Sea is mainly provided by 61 rivers (Afshin
1994). Traditionally, agriculture, fishery, and tourism have
been among the most important commercial practices in the
study area, though the number of industrial activities has
grown exponentially since 1960 (Alizadeh et al. 2018) in this
densely populated region.

The study area is the coast of Mazandaran province (Fig. 1)
in Iran, which holds the longest shoreline in the southern
Caspian Sea. Water currency along the coast flows from west
to east (Bohluly et al. 2018). Two main rivers to the west of
the area, Kura in the south of the Azerbaijan Republic and
Sefidrud in Iran, are major sources of contaminants to the
water and coastal sediments of the southern Caspian Sea
(Voropaev et al. 1986, Nematollahi et al. 2020a). In addition,
there are 61 Iranian rivers and local streams (e.g., Tajan,
Chalus, Babolrud, Nekarud, Sardabrud, Tonekabon, and
Haraz) as well as numerous point outlets from local wastewa-
ter and surface runoff that emit contaminants to the sea.

Geologic setting of the study area

Mazandaran province comprises a variety of geological for-
mations (see Supplementary Material 1), ranging in age from
Precambrian slaty shales with sandstone to the recent alluvium
deposits including low-level pediment fan and valley terrace
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Fig. 1 A schematic map illustrating the study area, position of sediment sampling sites (#1-31), and the dominant anthropogenic activities or major
sources of elements in the area

deposits. The study area includes igneous and sedimentary
rocks on top of the Precambrian basement. The main litholo-
gies consist of limestone, dolomite and shaly limestone, shale
and sandstone, and conglomerate, as well as some basaltic
volcanic rocks. The volcanic rocks are mainly located in the ~ Materials and methods
far southern reaches of the province, while the carbonaceous
sedimentary rocks are situated in the vicinity of the sea and
play a significant role in controlling the mineralogical compo-
sition of the Caspian Sea sediments.

Particles have been transported from land to the Caspian
Sea through fluvial and eolian processes (Lahijani and
Tavakoli 2012), the eruption of mud volcano (Evans et al.
2007), and biogenic activities (Klige and Selivanov 1995,
Giralt et al. 2003). In the sea, climate, sea currents, and bottom

topography mainly govern the distribution pattern of sedi-
ments (Kostianoy and Kosarev 2005).

Sampling and sample preparation

Sediments were collected from 16 shoreline and 15 seabed
sites during the dry season in May 2019. At each site, about
1 kg of composite sediment sample, comprising a mixture of 5
subsamples, was collected. The shoreline sediment samples
were collected using a stainless-steel shovel. Seabed sedi-
ments were taken along five coastal transects using a Van
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Veen grab sampler. More specific information on each sam-
pling site is given in Supplementary Material 2. Seabed sedi-
ment samples were collected along five coastal transects
where the water depths were 5, 10, and 20 m. Site selection
for each transect was based on that at least a dominant source
of TEs is pervasive. Therefore, each transect reflects the influ-
ence of either tourism/fishing/population (T/F/P: Babolsar),
tourism/commercial (T/C: Nowshahr), tourism/fishing (T/F:
Nashtarud), agriculture/industry/fishing/population (A/I/F/P:
Sari), and commercial/industry (C/I: Amirabad). Collected
sediment samples were transported in plastic bags. The loca-
tion and major features of each sediment sampling site are
described in Supplementary Material 2.

Sample treatment and analysis

The collected sediment samples were treated at the lab of the
Shiraz University Medical Geology Center. Sediment samples
were first spread on plastic plates and left to dry out at room
temperature. Samples for pH, conductivity (EC), and texture
determination were passed through a standard 2-mm sieve.
Samples for elemental analysis of the silt and clay fraction
(mud) were passed through a 63-pm sieve before 2 g of each
sample was stored in clean plastic bags, and transported to the
Zarazma Mineral Studies Company (Iran) for elemental anal-
ysis. Levels of major and trace elements in the sediments were
identified using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent model 7500, Agilent, USA)
after Aqua Regia Digestion.

Electrical conductivity (EC) and pH of sediment samples
were measured according to methods presented by Ryan et al.
(2007) and Pansu and Gautheyrou (2007). A total of 25 g of
dried and sieved sediment sample was mixed with 62.5 mL of
deionized water, mixed for about 5 min. The supernatants
were then passed through an S&S Whatman paper, before
pH and EC of the filtrate were measured using a pH/EC meter
(Eutech instrument, Waterproof CyberScan, PCD 650,
Singapore). Organic matter (OM) and inorganic carbonate
(CO;*") were measured by the loss on ignition at 550°C and
950°C, respectively (Heiri et al., 2001), using a high-
temperature furnace (Carbolite company, Sheffield, UK).
The texture of samples, including the percentage of clay, silt,
and sand, was determined using the hydrometry method
(Bouyoucos 1962). To determine the effective cation ex-
change capacity (CEC) of sediment samples, the USEPA test
method 9081 A was applied (USEPA 1986; Ryan et al. 2007).

The crystalline mineralogical composition of sediment
samples was identified at the University of Oslo, Norway,
using routine powder X-ray diffraction (XRD) (RECX-
DIFF-5, D8 Discover), applying continuous radiation and step
sizes of 0.02° from 10 to 70° 2.
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Quality control

Before conducting laboratory operations, the benches were
cleaned using ethanol. All laboratory glassware and equip-
ment were treated in compliance with the standard cleaning
protocols described by Moore et al. (2015). Lab glassware and
tools were washed using phosphate-free soap and rinsed with
deionized type Il water and left semiclosed at room tempera-
ture to dry out. For each parameter, all samples were analyzed
by the same operator. Solutions and reagents used in this study
were of the standard Merck grade. Quality control and assur-
ance of the data obtained from the analysis were checked
using blind and blank samples, replicate spectroscopic mea-
surements for four samples, and analysis of certified reference
materials (CRM). Overall, four duplicate samples were ana-
lyzed to confirm the precision of the analytical instrument and
thus the results of the analytical data. Blank samples and
CRMs (Oreas 902, 903, 905, and Geostats 308-12, 903-13,
907-13) were applied to ensure the accuracy of the analytical
instruments and the detection limit. In every batch of the sed-
iment samples for analysis, two blank samples were prepared
and analyzed. The concentrations of all blank samples were
below the detection limit of the instrument. The recovery per-
centages of the analyzed samples ranged from 90 to 110 %.
All the analytical results were satisfactory and confirmed the
precision and accuracy of the instruments.

Data analysis

Spatial distribution of sampling points and analytical data
were assessed using Arc-GIS version 10.3. SPSS version 22
was applied to do statistical tests. The statistical Shapiro-Wilk
(S-W) test was used to check data normality. Spearman cor-
relation coefficients were applied to determine possible signif-
icant empirical relationships between elements and physico-
chemical parameters of shoreline and seabed sediments.

