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Abstract
This study investigates the concentrations of potentially toxic elements (PTEs), ecological risks, and human health effects 
in sediment samples from 11 points along the Alanya coastline, influenced by industrial, agricultural, and tourism activities. 
Energy dispersive X-ray fluorescence spectroscopy was used for analysis. The mean concentrations of Mn, Fe, Ni, Cu, Zn, 
Cr, and As were 281, 14, 30, 34, 66, 60, and 12 mg/kg, respectively. The enrichment factor values were ranked as follows: 
As (3.94), Zn (2.94), Cu (2.83), Cr (2.45), Ni (1.29), and Mn (1.19), indicating moderate enrichment for Cu, Zn, Cr, and 
As, and minimal enrichment for Ni and Mn. The geo-accumulation index indicated minimal contamination, supporting the 
conclusion that Alanya is not heavily impacted by the PTEs studied. The contamination factor values were highest for As 
(0.90) and lowest for Fe (0.30), indicating generally low levels of pollution. Seasonal variation was observed, with the high-
est degree of contamination in winter (7.09) and the lowest in autumn (5.39). The pollution load index ranged from 0.411 
in autumn to 0.622 in winter, with an annual average of 0.468, indicating no pollution. The ecological risk factor values, 
ranging from 0.30 for Fe to 8.97 for As, did not show a significant ecological risk, with As contributing most to the risk. The 
potential ecological risk index averaged 15.4, which means a very low ecological risk. Additionally, the study confirmed 
that the overall potential human health risks remained within acceptable limits.

Keywords  Potentially toxic elements · Seasonal variations · Environmental risk assessment · Source apportionment · 
Human health risk

Introduction

In recent decades, population growth, uncontrolled industrial 
expansion, rapid urbanization, and intensive agricultural 
practices have collectively caused significant environmen-
tal degradation (Tepe 2009; Varol and Sünbül 2018; Gopal 

et al. 2023; Akçay 2024; Özbay et al. 2025). Potentially toxic 
elements (PTEs) are a significant global concern, attract-
ing worldwide attention due to their widespread presence in 
marine environments, long-term mobility, toxic properties, 
and detrimental impact on marine life, which in turn affects 
human health (Ke et al. 2017; Ustaoğlu and Tepe 2019; Liu 
et al. 2024; Ben-Tahar et al. 2025; Özşeker et al. 2025). The 
persistence of these metals in aquatic environments (riv-
ers, lakes, groundwater, oceans) makes them a long-term 
environmental hazard, necessitating continuous monitoring 
and assessment (Gui et al. 2017; Liu et al. 2019; Gülşen-
Rothmund et al. 2023; Yalçın et al. 2023; Ling et al. 2023; 
Atakoglu et al. 2024).

Given that the human body is unable to metabolize PTEs 
efficiently, these elements can become toxic when accumu-
lated in biological tissues (Jain et al. 2008; Bai et al. 2011; 
Gopal et al. 2020; Özbay et al. 2025). Although essential 
for biological systems in trace amounts, metals such as 
iron (Fe), zinc (Zn), copper (Cu), and manganese (Mn) can 
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become hazardous at elevated concentrations (Hogstrand 
and Haux 1991; Akçay 2024). Non-essential metals such as 
lead (Pb) and arsenic (As) are potent poisons that have the 
capacity to cause cell death, organ damage, and systemic 
poisoning even at low exposure levels (Damek-Poprawa 
and Sawicka-Kapusta 2003; Özşeker et al. 2025). Regula-
tory bodies such as the U.S. Food and Drug Administration 
(FDA) and the European Union have issued strict guidelines 
on the permissible levels of hazardous metals such as lead, 
chromium (Cr), and nickel (Ni) due to their severe health 
implications (Soliman et al. 2015; Ling et al. 2023; Özbay 
et al. 2025). Once introduced into marine environments, 
PTEs have the potential to bioaccumulate in aquatic organ-
isms and enter the food chain, leading to long-term health 
risks for human populations (Akçay 2024).

PTE contamination in coastal and estuarine ecosystems 
represents a significant global environmental concern due to 
the toxic, persistent, and non-biodegradable nature of these 
substances, which have the potential to accumulate, migrate, 
and pose health risks (Tholkappian et al. 2018; Zhuang and 
Lu 2020; Odediran et al. 2021; Custodio et al. 2022; Atako-
glu et al. 2024; Boukich et al. 2024; Ben-Tahar et al. 2025; 
Özşeker et al. 2025; Özbay et al. 2025). Recent studies in 
Turkish coastal environments have revealed significant PTE 
accumulation in marine sediments, particularly in tourism-
intensive and industrialized regions such as Fethiye–Göcek 
Bay and the Gulf of Antalya (Yalçın et al. 2023; Atakoglu 
et al. 2024). These studies emphasize that the presence of 
metals such as Cr, Mn, Fe, Ni, Cu, Zn, and As is highly 
correlated with both natural geological sources and anthro-
pogenic activities such as mining, industrial discharges, 
agricultural runoff, and wastewater treatment plant effluents 
(Akçay 2024; Özbay et al. 2025).

The Mediterranean coast of Turkey and other nations has 
been the subject of extensive research on PTE pollution, 
with multiple studies reporting varying contamination levels 
depending on regional industrialization, urbanization, and 
hydrodynamic conditions (Bastami et al. 2015; Gu et al. 
2017; Bonsignore et al. 2018; Mille et al. 2018; Zaqoot 
et al. 2018; Nour et al. 2019; Abbasi and Mirekhtiary 2020; 
Öztürk et al. 2021; Yalçın et al. 2023; Atakoglu et al. 2024; 
Liu et al. 2024; Özbay et al. 2025). Coastal regions such as 
Fethiye–Göcek Bay and Manavgat have been reported to 
experience moderate to high contamination levels of PTEs, 
highlighting the need for continuous monitoring and envi-
ronmental management strategies (Atakoglu et al. 2024).