Source apportionment of elements was attempted to be
assessed by cluster analysis (CA) and principal component
analysis (PCA) using Minitab 18. To run the CA model, the
complete linkage method and the correlation coefficient dis-
tance measurement were applied. The PCA model was run
based on the eigenvalues greater than one and the varimax
rotation technique (Nematollahi et al. 2020b). Before running
the PCA, the data was normalized using the Kaiser normali-
zation method to achieve the optimum quantity of compo-
nents. Kaiser—-Meyer—Olkin technique was applied to estimate
the sampling adequacy (Nematollahi et al. 2020c).

Ecological risk of TEs

Ecological risks posed by the levels of TEs in sediment sam-
ples were assessed by using several geochemical indices
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described below. For each index, the qualification classes with
their border values are listed in Supplementary Material 3.

Single-elemental geochemical indices Contamination factor
(CF) and contamination degree (CD), suggested by
Hakanson (1980), are geochemical indices commonly used
to evaluate the contamination of toxic substances in sediments
of aquatic media. CF reflects the contamination by an individ-
ual substance, whereas CD indicates the overall contamination
regarding the sum of the estimated CFs for individual contam-
inants at each sampling site. The indices are computed accord-
ing to Egs. 1 and 2 (Hakanson 1980).

Cs
CF == 1
C. (1)
CD = Y/ ='CF' (2)

where C, and C, are the concentrations of an individual sub-
stance in the sediment sample and the preindustrial reference
level, respectively. Regarding either the CF or CD, the sedi-
ment quality is classified into four classes, as presented in
Supplementary Material 3.

Enrichment factor (EF) is widely applied to evaluate the
anthropogenic enrichment of substances relative to their
geogenic concentrations. Here the ratios of TEs over a com-
mon conservative major geogenic element are compared to
their ratios in a reference background medium, such as sedi-
ment samples or continental crust (UCC) (Duodu et al. 2016,
Samanta et al. 2017). The EF was calculated using Eq. 3
(Sutherland 2000).

EF = (Cs/cr)/(Bs/Br) (3)

where C and C,; are the content of a given TE in the sample
and in the background reference medium, and B, and B, are
the content of the conservative geogenic reference element in
the sample and the reference medium, respectively.
Aluminum (Al) was taken as the reference element in this
study due to its normal distribution and relatively low varia-
tions within the sediment samples and upper continental crust
(UCCQC). Al is also widely used as a normalizing element in
coastal and marine sediments (Maanan et al. 2015). The de-
gree of pollution by the TEs in the sediments was estimated
based on the EF reference values presented in Supplementary
Material 3 (Qingjie et al. 2008).

Multi-elemental geochemical indices Modified contamination
degree (MCD), Nemerov Pollution Index (NPI), and Modified
Pollution Index (MPI) are among widely used multi-elemental
geochemical indices to investigate the combined impact of
pollution by several substances in sediments (Brady et al.
2015). The MCD and NPI, proposed by Hakanson (1980)
and Qingjie et al. (2008), respectively, are both commonly

used geochemical indices for assessing the combined effect
of a number of pollutants in an environment. The MPI con-
siders the contamination of substances in an environment re-
garding its complicated non-conservative manner, as well as
the background concentrations of the substances using the
calculated EFs (Brady et al. 2015). MCD, NPI, and MPI are
calculated by Egs. 4, 5, and 6, respectively.

MCD = 725"5;(? (4)
(CFAVE‘)Z + (CFMax)z

NPI = 5 (5)
2 2

MPI — \/(EFAve) 42’ (EFMax) (6)

Ecological risk Potential Ecological Risk Index (Er), suggested
by Hakanson (1980), is commonly applied to estimate the
potential ecological risk related to pollution by a substance
in the environment. Modified Ecological Risk Index (MRI)
uses the EFs rather than the CFs in the basic formula (Brady
et al. 2015). The point with MRI is that it relates the levels of
TEs to the natural lithologic and terrestrial inputs of TEs to the
sediments (Duodu et al. 2016). MRI is computed using Eqgs. 7
and 8§ (Brady et al. 2015).

Er' = Tri' x EFil; (7)
MRI = ¥} Er', (8)

where Tr' is the toxic response of a given TE (i.e., zinc (Zn) =
1, chromium (Cr) = 2, copper (Cu) = lead (Pb) = nickel (Ni) =
5, arsenic (As) = 10, and cadmium (Cd) = 30). Based on Er'
and MRI values, the sediment quality is categorized into sev-
eral classes as listed in Supplementary Material 3 (Hakanson,
1980).

Sediment quality

Sediment quality guidelines (SQGs) are used for
benchmarking the tolerable content of TEs in sediments and
thereby predicting the potential toxicity of the pollutants to the
biota living in or near the sediment. The overall toxicity of
contaminated sediments can thereby be assessed by relating
their non-normalized and normalized (by the mud sediment
content < 63 wm) measured content of TEs to those of SQG
(Violintzis et al. 2009). The SQG is mainly applied in moni-
toring programs to rank the degree of concern regarding dif-
ferent contaminated areas or contaminants (Long and
MacDonald 1998). SQGs comprise effects range-low/effects
range-median (ERL/ERM), and threshold effects levels/
probable effects levels (TEL/PEL) (Long et al. 1995).
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Adverse toxic impacts of TEs in sediments are rarely the case
when the SQG <ERL or <TEL, occasionally when SQR is
similar to TEL/PEL or ERL/ERM, and common if SQR is
>PEL or >ERM (Smith et al. 1996, Menchaca et al. 2012).
Mean ERM or PEL quotients (nNERMQ, mPELQ) (Eq. 9) are
practical for comprising large amounts of data on several TEs
and their toxic effect into a single number (McCready et al.
2006). Hence, nERMQ and mPELQ provide a more practical
measure to assess toxicity than the simple compilation of
ERM and PEL numbers.

G
ERM;or PEL;
n

a
mERMQ or mPELQ = 9)
where C;, ERM; and PEL;, and n are the content of an indi-
vidual TE in the sediment, the guideline values for a given TE,
and the number of TEs, respectively. When simply calculating
mean quotients, the adverse impacts of contaminants to the
aquatic organisms are assumed to be additive instead of an-
tagonistic or synergistic. The percent probability of toxic ef-
fect for the living organisms in the sediment is determined
regarding the mERMQ and mPELQ values as follows: 12 %
(mERMQ <0.1),30 % (0.11 <mERMQ <0.5), 46 % (0.51 <
mERMQ < 1.5), 74 % (mERMQ > 1.51), 10 % (mPELQ <
0.1), 25 % (0.11 < mPELQ < 1.5), 50 % (1.51 < mPELQ
<2.3), and 76 % (mPELQ > 2.3). Based on the derived percent
toxicity, the sediment sites are qualitatively categorized into
four classes of low, low to medium, medium to high, and high
priority sites (Long and MacDonald 1998).

Partition coefficient of TEs

Distribution of TEs in aquatic media is governed by their
partitioning between the solid and aqueous phases (Turner
1996, Singovszka et al. 2017, Feng et al. 2017, Thanh-Nho
et al. 2018). The partition coefficient (Kd) of elements is cal-
culated using Eq. 10.

Cs

Kg=—
d Cq

(10)
where Kd is in L kg_l, C, and C4 are the concentrations of a
given TE in the solid phase (sediment) in mg kg ', and in
dissolved phase (water) in mg L™, respectively. Partition co-
efficient provides a good insight into the combined effect of
desorption and adsorption processes of TEs. It is also impor-
tant in the hydrogeochemical modeling and assessment of
contamination effects. In this study, concentrations of TEs in
water samples (Cy), collected from the same stations as the
shoreline sediment samples, were extracted from Nematollahi
(2020).
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Human health risk of TEs

The human exposure and health risk of TE in sediment
samples were computed using the USEPA (2011) method.
In this method, non-carcinogenic and carcinogenic risks are
introduced as the Hazard Index (HI) and the incremental life-
time cancer risk (ILCR), respectively, and are computed using
Egs. 11-17 (USEPA 2011).

IngR x EF x ED x CF

ADDj,, = 11
ing = Cs BW x AT (1)
InhR x EF x ED
ADDjppy = Cg x o X BE X BY (12)
BW x AT x PEF
ADDygerm = Cs
><AF><EF><SA><ABS><FE><ED><CF
BW x AT
(13)
ADDp
HQ, =3 14
Ql p:] Rﬂ)1 ( )
CR; = Y,_|ADDj; x SFj, (15)
HI =33 HQ; (16)
ILCR = 3> CR; (17)

where ADD is the average daily dose (mg-kg "-day ') of an
individual TE through ingestion (ADD;,,), inhalation
(ADDyyp), and dermal contact (ADDgerr), and RiD;,, HQ;,
SFip, and CR; are the reference dose, hazard quotient, slope
factor, and cancer risk for a given toxic element, respectively.
Detailed information on the presented formula and factors is
listed in Supplementary Material 4. An HI value less than one
suggests no risk, whereas a value above unity poses a potential
risk (USEPA 2011). An ILCR value < 10 ® and > 10~* reflects
negligible and high risks of TEs for cancer development, re-
spectively (USEPA 2011).

Results and discussion
Physiochemical characteristics of sediment

Main physical and chemical properties of shoreline, seabed,
and all sediment samples are listed in Table 1. The pH varies
between 7.83 and 8.55; hence, the sediments are slightly al-
kaline. This is because of the high carbonate content of the
sediment, varying between 4.60 and 17.4%. Due to the high
pH, TEs with high covalent index (type B or soft elements)
have low solubility, except for the elements that form
oxyanions (e.g., As(IV, VI) and Cr(VI])). The high carbonate
content in the sediment samples mainly originates from the
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Table 1 Statistical summary of
the physicochemical Medium St pH EC(mS/ OM CO3 CEC (meq/ Sand Silt Clay
characteristics in shoreline, cm) (%) (%) 100g) (%) (%) (%)
seabed, and all sediment samples
Shoreline  Min. 8.0 0.2 0.3 4.6 39 78.8 0.1 0.3
(N=16) Max 8.6 5.1 3.3 17.4 21.4 99.5 10.6 12.9
Mean 8.4 22 1.9 11.0 9.0 93.1 23 4.6
Med. 8.4 2.4 2.0 10.8 6.7 96.2 1.1 3.1
S.D. 0.1 1.5 0.6 32 5.6 6.5 2.9 4.6
C.V. 58.8 1.4 3.0 34 1.6 14.4 0.8 1.0
Skew. -—1.6 0.3 -0.5 0.3 1.4 -1.0 2.0 1.0
Kurt. 32 -1.0 2.7 0.1 0.8 -0.2 3.8 —0.6
S-W 0.027  0.339 0200  0.741 0.002 0.014 0.000  0.003
Seabed Min. 7.8 35 2.8 7.0 6.5 8.1 53 0.6
(N=15) Max 8.3 17.3 8.4 12.4 72.7 93.2 68.6 54.3
Mean 8.1 8.6 54 9.5 29.2 424 30.1 27.5
Med. 8.1 8.7 5.6 9.4 25.8 36.4 37.6 26.3
S.D. 0.2 39 1.9 1.8 18.1 29.1 19.1 15.5
C.V. 50.5 22 2.8 5.4 1.6 1.5 1.6 1.8
Skew. 0.2 0.6 0.1 0.2 0.9 0.4 0.2 0.1
Kurt. -0.9 0.0 -1.3 -1.2 0.9 -1.2 -0.7 -0.8
S-W 0.574  0.525 0294 0474 0.303 0.210 0.175  0.755
All Min. 7.8 0.2 0.3 4.6 3.9 8.1 0.1 0.3
(N=31) Max 8.6 17.3 8.4 17.4 72.7 99.5 68.6 54.3
Mean 8.2 5.3 3.6 10.3 18.8 68.6 15.7 15.7
Med. 8.3 4.1 2.8 9.9 11.1 83.8 6.2 10.6
S.D. 0.2 43 22 2.7 16.5 329 19.3 16.1
C.V. 39.9 1.2 1.6 38 1.1 2.1 0.8 1.0
Skew. —0.3 1.0 0.8 0.7 1.6 -0.8 1.2 1.0
Kurt. -1.1 0.5 -0.5 0.9 2.5 -0.9 0.3 —0.1
S-W 0.113  0.006 0.002  0.466 0.000 0.000 0.000  0.000

EC electric conductivity, OM organic matter, CEC effective cation exchange capacity, SD standard deviation, CV
coefficient of variation, Skew skewness, Kurt kurtosis, S-W Shapiro-Wilk test

weathering of the predominant sedimentary bedrock, includ-
ing limestone, in the Mazandaran watersheds. The EC in the
sediments ranges from 0.24 and 17.28 mS/cm. The EC of
sediment conceptually pertains to the CEC, which is governed
by other physical and chemical parameters (e.g., the content of
sediment OM and texture) (Barbosa and Overstreet 2011).
The OM content is low, ranging from 0.30 to 8.39%. The
texture of the sediments varies considerably, with relative
contents of sand, silt, and clay size fractions ranging from
8.08 10 99.5%, 0.12 to 68.6%, and 0.36 to 54.3%, respective-
ly. The effective CECs of the sediments range from 3.9 to 72.7
meq/100g. The relatively low CEC in the sediments is mainly
because of the low content of OM and clay minerals. Derived
from sedimentary bedrock, the clay size fraction is composed
of oxides rather than clay minerals. As shown by the triangular
Shepard diagram (see Supplementary Material 5), the sand
fraction dominates in the shoreline sediment samples, while
the seabed sediment samples are mainly composed of the finer

silt and clay fractions. The content of clay size fraction, as well
as OM, facilitates the adsorption of TEs onto the sediment
material. Therefore, higher concentrations of TEs are expected
in the more organic-rich and finer textured seabed sediments
than in the shoreline sand samples.