Despite the growing body of research on PTE pollution 
in the Mediterranean, there is a noticeable lack of compre-
hensive studies focusing on seasonal variations in PTE con-
tamination in certain regions. The Alanya district, which 
is situated in the Antalya province on Turkey's Mediter-
ranean coast, is one such region that has not been exten-
sively studied in terms of metal contamination. Alanya is 

an economically significant region, mainly supported by 
agriculture and tourism, both of which contribute to sources 
of pollution. The rapid expansion of the urban population, 
coupled with increasing tourism activities, places significant 
pressure on the coastal ecosystem. The district attracts many 
domestic and international visitors, contributing to signifi-
cant anthropogenic pressures on the coastal environment. 
The tourism industry, including maritime activities, trans-
portation, and urbanization, plays a role in the deposition of 
PTEs in coastal sediments (Gopal et al. 2023; Özşeker et al. 
2025; Özbay et al. 2025). Additionally, agricultural activities 
in the region, particularly greenhouse cultivation, have been 
shown to introduce metal contaminants into the environment 
using fertilizers, pesticides, and irrigation practices (Akçay 
2024; Ben-Tahar et al. 2025). These factors make Alanya’s 
coastal region a prime candidate for PTE pollution monitor-
ing and ecological risk assessment.

Considering these factors, the objective of the research 
is (1) to analyze the concentrations of specific PTEs (Cr, 
Mn, Fe, Ni, Cu, Zn, and As) in sediment samples from all 
seasons along Alanya's coast; (2) to assess pollution levels; 
(3) to evaluate ecological and health risks; (4) to map the 
spatial distribution of PTEs and health risks; and (5) to iden-
tify potential sources of pollution in the area. Understanding 
the dynamics of pollution in Alanya’s marine environment 
will provide valuable data for policymakers, researchers, 
and environmental agencies to develop effective pollution 
mitigation and management strategies.

Materials and methods

Sampling, preparation, and chemical analysis 
of sediments

The investigation was carried out in the southern part of 
Turkey, off the coast of Alanya, east of Antalya. Alanya is 
influenced by a Mediterranean climate, with hot and dry 
summers and mild, rainy winters. The geological structure of 
the region is characterized by metamorphic rocks in the Tau-
rus Mountains to the north, while alluvial plains are found 
in the south. The average annual precipitation in Alanya is 
approximately 950 mm (Republic of Turkey Ministry of 
Environment, Urbanization and Climate Change 2023). As 
seen in Fig. 1, sediment samples were seasonally gathered 
in 2022 from 11 specific locations along the Alanya coast-
line (Table S1). Using a stainless-steel shovel and spade, 
5 kg of sediment was taken from each location, close to the 
mouths of rivers and streams at a depth of around 10 cm 
from the seabed (Böke Özkoç and Arıman 2023; Özbay et al. 
2025). Two samples were taken from each location, for a 
total of 88 samples taken across four seasons. Table S1 of 
the supplemental material contains a list of the precise GPS 
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coordinates of the sampling locations. Sediment samples 
were carefully transferred into plastic bags. From each sta-
tion 500 g of samples were placed in glass containers and 
left to dry in the laboratory environment where air condi-
tioning and cleanliness were controlled. Subsequently, all 
samples were dried in an oven at 105 °C for 24 h to obtain a 
constant weight (Wang et al. 2021; Aydın et al. 2023; Ling 
et al. 2023). After drying, samples were ground in an agate 
mortar and sieved using a 63-micron sieve (Ravisankar 
et al. 2015; Kumar et al. 2017; Ni et al. 2018; Kırıs and 

Baltas 2021; Akçay 2024). Prior to metal analysis, the pro-
cessed samples were stored in plastic containers, which were 
cleaned with a HCl–HNO3 (1:1 v/v) mixture, and placed in 
a desiccator (Baltas et al. 2020; Apaydın et al. 2022; Akçay 
2024).

For Energy dispersive X-ray fluorescence spectros-
copy (EDXRF) measurements, the induction fusion fluxer 
device (Equilab F2, Madrid, Spain), available at the RTEU 
Central Research Laboratory Application and Research 
Center was used to prepare glassy sediment sample tablets. 

Fig. 1   The study area and the locations of the stations
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This method helps minimize the influence of matrix 
effects, roughness, and particle size variability. To pre-
pare the tablets, X-ray flux (XRF Scientific, Osborne Park 
WA 6017, Australia), a mixture of lithium tetraborate 66% 
(Li2B4O7) and lithium metaborate (34% LiBO2), was added 
to the sediment samples. The weight ratio of the sample to 
the fusion material in the glass tablet was maintained at 
1:10 (w/w). For creating glass tablets with a diameter of 
40 mm, 1 g of sediment and 10 g of lithium tetraborate/
lithium metaborate mixture were precisely weighed using 
an analytical balance. The mixture was then transferred 
into a mortar and mixed for 10 min. Subsequently, the 
resulting blend, obtained using the melter, was poured into 
crucibles with an internal volume of 25 mL, consisting 
of 5% gold and 95% platinum. The melting process was 
executed at 1150 °C for 8 min, using the method specifi-
cally designed within the device for sediment. The 40-mm 
diameter platinum molds were automatically filled with 
the molten liquid sample, which was then left to cool at 
room temperature. The glass tablets obtained were labeled 
according to the respective sampling stations and stored 
in a vacuum desiccator until EDXRF measurements were 
performed (Bell et al. 2020; Balaram and Subramanyam 
2022).

The concentrations of Cr, Mn, Fe, Ni, Cu, Zn, and 
As in sediment samples were measured using a Rigaku 
NEX–CG EDXRF Spectrometer. Each sample was evalu-
ated in triplicate for one hour using a 50 W palladium 
X-ray tube and a Silicon Drift Detector (SDD) with a 
resolution of 150 eV. To ensure accuracy, the library was 
calibrated weekly with pure elements, and the Multichan-
nel Analyzer (MCA) was calibrated daily prior to analysis. 
Certified standards for Cu, Sn, and SiO2 were employed 
as calibration references (Croffie et al. 2020; Odabas et al. 
2021; Yalçın et al. 2023). Additionally, the Multichannel 
Analyzer (MCA) was calibrated daily before starting any 
analysis.