Empirical relationships in the spatial distribution of physi-
cochemical characteristics of the sediments were assessed by
statistical tests. The S-W test reflects a non-normal distribu-
tion of pH, CEC, sand, silt, and clay (p < 0.05) only in shore-
line sediments. The kurtosis values, giving the extent of out-
liers in the distribution, fall in or close to the range of —3 to +3,
reflecting normal distribution. The skewness values of the
data fall inside or close to —1 to +1. As a rule of thumb, it is
not needed to transform the data when the skewness values of
the variables lay within the range of —1 to +1 (Nematollahi
etal. 2020b). The CV value for pH is higher than for the other
parameters, reflecting that it is mainly non-normally distribut-
ed within shoreline and seabed sediments.
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Figure 2 illustrates the spatial distribution of the sediment
physicochemical parameters. Carbonate, clay, silt, and OM
have higher content in the eastern part of the region. These
parameters also increase in the seabed out through the sea
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the east of Mazandaran (Lahijani and Tavakoli 2012). There is
a significant correlation between CEC and mud fraction (i.e.,
the sum of silt and clay size fraction), reflecting higher charge
density of mud fraction (Lahijani and Tavakoli 2012). There is
also a significant correlation between OM content and the
percentage of clay and silt in the sediment. These sediments,
rich in OM and mud fraction, have a strong capacity to bind
TEs.

Sediment mineralogy

Crystalline mineralogy of the sediment samples is presented in
Supplementary Material 7. The samples displayed a relatively
homogenous mineralogical pattern. Quartz and calcite were
the dominant minerals in all samples. The small variations in
the mineralogy of the samples may be due to the predominant-
ly sedimentary bedrock of different lithology as limestone,
shale, and sandstone in the region (see Supplementary
Material 1). The prevalence of quartz is due to the igneous
nature of silicate quartz sand, while the prevalence of sedi-
mentary bedrock in the region causes the calcite to dominate.
Based on the mineralogy, it appears clear that the sediments in
the southern Caspian are mainly made up of secondary min-
erals originated from the nearby sedimentary bedrock. Other
crystalline minerals that were observed in the sediments are
clays (e.g., vermiculite), pyroxene, and oxide minerals (e.g.,
rutile (TiO,) and pyrolusite (MnO,)). The content of hydrous
aluminum phyllosilicate clay minerals, such as kaolinite, illite,
and chlorites, is low, due to the prevalence of carbonate bed-
rock. As discussed above, the clay size fraction is thus mainly
composed of amorphous oxi-hydroxides and carbonate min-
erals. These per se have less capacity to adsorb TEs compared
to clay minerals, though the large surface of the clay size
fraction coated with oxyhydroxides having —OH functional
groups would cause large sorption capacity. This may partly
explain why the concentration of TEs in the sediments is rath-
er low.

Distribution of TEs

The contents of major and trace elements in sediment samples
and in UCC background values (Holland and Turekian 2010)
are presented in Table 2. The mean contents of elements in all
the studied sediments are as follows: iron (Fe) > aluminum
(Al) > manganese (Mn) > Zn > vanadium (V) > Cr> Ni> Cu
> Pb > cobalt (Co) > As > antimony (Sb) > molybdenum (Mo)
> Cd. Based on the S-W test, the concentrations of Al, Mo, Ni,
and Sb are normally distributed (p > 0.05), while other ele-
ments show a non-normal distribution (p < 0.05). Based on the
skewness and kurtosis values, the contents of Al, As, Cd, Cu,
Mo, Ni, and Sb are normally distributed (—1< Skew< +1, —3<
Kurt< +3).

The spatial distribution of the major and trace elements
based on their concentrations within the shoreline and seabed
sediment samples is illustrated in Fig. 3. The highest concen-
trations of TEs in the shoreline sediments are found at the
following locations: Cr, and Co in Sisangan (S3) and
Nashtarud (S19), Zn in Sisangan (S3) and Nashtarud (S19),
V and Sb in Sisangan (S3), Ni in Sisangan (S3) and Babolsar
(S11), Cu in Amirabad (S13), Sari (S21), Babolsar (S11), and
Nowshahr (S30), Cd in Sisangan (S3), Amirabad (S13), Sari
(S21), Nowshahr (S30), and Nashtarud (S19), Pb in Sisangan
(S3) and Royan (S2), As in Nowshahr (S30) and Nashtarud
(S19), and Mo in Nashtarud (S19), Abbasabad (S1),
Nowshahr (S30), Sisangan (S3), Mahmudabad (S7), and
Larim (S10).

Overall, TEs show an uneven spatial distribution in the
southern Caspian Sea sediments. This is probably due to the
fact that the levels are governed both by a large number of
different anthropogenic sources of pollutants and by the abil-
ity of the sediments to sorb the elements, i.e., Kd governed by
texture and OM content. Main features and human activity in
different sectors of the study area are shown in Fig. 1.
Elevated concentrations of Ni and Pb are found in some cen-
tral sites, Cu and As in some sites in the west and east, and Cr,
Co, V, Sb, and Zn in some sites in the center and west of the
region. The most striking feature in the spatial distribution of
most TEs (except Cu and As) is their high concentrations in
the Sisangan recreational area (S3). The TEs are also unevenly
distributed within the sea transects. Generally, the concentra-
tion of TEs within the seabed sediment transects, where also
their shoreline sites had high concentrations, was high,
reflecting that the shoreline sites play an important role in
diffusing TEs towards the sea. TEs in seabed sediments had
higher concentrations than in shoreline sediments which could
be due to the higher content of OM and mud fraction in seabed
sediments relative to shore sediments (see Table 1). Moreover,
the higher contents of mud size fraction and OM with increas-
ing sea depth facilitate the greater adsorption of TEs onto the
sediment material. Therefore, a higher content of TEs was
found in seabed sediments from deeper water depth (i.e., 10
and 20 m).

The relative level of contamination of the study area was
assessed by comparing the mean concentrations of selected
TEs in the sediments with those of the other locations of the
Caspian Sea and the world in the literature (Table 3). Among
studies carried out in different locations of the Caspian Sea,
the sites within Iran, including this study, had higher concen-
trations of most TEs, while the concentrations of most TEs
were relatively lower in the Caspian sediments of Azerbaijan,
Kazakhstan, and Russia. That the southern parts of the
Caspian Sea have higher concentrations of TEs can be due
to the general current of the Caspian seawater being towards
the south, as well as the higher evaporation rate as reflected by
the higher salinity in the south. Thus, TEs can be transported
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Table 2

Statistical summary of the concentrations of TEs (in mg kg ') and major elements (in %) in shoreline, seabed, and all sediment samples

Medium  St. Al Fe Mn As Cd Co Cr

(%) (%) (%)

(mg/kg) (mg/kg) (mgkg) (mghkg) (mgkg) (mgkg)

Cu Mo Ni Pb Sb A\ Zn
(mg/kg) (mgkg) (mgkg) (mgkg) (mgkg)

Shoreline Min. 0.6 1.7 0.0 2.1 0.2 5.0 23.0 7.0 0.5 19.0 5.0 0.7 22.0 39.0
(N=16) Max 1.6 101 0.1 7.2 0.2 30.0 576.0  53.0 0.8 57.0 61.0 0.9 738.0  270.0
Mean 1.0 40 0.1 41 0.2 13.5 1057 212 0.6 36.2 24.4 0.8 1222 101.8
Med. 09 39 01 41 0.2 12.5 67.0 16.5 0.6 355 19.5 0.8 63.5 100.0
SD. 03 1.9 00 1.8 0.0 5.9 1302 137 0.1 9.8 16.9 0.0 170.0  50.6
cv. 33 21 28 23 20.8 23 0.8 1.5 92 3.7 1.4 19.6 0.7 2.0
Skew. 09 22 1.8 02 -0.8 1.4 3.5 1.7 0.9 0.4 1.1 0.7 3.6 2.6
Kurt. 01 70 55 -15 3.7 34 13.3 23 0.1 —-0.1 0.7 0.5 13.5 8.8
S-W  0.167 0.002 0.008 0.046  0.003  0.061 0.000  0.001 0.105 0912  0.035 0.467 0.000 0.000
Seabed Min. 10 29 01 21 0.2 11.0 50.0 16.0 0.5 38.0 14.0 0.7 40.0 86.0
(N=15 Max 19 72 01 73 0.2 22.0 186.0  63.0 0.7 52.0 40.0 0.8 296.0  169.0
Mean 1.5 39 0.1 5.0 0.2 14.9 76.3 39.8 0.6 424 229 0.8 84.9 114.3
Med. 15 37 0.1 52 0.2 15.0 64.0 38.0 0.6 40.0 20.0 0.8 53.0 117.0
SD. 03 1.1 00 1.5 0.0 3.1 36.8 14.5 0.1 44 7.1 0.0 74.5 21.2
cv. 51 34 57 32 26.0 4.7 2.1 2.8 11.7 9.6 32 33.1 1.1 54
Skew. —0.1 20 12 —-03 0.0 0.7 23 0.0 0.4 1.1 1.1 0.2 2.1 1.2
Kurt. -09 44 15 08 -1.6 0.2 53 -1.3 —04 0.2 1.0 —0.7 4.0 2.0
S-W 0550 0.002 0.109 0.737  0.004 0258 0.000 0445 0573 0.018 0.102  0.604 0.000 0.079
All Min. 0.6 1.7 00 21 0.2 5.0 23.0 7.0 0.5 19.0 5.0 0.7 22.0 39.0
(N=31) Max 19 101 0.1 7.3 0.2 30.0 576.0  63.0 0.8 57.0 61.0 0.9 738.0  270.0
Mean 12 39 0.1 45 0.2 14.2 91.5 30.2 0.6 39.2 23.7 0.8 1042 1078
Med. 12 37 01 46 0.2 14.0 64.0 25.0 0.6 40.0 20.0 0.8 59.0 107.0
SD. 04 16 00 1.7 0.0 4.7 96.6 16.8 0.1 8.2 12.9 0.0 1319  39.1
Cv. 32 25 36 27 232 3.0 0.9 1.8 10.2 4.8 1.8 23.0 0.8 2.8
Skew. 02 23 1.8 —0.1 -0.6 1.1 45 0.5 0.8 -0.3 1.4 1.0 4.0 2.3
Kurt. -1.1 7.7 65 -13 2.0 33 22.6 -1.1 0.4 0.4 24 1.5 18.6 9.6
S-W  0.247 0.000 0.001 0.028  0.001 0.029  0.000 0.009 0.110 0.808  0.002 0.056  0.000  0.000
ucc 154 50 01 438 0.1 17.3 92.0 28.0 1.1 47.0 17.0 0.4 97.0 67.0

SD standard deviation, CV coefficient of variation, Skew skewness, Kurt kurtosis, S-W Shapiro-Wilk test, UCC upper continental crust (Holland and

Turekian 2010)

to the deeper southern sectors of the Caspian Sea. Higher
contamination levels in the south can also be because of a
large number of anthropogenic activities conducted along
the southern coasts, including unmanaged emission of con-
taminants. From a global perspective, the mean concentrations
of Cr, Cu, Ni, Pb, and Zn were higher while As and Co were
lower in the study area than in most other locations. Similar to
most other locations, Cd showed a low concentration of
around 0.2 mg kg .

Origin of TEs
In general, major anthropogenic activities along the coasts of
the southern Caspian Sea comprise farming, fishing, industri-

al, commercial, touristic, and recreational activities. However,
in the west, tourism, farming, and fishing and in the east

@ Springer

industrial and commercial activities are more predominant
(Fig. 1). Also, the population density in the center and towards
the east of the study area is higher than in the west. These
anthropogenic activities are considered explanatory factors
for the elevated concentrations of some TEs. For instance,
Amirabad Special Economic Zone (S13), with 1000 ha of land
situated in the east of the region, is an important commercial
transit port for oil products and non-oil commercial goods. It
is likely that this activity plays an important role in contami-
nating the surrounding ecosystems.

High levels of Co and Ni may be due to the discharge from
agricultural lands and fish farms, containing a variety of
chemical fertilizers. Likewise, elevated concentrations of Zn
and Cu in the Caspian Sea mainly originate from agriculture
return flow containing chemical fertilizers (Bastami et al.,
2012). Elevated Cd and Pb content within the samples may
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Fig. 3 (continued).

be due to drainages from poorly managed landfilling and from
coal layers in the lithological units close to the Caspian Sea
(Kalantari and Ebadi, 2006; Ghanbarpour et al., 2013). The
large Kura River in the Republic of Azerbaijan, entering the
Caspian Sea to the west, is considered a noticeable Cu source
into the sea. This runoff is ultimately transferred along the
Mazandaran coasts by the prevailing current (De Mora and
Turner 2004, Abdi et al. 2009). The major industries in the
region are dye and paper manufactures (Tabari et al. 2010,

@ Springer

Saravi et al. 2012, Abadi et al. 2019). These industries are
responsible for the release of a variety of pigmented TEs such
as Pb, Cr, Cd, and Cu into the environment.