The limit of detection (LOD) for EDXRF was calcu-
lated using the method described by Kadachi and Al-
Eshaikh (2012):

LOD’s for the metals examined were determined, 
which were based on sensitivity in counts per mg/kg (s), 
background intensity (Ib), and count time in seconds (T): 
0.02 mg/kg Cr, 0.08 mg/kg Fe, 0.09 mg/kg Mn, 0.10 mg/
kg Ni, 0.08 mg/kg Cu, 0.05 mg/kg Zn, and 0.04 mg/kg 
As. Calibration and quality assessment were performed 
using the certified reference material, estuary sediment 
(NW–WQB–1), with an average recovery of 101.9% for 
all investigated metals, which falls within the permitted 

(1)LOD =
3

s

√

Ib

T

range of 80% to 110% (Table S2). These results confirm 
that the recovery percentage meets the standard criteria 
(Anandkumar et al. 2017, 2018; Baltas et al. 2020; Hos-
sain et al. 2022; Akçay 2024).

Assessment of potentially toxic elements pollution

In this study, indices such as enrichment factor (EF), geo-
accumulation index (Igeo), contamination factor (Cf), modi-
fied degree of contamination (mCd), pollution load indices 
(PLI and PLIzone), ecological risk factor (Er), and potential 
ecological risk factor (PERI) were utilized to assess the envi-
ronmental concerns associated with PTE contamination in 
sediments (Gope et al. 2017; Jayarathne et al. 2018; Gopal 
et al. 2021, 2023). These indices use Krauskopf (1985) 
values as a benchmark to offer a quantitative evaluation 
of pollution levels (Krauskopf 1985; Chandrasekaran and 
Ravisankar 2015; Baltas et al. 2020; Akçay 2024). Table S3 
provides comprehensive formulas and classifications for 
every index.

Human health risk assessment

The human health risk assessment was conducted in two 
parts, addressing non-carcinogenic and carcinogenic risks, 
based on the specific exposure pathways of toxic heavy met-
als. Furthermore, the model suggested by the US Environ-
mental Protection Agency (USEPA 1989, 1993, 1996, 2002, 
2010) was used for these assessments.

Exposure assessment

The main exposure pathways to PTEs in sediment samples 
in this study were identified as direct ingestion and dermal 
absorption (Böke Özkoç and Arıman 2023). Equations (2) 
and (3) were used to determine the average daily dose 
(ADD), expressed in mg kg−1 day−1, of hazardous PTEs 
impacting humans via these pathways.

Table S4 lists the definitions and reference values for 
all parameters in the equations (Ferreira-Baptista and De 
Miguel 2005; Li et al. 2017; Jayarathne et al. 2018; Cui et al. 
2020; Abdelaal et al. 2024; Ben-tahar et al. 2025; Özşeker 
et al. 2025).

(2)ADDing =
C × EF × ED × CF × IRing

AT × BW

(3)ADDderm =
C × EF × ED × SA × AF × CF × ABS

AT × BW
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Non‑carcinogenic risk assessment

Key metrics for evaluating possible non-cancer effects from 
PTE exposure are the Hazard Index (HI) and Hazard Quo-
tient (HQ) (Wei and Yang 2010; Jayarathne et al. 2018; Wu 
et al. 2020; Yesilkanat and Kobya 2021). For each exposure 
pathway, HQ is the ratio of a metal's daily intake to its refer-
ence dose (RfD, in mg kg−1 day−1), and HI is the sum of all 
HQs (USEPA 1989). For adults, Eqs. (4) and (5) are used to 
compute HQ and HI independently:

n denotes the number of PTEs examined in this study, with 
(RfDing)n and (RfDderm)n denoting the reference doses for oral 
intake and dermal contact for the nth metal. Table S5 pro-
vides the reference dose estimates for each element, obtained 
from previous research (Ferreira-Baptista and De Miguel 
2005; Wei et al. 2015; Kamunda et al. 2016; Adimalla 2020; 
Özbay et al. 2025). The USEPA (1989) defines a Hazard 
Index (HI) value of less than 1 as indicating either minimal 
or no non-carcinogenic health impacts, whereas HI > 1 indi-
cates potential concerns for non-carcinogenic.

Carcinogenic risk assessment

Carcinogenic risk (CR), as defined by Eq. (6) for adults, is 
the probability of acquiring cancer because of prolonged 
exposure to carcinogenic metals, considering the exposure 
routes and average daily doses (ADD) of metals such as 
chromium (Cr), nickel (Ni), and arsenic (As) (USEPA 1989; 
Shabbaj et al. 2018).

In this study, the target metal is represented by (i), with 
(SFing)i and (SFderm)i denoting the carcinogenic slope fac-
tors for ingestion and dermal contact, respectively. Table S5 
shows the slope factor values for the carcinogenic metals 
examined (Ferreira-Baptista and De Miguel 2005a; Wei 
and Yang 2010; Kamunda et al. 2016b; Adimalla 2020; 
Yesilkanat and Kobya 2021; Özbay et al. 2025). The can-
cer risk (CRi) is categorized as extremely low (CRi ≤ 10−6), 
low (10−6 < CRi ≤ 10−4), moderate (10−4 < CRi ≤ 10−3), high 
(10−3 < CRi ≤ 0.1), and very high (CRi ≥ 0.1) (Ge et al. 2013). 
The total cancer risk (TCR​) is the sum of individual cancer 
risks for all carcinogenic metals and is classified in the same 

(4)
(HQ)n =

(

ADDing

RfDing

)

n
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

(HQ−ingestion)n

+

(

ADDderm

RfDderm

)

n
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

(HQ−dermal)n

(5)HI =
∑N

n=1
(HQ)n

(6)CRi =
(

ADDing × SFing

)

i
+
(

ADDderm × SFderm

)

i

way as CRi (Wei et al. 2009; Li and Jia 2018; Zhao et al. 
2019; Baltas et al. 2020; Yesilkanat and Kobya 2021; Özbay 
et al. 2025).