Correlation coefficients, presented in Supplementary
Material 6, reflected the compositional relationships between
elements and sediment physicochemical characteristics. The
correlation coefficients indicated no strong positive correla-
tion between sand fraction and TEs, nor any other physico-
chemical parameters. This shows as expected that shoreline
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Table 3 Comparison of mean concentrations (in mg kg ") of TEs within surface sediments of the study area with those of other locations from the
Caspian Sea and worldwide aquatic media

Location As Cd Co Cr Cu Ni Pb Zn Reference

Caspian Sea, Iran 4.5 0.2 142 915 30.2 392 237 107.8  This study

Caspian Sea, Iran NI NI 16.3  95.0 31.0 53.0 20.0 86.0 Alizadeh et al. (2018)
Caspian Sea, Iran 104 NI 30.2 1274 219 47.7 16.0 732 Bastami et al. (2015)
Caspian Sea, Iran NI 1.6 NI NI 73.1 128 24.6 3599  Naji and Sohrabi (2015)
Caspian Sea, Iran NI 0.9 NI NI 14.0 386 237 514 Sohrabi et al. (2010)
Caspian Sea, Iran 12.5 0.2 15.9 85.2 34.7 51.6 18.0 85.3 De Mora et al. (2004)
Caspian Sea, Azerbaijan 147 0.1 149 853 31.9 50.1 19.6  83.2 De Mora et al. (2004)
Caspian Sea, Kazakhstan 4.1 0.1 3.0 31.4 6.4 104 58 11.1 De Mora et al. (2004)
Caspian Sea, Russia 3.0 0.6 3.8 32.0 8.3 140 42 17.1 De Mora et al. (2004)
Asaluyeh port, Persian Gulf, Iran 3.7 NI 22 16.1 154 19.0 3.4 21.1 Delshab et al. (2017)
Changjiang Estuary, China 9.1 0.2 NI 79.1 24.7 319 238 829 Wang et al. (2015)
Central Bohai Sea, China NI 0.1 137 615 24.3 359 307 799 Liu et al. (2015)
Intertidal Jiaozhou Bay, China 9.2 0.4 NI 69.9 38.8 NI 552 1074  Xuetal. (2016)

Jiangsu coastal region, China 129 0.2 NI 37.2 23.5 NI 169 622 Zhao et al. (2018)

South Yellow Sea and East China Sea NI 0.2 NI 77.2 20.0 314 218 78.4 Xu et al. (2018)

Daya Bay, China 124 02 NI 65.0 24.6 NI 22.6 111.7  Liuetal. (2018)

Yellow Sea, China NI 0.51 824 NI 15.1 18.6 123 47.3 Jiang et al. (2014)
Marine sediments, Point Calimere, India ~ NI NI 430 592 115.5 320 NI 738.0  Gopal et al. (2020)
Coromandel beach sediments, India NI NI 31.4 3445  40.6 422 688 18.8 Gandhi et al. (2020)
Coromandel Coast of India NI 19.8  51.8 109.5  76.5 280 496 788 Anbuselvan et al. (2018)
Point Calimere, SE coast of India NI 0.3 51.8 153.0 41.5 54.4 27.5 91.7 Stephen-Pichaimani et al. (2008)
South Sea of Korea NI NI 21.0 678 27.0 49.0 27.0 131.0  Songetal. (2014)
Egyptian Red Sea coast NI 0.1 9.7 18.5 1.9 114 33 22.6 Salem et al. (2014)
Egyptian Mediterranean coast NI 0.2 NI NI 11.3 NI 148 272 El Baz and Khalil (2018)
Saudi Arabian Red Sea coasts 8.3 0.3 6.3 24.8 9.3 142 56 26.8 Ruiz-Compean et al. (2017)
Coast of Sfax, Gabes Gulf, Tunisia 4.2 8.1 NI 77.2 37.0 11.1 10.7 104.9  Naifar et al. (2018)
Araga Bay, Brazil 6.5 NI NI 19.8 5.5 8.1 8.3 36.8 Kim et al. (2018)
Saronikos Gulf, Greece 19.0 NI 9.0 1520  52.0 770  69.0 169.0  Karageorgis et al. (2020)

NI not identified

sediments with sandy texture are not good sinks for TEs.
Conversely, the high positive correlations and co-
correlations between clay and silt-sized fractions with OM,
EC, CEC, and some TEs (e.g., Cu) reflect that seabed sedi-
ments are good sinks for TEs as they are bound to the adsorp-
tion sites of clay and OM. This is reflected by significant
positive co-correlations (r* ranging from 0.488 to 0.728) be-
tween CEC and As, Co, Cu, Ni, and Zn. Also, the association
of TEs with clay and silt fractions (mud) leads to their high co-
correlation coefficient with EC, due to the high conductivity in
sediments with high CEC.

The significant relationships between TEs and physico-
chemical parameters within the sediments were well-
understood by the CA model. The dendrogram in Fig. 4 shows
how the TEs, as response variables, form clusters with the

sediment characteristics, as explanatory variables, depending
on their co-variance. Overall, variables form four clusters. The
pH, sand fraction, and CO; content of the sediments have
practically no explanatory value on the TEs. The OM and
mud fraction, comprising the silt and clay particle sizes, are
inherently clustered with Al due to clay mineral, and CEC and
EC due to the large surface area and a number of charged
functional groups. These explanatory variables have all a
strong explanatory value for the spatial variation in Cu.
Practically, all the TEs are clustered with oxyhydroxides of
Fe and Mn, although the link to a cluster of As, Ni, and Cd is
weak.

The PCA model showed the possible source apportionment
of elements, also their meaningful relationships with the sed-
iment characteristics. The Kaiser-Meyer—Olkin factor had a
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Fig. 4 Dendrogram showing the empirical clustering of explanatory and response variables

value of 0.74. This reflects that the PCA provides significant
results for the source apportionment of elements (Wang et al.
2012, Nematollahi et al. 2020b). The PCA gave two major
principal components (PC1 and PC2), explaining 35 and 33%
of the variance in the dataset, respectively (Fig. 5a). The Fe
and Mn have strong loading along the PC1, and the CEC has
strong loading along the PC2. The mud size fractions (silt and
clay) are along with OM content clustered with EC and Al.
This cluster has a significant loading in both PC1 and PC2.
Negatively correlated to this cluster along the two main PCs,
we find a cluster of sand and pH. The TEs with the strongest
loading along PC1 are V, Cr, Zn, and Co. Along PC2, the Cu
and Ni have strong loadings. This picture is similar to what
was seen in the dendrogram (Fig. 4). The parameter loadings
in the PCA separate the effect of Fe and Mn as explanatory
factors from the mud and OM content. Sample scores in the
PCA (Fig. 5b) show that the shoreline samples had positive
and seabed samples had negative scores along the PC2. The
least (S7 and S26) and most contaminated samples (S3) had
the strongest negative and positive loading along the PCI,
respectively. The main epiphanies thus to be received from
the PCA are that the spatial distribution in the levels of TEs is
governed by the degree of contamination (PC1), possibly
governed by the levels of iron oxides in the sediments or by
the exposure to anthropogenic pollution sources, and the
seashore—seabed gradient (PC2).