Statistical and geostatistical analyses and software 
resources

Descriptive and inferential statistical analyses were 
employed to investigate metal concentrations in the sediment 
samples. Basic descriptive statistics-including minimum, 
maximum, mean, and standard deviation—were calculated 
for each metal. To further evaluate the distribution charac-
teristics and variability of metal concentrations, additional 
metrics such as the coefficient of variation (CV), skewness, 
and kurtosis were computed on an annual basis.

The coefficient of variation (CV) served as a key indicator 
of variability and potential anthropogenic influence. High 
CV values were interpreted as evidence of greater anthro-
pogenic input, whereas low values suggested dominance by 
natural geochemical processes (Cai et al. 2015; Marcinkonis 
et al. 2011).

Data normality was initially assessed using the Kolmogo-
rov–Smirnov test (p > 0.05) and further evaluated through 
skewness and kurtosis values. Skewness measures the asym-
metry of the distribution: values close to zero indicate sym-
metry, while positive and negative values suggest right- and 
left-skewed distributions, respectively. In environmental sed-
iment studies, positive skewness is often interpreted as the 
result of sporadic or localized anthropogenic contamination, 
which causes infrequent but extremely high concentrations 
(El Nemr and El-Said 2017; Khalil et al. 2016). Kurtosis 
assesses the peakedness and tail weight of the distribution. 
A positive kurtosis indicates a sharp, heavy-tailed distribu-
tion, which may reflect occasional inputs of high-concen-
tration pollutants, while a negative kurtosis reflects a flatter, 
more evenly spread distribution typical of natural geogenic 
sources (Field et al. 2012; El-Said et al. 2014; El Nemr and 
El-Said 2017). These parameters help validate the assump-
tion of normality, strengthening the reliability of subsequent 
analyses (Lu et al. 2010; Kelepertzis 2014; Chandrasekaran 
and Ravisankar 2015).

Levene’s test was used to examine the homogeneity of 
variances. To explore potential sources and interrelation-
ships of potentially toxic elements (PTEs), multivariate sta-
tistical techniques were applied, including Pearson correla-
tion coefficient (PCC), principal component analysis (PCA), 
and hierarchical cluster analysis (HCA). All statistical tests 
were conducted at a 95% confidence level (p < 0.05) using 
SPSS 29 and the R statistical environment (R Core Team 
2024). Graphical representations of the results were created 

(7)TCR =
∑n

i=1
(CR)i
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using OriginPro 2024b (Tian et al. 2017; Cai et al. 2019; 
Baltas et al. 2020). The results, summarized in Table 1, pro-
vide meaningful insights into the spatial distribution, vari-
ability, and possible geochemical origins of metals in the 
sediment samples.

Spatial and geostatistical modeling was also performed 
using the R environment, incorporating the widely used gstat 
(Pebesma 2004) and sp (Pebesma and Bivand 2005) pack-
ages for spatial data analysis in environmental studies. Map 
visualizations were generated using Quantum Geographic 
Information System (QGIS) version 3.34.3. All interpolation 
maps were produced with a grid resolution of 100 × 100 m 
(equivalent to 1 hectare). These tools are widely employed 
in environmental monitoring research (Baltas et al. 2019; 
Yesilkanat and Kobya 2021).

Results and discussion

Potentially toxic element concentrations

Table 1 summarizes descriptive statistics for the annual 
metal concentrations determined in sediment samples and 
compares them with the average shale values supplied by 
Krauskopf (1985). The analysis showed that the metal con-
centrations in the sediments varied greatly, with ranges from 
83.64 to 739.61 mg/kg for Mn, 3818.86 to 41,685.76 mg/
kg for Fe, 8.64 to 78.58 mg/kg for Ni, 22.37 to 51.93 mg/kg 
for Cu, 38.56 to 98.82 mg/kg for Zn, 10.95 to 217.58 mg/
kg for Cr, and 5.00 to 32.00 mg/kg for As. The average val-
ues for Mn, Fe, Ni, Cu, Zn, Cr, and As were determined 
to be 281.00 ± 141.96 mg/kg, 14,275.47 ± 8314.17 mg/kg, 
30.06 ± 18.54 mg/kg, 34.39 ± 7.07 mg/kg, 66.23 ± 16.93 mg/
kg, 59.96 ± 13.25 mg/kg, and 11.66 ± 6.30 mg/kg, respec-
tively. The most common of these metals was Fe, which was 

followed in decreasing order by Mn, Zn, Cr, Cu, Ni, and As. 
The presence of Fe and Mn at the highest levels in coastal 
sediments is a common phenomenon, which is also sup-
ported by these studies (Gopal et al. 2020; Kodat and Tepe 
2023). However, the ranking of elements such as Zn, Cr, Cu, 
Ni, and As varies depending on regional geochemical pro-
cesses, anthropogenic influences, and industrial activities. 
The average concentrations of each metal examined were 
notably lower than the average shale values that Krauskopf 
(1985) reported.

High SD values in sediment PTE distribution stem from 
spatial heterogeneity, seasonal changes, and anthropogenic 
impacts. Hydrodynamic processes, grain size variations, 
and pollution sources contribute to these fluctuations (Şener 
et al. 2023; Duman et al. 2025; Özşeker et al. 2025). Find-
ings confirm that both natural and human factors drive these 
variations, emphasizing the need for continuous monitoring 
of sediment transport and metal pollution. The Kolmogo-
rov–Smirnov (K–S) test was used to determine if the data 
fit a normal distribution. When the p value is greater than 
0.05, the test indicates that the data are normally distrib-
uted (Kelepertzis 2014; Cai et al. 2015; Baltas et al. 2020). 
Figure 2 shows that all metal concentrations followed a 
normal distribution, according to the K–S test results. To 
verify normality, skewness values were also investigated. 
A normal distribution is suggested by a skewness value 
between − 1 and 1, but values outside of this range show 
deviations from normality (Chandrasekaran and Ravisankar 
2015; Baltas et al. 2020). The analysis of the metals exam-
ined in this study confirmed the normal distribution of the 
data, as indicated by skewness and kurtosis values within the 
permissible range (Lu et al. 2010; Cai et al. 2019). Similar 
results were reported in studies conducted along the Egyp-
tian Mediterranean coast, where skewness values ranged 
between − 0.66 and + 0.45, supporting the symmetric nature 

Table 1   Summary statistics of annual heavy metal concentrations in sediments (n = 88)

n sampling number
a Standard deviation (SD)
b Coefficent of variation(CV) (%)
c Background value (BGV) of chemical elements in the shale (Krauskopf 1985)
d TEL threshold effect level, PEL probable effect level. Sediment quality guidelines (SQG) (Long et al. 1995)

Elements Min
(mg/kg)

Max
(mg/kg)

Mean
(mg/kg)

SDa

(mg/kg)
K–S test Skewness Kurtosis CVb (%) BGVc TELd PELd

Mn 83.64 739.61 281.00 141.96 0.68  − 0.234  − 0.341 50.52 850 ‒ ‒
Fe 3818.86 41,685.76 14,275.47 8,384.17 0.56 0.021  − 0.580 58.73 47,000 ‒ ‒
Ni 8.64 78.58 30.06 18.54 0.62 0.282  − 0.843 61.69 80 15.9 42.8
Cu 22.37 51.93 34.39 7.07 0.77 0.028  − 0.672 20.56 50 18.7 108
Zn 38.56 98.82 66.23 16.93 0.56  − 0.080  − 0.842 25.56 90 124.0 271
Cr 10.95 217.58 59.96 13.25 1.20 0.610  − 0.799 103.18 100 52.3 160
As 5.00 32.00 11.66 6.30 2.04 0.885  − 1.025 54.00 20 7.24 41.60
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Fig. 2   Box-and-whisker diagram of potentially toxic element levels according to seasons and Kruskal–Wallis test results



	 Environmental Earth Sciences (2025) 84:245245  Page 8 of 25

of metal distributions in many sampling stations (El-Said 
et al. 2014; El Nemr and El-Said 2017). Negative skewness 
values were associated with areas undergoing erosion and 
sediment coarsening, while positive values reflected depo-
sitional environments rich in carbonates. Kurtosis values 
in these studies also ranged widely, from very platykurtic 
(0.48) to very leptokurtic (2.82), indicating variability in 
sediment sorting and transport dynamics. For example, sedi-
ments with well-sorted carbonate-rich fractions showed high 
kurtosis, whereas mixed sediments in dynamic zones had 
flatter distributions (Khalil et al. 2016). Studies in Çandarlı 
Gulf, Türkiye have shown that higher skewness values in 
winter are linked to increased stormwater runoff, bringing 
in high loads of metals from agricultural and urban sources 
(Duman et al. 2025). Additionally, in marine environments 
with dynamic hydrodynamics, kurtosis fluctuations indicate 
the reworking and redeposition of sediments, particularly in 
low-energy environments, where fine particles and associ-
ated metals accumulate over time (Şener et al. 2023). These 
findings highlight the importance of seasonal monitoring to 
assess the variability of metal contamination and its trans-
port dynamics in coastal environments.

To evaluate metal concentration variability, the coeffi-
cient of variation (CV) was used. Higher CV values indi-
cate anthropogenic sources, while lower CV values suggest 
natural origins (Marcinkonis et al. 2011; Cai et al. 2015; 
Mamut et al. 2017; Baltas et al. 2020). The CV values for 
Mn (50.52%), Fe (58.73%), Ni (61.69%), Cu (20.56%), Zn 
(25.56%), Cr (103.18%), and As (54.00%) are displayed in 
Table 1. According to CV classifications, Mn, Fe, Ni, Zn, 
and As exhibited moderate variability (25% < CV < 75%), 
while Cr showed considerable variability (CV > 75%), indi-
cating a strong anthropogenic influence. In contrast, Cu 
displayed minimal fluctuation (CV < 25%), suggesting a 
predominantly natural origin, likely from the parent mate-
rial of the sediment and topography (Mamut et al. 2017). 
These findings are consistent with studies from the South-
east Indian coast, where Cr exhibited high variability due to 
industrial discharges and urban runoff (Gopal et al. 2021). 
Topography plays a key role in the distribution of PTEs in 
sediments. It influences runoff, drainage, and erosion, which 
shape sediment metal concentrations (Du Laing et al. 2009; 
Liu et al. 2016). Marine transport and coastal erosion are 
major contributors to metal accumulation, as observed in 
studies of the Yellow River in China and Indian coastal 
regions (Zhang et al. 2018; Gopal et al. 2023).

A comparison with Sediment Quality Guidelines (SQGs) 
was conducted to assess potential ecological risks. The mean 
concentrations of Cr, As, Cu, and Ni exceeded the Thresh-
old Effect Level (TEL), indicating potential ecological risks. 
However, Zn levels were below TEL, suggesting a low prob-
ability of adverse effects (Table 1). These results align with 
studies on Turkish and North African coastal sediments, in 

which Cr and As have been identified as primary pollutants 
(Ben-Tahar et al. 2025).

Despite elevated TEL values for some metals, their con-
centration remained below the Probable Effect Level (PEL), 
meaning that adverse effects are unlikely under normal 
conditions. This finding is consistent with reports from the 
Indian Ocean and Eastern Mediterranean, where Cu and Zn 
levels were found to be below the PEL but still required 
monitoring (Gopal et al. 2021).