@ Springer

Ecological risk of TE

Figure 6a presents the EFs for the TEs. Overall, the results of
EF display high enrichment for most TEs, demonstrating a
noticeable effect of anthropogenic activity. All TEs have me-
dian EFs greater than 5, implying that the sediments are at
least moderately polluted. The highest EFs were found for
Cd and Sb, with median values above 25, indicating strong
to extreme pollution. The median EFs of Zn, Pb, Ni, Cu, and
As fall between the reference lines of 10 and 25, reflecting
strong pollution. Co, Cr, Fe, Mn, Mo, and V have a median EF
value falling between the reference lines of 5 and 10, indicat-
ing moderate to strong pollution. The highest individual en-
richment factors (EF >50) were found for Cr, V, and Zn at site
S3, and for Pb at sites S3 and S11.

The CF of TEs is shown in Fig. 6b. Cd and Sb in all
samples and Pb and Zn in most of the samples have CFs
ranging from 1 to 3. This is suggesting that the sites are only
moderately contaminated by these TEs. Moreover, the median
CF values of V, Ni, Mo, Cu, Cr, Co, and As are lower than 1,
indicating low contamination by these TEs. On the other hand,
sites S2 and S3 (Sisangan), site S20, and site S3 are consider-
ably contaminated by Pb, V, and Zn, respectively (3 <CF <6).
The S3 site shows also very high contamination of Cr and V
(CF >6). Regarding the CF values, it is possible to conclude
that anthropogenic inputs are responsible for the high content
of Cd, Sb, Pb, Zn, Cr, and V in the sediment at sites S2 and S3.
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The CD indicates very high contamination (CD >32) at the
S3 site, where also most TEs (e.g., Cd, Sb, Pb, and Zn) were
enriched (Fig. 7a). Seven of the 31 sampling sites were con-
siderably contaminated (16 <CD <32). The remaining sites
had moderate contamination of TEs (8 <CD <16).

The integrative multi-element indices assess the general
enrichment and the effect of multiple contaminants at a spe-
cific site. Overall, the calculated MCD, shown in Fig. 7b,
reflects no contamination at most sampling sites (MCD

<1.5), although the S3 site with an MCD o0f2.51 is moderately
polluted (2 <MCD <4), and the S20 site with the MCD value
of 1.51 is slightly contaminated (1.5 <MCD <2). Regarding
NPI (Fig. 7¢), considering the CFs, only the S3 site is severely
polluted (NPI >3). However, based on MPI (Fig. 7d), consid-
ering the EFs, all sampling sites are characterized as severely
polluted (MPI >10). Most sites have NPI ranging from 2 to 3,
reflecting heavy pollution, while the rest are slightly below
reference lines of 2, suggesting moderate contamination.
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Fig. 6 Ecological risk assessment
of elements using a EFs, b CFs,
and ¢ Er
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Since MPI considers the EFs of TEs, it provides a better as-
sessment of the contamination status by the TEs. Hence, MPI
is a good tool to rank the most polluted sites and thus imple-
ment optimal abatement actions to decrease the anthropogenic
loading at these sites.

The MRI is a multi-element index applied to understand
whether a number of toxic elements threaten sediment biota.
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Based on the calculated Er values for TEs (Fig. 6¢), Cd(II) in
all sites and Pb(II) at the S3 site show the highest values and
pose a very high risk to the ecosystem (Er >320). The risk for
ecological detrimental effects is also high in regards to the
levels of As(III), Co(Il), Cr(VI), Cu(l), and Pb(Il) at S11,
S3, S3, S1, and S2 and S11, respectively (160 <Er >320). A
considerable ecological risk is posed by As(II) in most
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samples, Pb(Il) in some samples, and Ni(I) and Zn(II) at the
S3 site. There is a moderate ecological risk due to Co(Il),
Cu(Il), Ni(Il), and Pb(Il) contamination in most samples (40
<Er <80), while Cr(VI) and Zn(Il) pose a low ecological risk
in most samples (Er <40). Hence, Cd(Il), As(Ill), and Pb(II)
concentrations are a matter of interest as they represent a
higher risk to the ecosystem. This is due to the combination
of both high toxicity response and enrichment factor of these
elements in the sediment. The distribution of the calculated
MRI values at each sampling site is illustrated in Fig. 7e. All
sampling sites have an MRI value higher than 600. The con-
tamination by toxic TEs thus poses a very high ecological risk
in the study area.

Sediment quality

In Supplementary Material 8, the non-normalized and normal-
ized values (relative to the 31 % mud fraction) of SQGs are
listed. Considering the non-normalized SQG, the levels of
Cr(VI), Cu(Il), Pb(Il), Ni(Il), and Zn(II) were greater than
their corresponding ERL values in 10, 10, 2, 30, and 2 sam-
pling sites, respectively. As(III) and Cd(II) had concentrations
lower than their ERL values at all sites. The concentrations of
Cr(VI) at one site and Ni(II) in two sites were higher than their
ERM values, suggesting adverse effects at these sites.

TEL and PEL are indices developed to investigate the un-
favorable biological impacts of toxic elements in the aquatic
ecosystem. Adverse biological impacts are expected if the
concentration of TEs is higher than their PEL values, while
they would cause no toxic effect if the TE concentration is
lower than their TEL (MacDonald et al. 2000). As(III),
Cr(VI), Cu(Il), Pb(Il), Ni(I), and Zn(II) in S1, S24, S22, S6,
S31, and S3 sites displayed concentrations higher than their
TEL values, indicating likely negative biological effects to the
aquatic biota on the ecosystem. The concentrations of Cr(VI)
and Ni(Il) in S2 and S8 sites were higher than their PEL
values, respectively, suggesting that unfavorable effects of
these TEs may occur at a few sites. Considering normalized
SQGs, TEs in all sites had concentrations less than their ERL
values, though the ERM values were above for Cr(VI) and
Ni(II) levels in the majority of sampling stations and Cu and
Pb in a limited number of sites. Based on normalized TEL and
PEL values, Pb concentration at one site was less than its TEL
value, and the levels of Cr(VI), Ni(II), and Cu(Il) in S29, S30,
and S3 sites were higher than their PEL values.

The m-ERM-Q and m-PEL-Q indices were developed to
predict overall toxicity and thereby consider negative ecolog-
ical effects that occur by exposure to a mixture of elements in
sediments (Usman et al. 2013). Based on m-ERM-Q (Fig. 8a),
the highest probability of toxicity (46%; 0.51 <mERMQ <1.5)
for the aquatic organisms is at site S3 which should be con-
sidered a medium to high priority site. Most sites have an m-
ERM-Q value ranging from 0.1 to 0.5, posing a 30%
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probability for toxicity, which is regarded as low to medium
toxicity. The m-PEL-Q value at all sites varies between 0.1
and 1.5 (Fig. 8b), indicating a low to medium toxicity with a
toxicity probability of 25%.