The average concentrations of PTEs (Mn, Fe, Ni, Cu, Zn, 
Cr, and As) found in this study were compared with previ-
ous research, as presented in Table S6. The Mn concentration 
(281 mg/kg) observed in Alanya was lower than that recorded 
in some Turkish coastal regions, such as the Eastern Medi-
terranean coast (671.02 mg/kg; Yalçın et al. 2023) and the 
Middle and Eastern Black Sea Coast (565.38 mg/kg; Apaydın 
et al. 2022), but higher than levels reported in the Red Sea 
(198.76 mg/kg; Nour et al. 2019) and Saudi Arabian coastal 
sediments (184 mg/kg; El-Sorogy et al. 2020). The Fe concen-
tration (14,275.47 mg/kg) in Alanya was significantly lower 
than the values recorded in the Middle and Eastern Black Sea 
Coast (46,000 mg/kg; Apaydın et al. 2022) but higher than 
those measured in the Egyptian Mediterranean (13,256 mg/
kg; Soliman et al. 2015) and the Red Sea (8451.62 mg/kg; 
Nour et al. 2019). The increase in Fe and Mn concentrations 
is primarily linked to sediment composition, redox-driven 
mobilization, and seasonal hydrodynamic changes. These 
elements accumulate in fine-grained sediments, binding with 
organic matter and clay minerals, which enhances their reten-
tion (Duman et al. 2025). Additionally, oxygen fluctuations 
in sediment layers promote Fe and Mn cycling, leading to 
seasonal variations in their distribution (Şener et al. 2023). 
Studies have also shown that Mn is strongly influenced by 
salinity gradients and oxygen availability, whereas Fe tends to 
accumulate in organic-rich sediments (Atakoglu et al. 2024). 
These findings confirm that natural geochemical processes 
and sediment properties play a dominant role in Fe and Mn 
enrichment in the study area.The Ni levels (30.06 mg/kg) 
were higher than those reported in studies from the Caspian 
Sea (16.6 mg/kg; Gholizadeh and Patimar 2018) and the Red 
Sea (17.52 mg/kg; Nour et al. 2019), yet lower than those 
from Turkey (108.59 mg/kg; Yalçın et al. 2023; 34.38 mg/kg; 
Apaydın et al. 2022). The higher Ni concentration in the study 
area is mainly attributed to agricultural runoff, wastewater dis-
charges from tourism activities, and atmospheric deposition. 
Similar studies in Fethiye Bay and Giresun, Türkiye, identified 
fertilizer use, pesticide residues, and untreated wastewater as 
key contributors to Ni pollution (Apaydın et al. 2022; Yalçın 
et al. 2023). Additionally, insufficient wastewater treatment in 
high-tourism areas leads to direct discharge into coastal waters, 
increasing heavy metal accumulation in sediments (Atakoglu 
et al. 2024). Similarly, Cu levels (34.39 mg/kg) were above 
values reported in other regions but significantly lower than 
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values recorded in Turkish coastal sediments, particularly in 
the Eastern Black Sea Coast (3107.3 mg/kg; Alkan et al. 2020) 
and the Middle and Eastern Black Sea Coast (104.06 mg/kg; 
Apaydın et al. 2022). Zn levels (66.23 mg/kg) followed a simi-
lar trend, lower than those reported in Turkey (4259.5 mg/kg; 
Alkan et al. 2020; 109.88 mg/kg; Apaydın et al. 2022) but 
exceeding values from regions such as the Egyptian Mediterra-
nean coast (22.19 mg/kg; Soliman et al. 2015) and the Red Sea 
(44.15 mg/kg; Nour et al. 2019). Cr concentrations (59.56 mg/
kg) in Alanya were higher than those from the Eastern Black 
Sea Coast (40.2 mg/kg; Alkan et al. 2020) and Caspian Sea 
(17.9 mg/kg; Gholizadeh and Patimar 2018) but lower than 
those observed in Egypt (82.74 mg/kg; Soliman et al. 2015) 
and the Antalya Gulf (891.88 mg/kg; Yalçın et al. 2023). The 
higher Cr concentration in the study area is primarily linked to 
agricultural activities, industrial inputs, and untreated waste-
water discharges. Similar findings in Türkiye and Egypt have 
shown that Cr contamination is often associated with pesti-
cide residues, fertilizer runoff, and urban wastewater effluents 
(Yalçın et al. 2023; Apaydın et al. 2022; Soliman et al. 2015). 
Additionally, in tourism-heavy coastal areas, untreated sewage 
contributes to elevated Cr levels, as observed in Mediterra-
nean and Red Sea coastal regions (Atakoglu et al. 2024; Nour 
et al. 2022). Lastly, the As levels (11.66 mg/kg) were lower 
than those measured in Turkish coastal regions such as the 
Eastern Black Sea Coast (208.2 mg/kg; Alkan et al. 2020) 
but exceeded values reported in the Caspian Sea (7.4 mg/kg; 
Gholizadeh and Patimar 2018) and the Red Sea (6.6 mg/kg; 
(El-Sorogy et al. 2020)). These findings highlight regional dif-
ferences in PTE contamination and emphasize the necessity 
for continued monitoring and environmental protection meas-
ures in coastal ecosystems.

Figure 2 shows the seasonal variance in PTE levels using 
a box-whisker plot. The Kruskal–Wallis test found no sig-
nificant seasonal changes in metal concentrations, except 
for Cr (p < 0.05). The Mann–Whitney pairwise comparison 
revealed that, other than Cr, there were no significant vari-
ations in mean concentrations among seasons. There were 
significant changes in chromium (Cr) concentrations across 
autumn, winter, spring, and summer (p < 0.05), with winter 
having the highest concentration. These results are consist-
ent with the study conducted in the southeastern Black Sea 
region of Turkey, where Cr contamination peaked during the 
winter and spring seasons due to stormwater runoff (Kodat 
and Tepe 2023).

Pollution assessment

Enrichment factor (EF) and geo‑accumulation index (Igeo)

Figure 3 illustrates the seasonal variation in the enrich-
ment factor (EF) and geo-accumulation index (Igeo) val-
ues, as well as the average contribution from each metal 

during such variations. A summary of the EF and Igeo val-
ues calculated for the sediments is presented in Table 2. 
As shown in Fig. 3, the highest EF values were recorded 
during winter, with chromium (Cr) contributing the most 
(an average of 5.32). According to Edokpayi et al. (2017), 
metal enrichment in aquatic environments decreases in 
winter due to higher water volume, whereas it increases in 
summer due to evaporation effects. Similarly, Islam et al. 
(2015) noted that metal concentrations tend to be lower in 
the rainy season due to dilution, although specific activi-
ties and local pollution sources can cause exceptions to 
this trend. In line with these studies, this research also 
found higher enrichment in winter compared to summer 
months (Zhao et al. 2014; Rajeshkumar et al. 2018). The 
reason for the increase in metal concentration in sedi-
ments during winter is due to increased precipitation. As 
a result, water from surrounding areas carries pesticides, 
agricultural fertilizers, and PTEs into the aquatic envi-
ronment, and the PTEs that mix with the water settle and 
accumulate in the sediments. The reduction in biological 
activity at low temperatures limits the biological retention 
of PTEs, leading to increased accumulation (Sancer and 
Tekin-Özan 2016).Throughout the other months and in the 
annual analysis, arsenic (As) was the primary contributor. 
The average EF values of the PTEs were ranked as fol-
lows: Cr (4.56) > As (3.94) > Zn (2.94) > Cu (2.83) > Ni 
(1.29) > Mn (1.19) (Table 2). According to Table S3, As, 
Zn, Cu, and Cr show moderate enrichment, while Ni and 
Mn exhibit minimal enrichment. The moderate enrichment 
levels of As, Cu, Zn, and Cr in the study area are primar-
ily caused by agricultural runoff, industrial discharges, 
and untreated wastewater from tourism-related activities. 
Research in Turkish coastal areas has shown that As, Cu 
and Zn accumulation is linked to fertilizer use, pesticide 
applications, and sewage effluents, while Cr pollution 
originates from industrial waste and urban runoff (Yalçın 
et al. 2023; Apaydın et al. 2022). Similar contamination 
patterns were observed in Çandarlı Gulf, where indus-
trial proximity increased EF values for metals (Duman 
et al. 2025). Additionally, findings from the Pearl River 
Delta indicate that chromium (Cr) and arsenic (As) pol-
lutions are strongly associated with agricultural pesticide 
applications (Liang et al. 2025). These results emphasize 
the need for enhanced wastewater treatment and sustain-
able agricultural practices to reduce PTE accumulation in 
sediments. In general, when the EF value is around 1, it is 
thought that metal enrichment results from crustal mate-
rials or natural wear processes. If the EF value is greater 
than 1.5, the main source of such enrichment is anthropo-
genic inputs (Tholkappian et al. 2018). In this study, the 
EF values for Mn and Ni were below 1.5, indicating that 
their sources were predominantly natural (crustal materials 
and erosion processes). In contrast, EF values above 1.5 
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Fig. 3   Seasonal distribution 
of enrichment factor (EF) and 
geoaccumulation index (Igeo) 
values and average contribu-
tions of elements
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for Cr, Cu, Zn, and As suggest significant anthropogenic 
contributions from industrial, agricultural, and tourism-
related activities (Öztürk et al. 2021; Gopal et al. 2021).

In relation to the geoaccumulation index (Igeo), Fig. 3b 
illustrates that the average Igeo values for all metals were neg-
ative (Igeo < 0), signifying no significant pollution through-
out the seasons. Notably, Fe was the largest contributor to 
the Igeo values in all seasons except autumn. Table 2 shows 
the ranking of Igeo values: As (− 0.77) > Zn (− 1.07) > Cu 
(− 1.13) > Cr (− 2.00) > Ni (− 2.04) > Mn (− 2.31) > Fe 
(− 2.53). According to the Müller classification in Table S3, 
these findings confirm that the Alanya region is not signifi-
cantly polluted by PTEs (Baltas et al. 2020).

Contamination factor (Cf), modified degree 
of contamination (mCd), and pollution load index (PLI)

Table 2 presents the Cf and PLI values for metals. The Cf val-
ues decreased in the following order: As (0.90), Zn (0.74), 
Cu (0.69), Cr (0.60), Ni (0.38), Mn (0.33), and Fe (0.30). 
Based on the average Cf values, minimal pollution was 
observed in the investigated region for all metals, as shown 
in Table S3. Figure 4a illustrates the seasonal contribution 
of each element to the degree of contamination, expressed 
as percentages. Arsenic (As) contributes the most thorougt 
the year, in all seasons except winter, where chromium (Cr) 
takes the highest contribution. The lowest contribution 
comes from Fe in all seasons except autumn, where Ni has 
the lowest contribution Fig. 4b presents the seasonal cumu-
lative mCd levels, which serve as an indicator of sediment 
Cf. The highest mCd level (7.09) was observed in winter, the 
lowest (5.39) in autumn, with the annual average at 5.89. 
According to the mCd contamination grading in Table S3, 
the study area exhibits a high level of contamination. 

Figure 4c illustrates the seasonal variation in the distribu-
tion of the Pollution Load Index (PLI) levels, another indi-
cator of PTE pollution. The highest average PLI value was 
recorded in winter (0.622), while the lowest was in autumn 
(0.411). The annual average PLI (0.468) suggests that the 
study area is not polluted (PLI < 1) (Öztürk et al. 2021) 
(Table S3). In addition, the Kruskal–Wallis test indicated 
that seasonal variations in PLI were statistically significant 
(p < 0.05). The Mann–Whitney pairwise comparisons test 
revealed that winter was the primary season responsible for 
these observed differences. The higher PLI value in winter 
detected in the study area is primarily due to increased run-
off, reduced dilution capacity and hydrodynamic changes 
associated with seasonal weather patterns. Studies indicate 
that heavy precipitation and storm events during winter lead 
to greater transport of PTEs from agricultural fields, urban 
runoff, and atmospheric deposition into coastal sediments 
(Vinothkannan et al. 2022). Similar seasonal trends were 
observed in Çandarlı Gulf, Türkiye, where rainfall-driven 
runoff significantly increased the pollution load index (PLI) 
and sediment contamination levels (Duman et al. 2025). 
Additionally, research on Beyşehir Lake found that lake 
water circulation and sedimentation rates were lower in 
winter, leading to the accumulation of contaminants (Şener 
et al. 2023; Ben-tahar et al. 2025). These factors explain the 
seasonal variation in pollution levels, emphasizing the need 
for continuous monitoring and improved watershed manage-
ment in coastal areas.

Potential ecological risk index (PERI) and ecological risk 
factor (Er)

Table 2 presents the ecological risk factor (Er) and potential 
ecological risk index (PERI) values for the PTEs studied. 