Partition coefficient of TEs between water and
sediment

The partition coefficient of a substance between aqueous and
solid phases indicates its affinity to sorb to the solid (sediment)
phase (Anderson and Christensen 1988). Several factors, in-
cluding the physicochemical characteristics of sediment, the
covalent and ionic index of each substance, and the chemical
properties of the water, govern the partition coefficient
(Allison and Allison 2005, Ahmed and Abdallah 2008).

Adsorption of TEs is largely affected by the distribution of
different sorbents such as Al/Fe/Mn oxyhydroxides, clay min-
erals, and carbonates, as well as OM coating on the sediments.
Moreover, the affinity of the TEs to the surfaces is governed
by their covalent index. For borderline and class B (soft) metal
ions, the pH of the water is usually also considered a key
factor in controlling the partitioning coefficient (Kd)
(Allison and Allison 2005) as it dictates the precipitation of
metal oxyhydroxides as well as the surface charge of the sed-
iments. Moreover, some TEs, such as Sb(V), As(V), and
Cr(VI), form oxyanions that will have elevated solubility in
the alkaline pH waters found in this study area. The statistical
summary of the logarithmic partition coefficients (log Kd) of
TEs within the sampling sites is presented in Supplementary
Material 9. Pb and Zn have relatively high mean log Kd values
(>1), reflecting a strong affinity of these elements to be sorbed
and remain in the sediment phase. On the other hand, Cd and
Sb are found to have negative mean values for log Kd,
reflecting that they prefer to be retained in the aqueous phase.
Most soft metals, such as Pb, have low solubility in the natural
environment and are retained in the solid phase (Tukura
2015), whereas more soluble elements such as Cd(II) and
Sb(V) tend to be more retained in the dissolved state.

There is no significant relationship between the spatial var-
iation in pH and Kd in this research, likely due to the very
narrow span in pH (7.83 and 8.55). Although the pH controls
the median Kd of some borderline and all class B elements in
the study area, this reflects that spatial variation in TE reten-
tion on these sediments is largely independent of water pH.
The pH is above the point of zero charges for quarts (i.e., net
negative charge), in the range for Al and Fe oxyhydroxides,
but below for clay minerals and calcite (i.e., net positive
charge). The variation in the sediment physicochemical com-
position, such as mineralogy, carbonate content, and texture,
as well as oxyhydroxy and OM coating, suggests heterogene-
ity of the sediment surface charge and a governing role in
determining the spatial variation in Kd values for TEs.
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Fig.8 Valuesofa m-ERM-Q and
b m-PEL-Q vs. sediment sam-
pling sites
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Human health risk of exposure to TEs

To estimate the human health risk of exposure to toxic ele-
ments, the ADDs were first computed to determine if the
levels of TEs are carcinogenic or not, and their most important
exposure pathways to humans (Supplementary Material 10).
The health risk was estimated using the computed HQ, HI,
CR, and ILCR values (Supplementary Material 11). The me-
dian values are presented as these are less influenced by out-
liers in the non-normal distributed data (Manikandan 2011,
Nematollahi and Ebrahimi 2015).

Sites

The populations at the investigated sites are mainly ex-
posed to TEs through ingestion. The median ADD;,,
ADD;,,, and ADDgyem, values of the non-carcinogenic Zn
are the highest among other non-carcinogenic TEs. The me-
dian ADDj,,;, ADDjpp, and ADDyermy, for carcinogenic Cr(VI)
(i.e., assuming no Cr(IIl)) are greatest among other carcino-
genic TEs. Based on the HQ, HQjn, has the major contribu-
tion, followed by HQgerm and HQ;,n. Regarding HI, Cr(VI)
has the highest median HI in the subpopulations (adults and
children), followed by As(IIl), Pb(II), Ni(II), Co(II), Cu(Il),
Zn(1I), and Cd(II).
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As shown in Fig. 9a, TEs have an HI < 1 (the reference
value) for adults within the sampling sites, suggesting a min-
imal non-carcinogenic risk posed on the population at the
study sites. However, the HI value of Cr(VI) for children at
the S3 site is > 1, posing carcinogenic health risk (Fig. 9b).

Calculated CR indicates that CR;y, is the major contributor
to ILCR. Local people are therefore mainly exposed to carci-
nogenic elements through the ingestion pathway. The carci-
nogenic risk assessment of TEs for the subpopulations, shown
in Fig. 9c and d, demonstrates that Pb(Il) contributes to the
highest carcinogenic risk. Also, Pb(Il), As(Ill), and Cd(II)
cause the highest carcinogenic risk (ILCR) for the local peo-
ple, respectively. Hence, Pb(II) and As(II) at most sampling
sites lead to a greater carcinogenic risk for adults than Cd(I).
However, Pb(Il) and As(III) pose an acceptable or a tolerable
risk as their ILCR values range from 10 ¢ to 10 *.
Nonetheless, the ILCR value of Cd(II) for adults at all sites
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is less than 107, posing a negligible risk for cancer develop-
ment. In children, Pb(II), Cd(II), and As(III) have an ILCR
value ranging from 10°® to 10™*, constituting a tolerable risk.

Conclusion

Contamination of trace elements (TEs) in shoreline and sea-
bed sediments from the Mazandaran coasts in the south of the
Caspian Sea was evaluated in order to gain an improved in-
sight into the levels of their contamination and distribution, as
well as possible ecological risk and human health impacts they
may be posing. An inhomogeneous and uneven distribution of
TEs was observed within both shoreline and seabed sediment
sampling stations. This apparently random spatial distribution
of the TEs is mainly due to the fact that the study region
comprises numerous sources of the TEs from different
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potential anthropogenic and natural origins, as well as due to
the spatial variation in sediment characteristics.
Distinguishing source apportionment of TEs by applying dif-
ferent statistical approaches was thus not feasible.
Nevertheless, this study documents that anthropogenic activ-
ity in the region discharges TEs to the southern Caspian Sea
ecosystem. Fishing industry and shipping are considered two
potential in situ sources of TEs, whereas greywater, agricul-
ture, and textile industry introduce TEs from the land into the
sea. In addition, leaching from natural weathering of a variety
of geological formations in the vicinity of the sea contributes
to releasing major and trace elements into the seawater, and
their accumulation in shoreline and seabed sediments. Thus,
distinguishing different anthropogenic and natural sources of
TEs using stable isotopes and rare earth elements in future
studies is suggested.

The Sisangan recreational area was identified as the most
contaminated site (S3). Geochemical indices indicated higher
enrichment of Cd(IV), Sb(V), Zn(II), and Pb(II) at some sam-
pling sites. From a public health perspective, the non-
carcinogenic risk of TEs is significant only in the Sisangan
area (S3). There is a tolerable carcinogenic risk posed by ex-
posure to Pb(I) and As(IIT) by adults, and to Pb(Il), Cd(VI),
and As(Ill) for children. However, to reach a comprehensive
perception of the adverse health effects, bioavailability and
speciation of these TEs need to be taken into consideration
in future studies.
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