Table 2   Descriptive statistics of pollution and ecological risk indices

Ecological risk index EF Igeo Cf Er

Elements Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Mn 1.19 0.53 2.61  − 2.31  − 3.93  − 0.79 0.33 0.10 0.87 0.33 0.10 0.87
Fe – – –  − 2.53  − 4.21  − 0.76 0.30 0.08 0.89 0.30 0.08 0.89
Ni 1.29 0.40 5.10  − 2.04  − 3.80  − 0.61 0.38 0.11 0.98 1.88 0.54 4.91
Cu 2.83 0.86 6.49  − 1.13  − 1.75  − 0.53 0.69 0.45 1.04 3.44 2.24 5.19
Zn 2.94 1.23 5.60  − 1.07  − 0.45  − 1.07 0.74 0.43 1.10 0.74 0.43 1.10
Cr 4.56 0.23 11.16  − 2.00  − 3.78 0.54 0.60 0.11 2.18 1.20 0.22 4.35
As 3.94 1.37 21.91  − 0.77  − 1.96 0.71 0.90 0.38 2.46 8.97 3.85 24.62

Ecological risk index Mean Min Max

PLI 0.73 0.00 1.21
Cd 3.49 2.12 5.80
mCd 5.89 5.39 7.09
PERI 15.07 8.33 29.41
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Fig. 4   Diagrams showing the seasonal distribution of contamination factors (CF), contamination degree (Cd), and Pollution Load Index (PLI) 
levels
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The average Er values for the metals were ranked as follows: 
As (8.97), Cu (3.44), Ni (1.88), Cr (1.20), Zn (0.74), Mn 
(0.33), and Fe (0.30). Since all Er values were below 15, 
there is no significant ecological risk due to the toxicity of 
the metals in the studied area. Figure 5 illustrates the sea-
sonal contributions of the metals to the PERI. In all seasons, 
As was the primary contributor to the ecological risk, while 
Fe contributed the least. These findings align with the pollu-
tion levels observed in Fig. 5a. Additionally, seasonal vari-
ations in PERI are shown in Fig. 5b, where winter had the 
highest PERI due to increased Cr contamination. The mean 
PERI for the study area was 15.4, with the highest value 
in winter (15.8) and the lowest in summer (15.1). These 
values indicate that the region has a very low ecological 
risk (PERI < 50) (Table S3) (Gopal et al. 2021, 2023). The 
Mann–Whitney test found no significant seasonal differences 
in PERI values (p > 0.05), suggesting that metal pollution is 
relatively stable across different seasons. However, localized 
risk areas should still be monitored due to the potential for 
accumulation in marine organisms (Yalçın et al. 2023).

Potential human health risk assessment

Non‑carcinogenic risk and carcinogenic risk

The ADI, HQ, HI, CR, and TCR​ values are shown in Table 3. 
The following is a ranking of the ADItotal distribution for 
metals in sediments in the study region: Zn > Cr > Cu > N
i > As > Fe > Mn. These findings indicate that Zn has the 
highest potential for exposure, whereas Mn has the lowest, 
which is consistent with previous studies on coastal metal 
contamination in Turkey and India (Baltas et al. 2020; Gopal 
et al. 2021).Adults had the highest ADItotal values for oral 
intake, consistent with other research results (Chabukdhara 
and Nema 2013; Wei et al. 2015; Eziz et al. 2018; Baltas 
et al. 2020).

The PTE HQ values were graded as follows: As > Cr > 
Fe > Ni > Mn > Cu > Zn. The HQs for adults ranged from 
5.39E − 04 to 5.24E − 02. This suggests that the primary 
exposure pathway for PTEs in the study area is oral con-
sumption, which aligns with findings from Mediterranean 
and Southeast Asian coastal risk assessments (Chabukdhara 
and Nema 2013; Wei et al. 2015; Eziz et al. 2018). The HI 
value for adults was 0.131, which is below the safety thresh-
old (HI < 1). This confirms that non-carcinogenic risks from 
PTEs in the study area are currently insignificant, consistent 
with previous marine sediment studies (Wu et al. 2020).

The CR and TCR​ values for the carcinogenic metals (Cr, 
Ni, and As) are summarized in Table 3. The calculated total 
carcinogenic risk (CRtotal) values ranged from 3.10E − 05 to 
4.64E − 05, with Cr having the highest carcinogenic risk. 
This suggests that Cr poses a more significant long-term 
health risk than Ni and As, consistent with previous reports 

on Cr-related carcinogenic risks in marine ecosystems (Eziz 
et al. 2018; Wu et al. 2020). The TCR​ for adults was found 
to be 1.21E − 04, which falls within the acceptable cancer 
risk range (10−6–10−4). These results indicate a low but non-
negligible carcinogenic risk, aligning with studies from the 
Caspian Sea and Red Sea, where Cr was the dominant car-
cinogenic element (Nour et al. 2019; El-Sorogy et al. 2020).

A comparison of carcinogenic (CR) and non-carcinogenic 
(HI) health risks according to exposure pathways and sea-
sonal fluctuations is shown in Fig. 6. HI values for inges-
tion (Fig. 6a) did not show significant seasonal differences 
(Kruskal–Wallis test, p > 0.05), except for winter (p < 0.05). 
The Mann–Whitney pairwise comparison confirmed that 
winter exhibited the highest ingestion-related HI risk, likely 
due to increased runoff and industrial discharges (Gopal 
et al. 2023). HI values for dermal exposure (Fig. 6b) also 
showed no significant variations across seasons (p > 0.05). 
Figure 6b shows the seasonal variations in the HI dermal 
route. When the seasonal averages were considered, both the 
Kruskal–Wallis and the Mann–Whitney pairwise compari-
son tests revealed no significant difference between the HI 
levels resulting from the dermal pathway (p > 0.05).

The CR ingestion pathway (Fig. 6c) showed significant 
seasonal variation (p < 0.05), with winter having the highest 
CR values. Mann–Whitney tests indicated that the winter 
season significantly differed from other seasons (p < 0.05). 
This is in line with previous studies indicating that Cr 
and As contamination peaks during rainy seasons due to 
increased runoff from anthropogenic sources (Öztürk et al. 
2021). The dermal route CR levels (Fig. 6d) also varied 
significantly (p < 0.05), particularly in autumn, when mean 
dermal-derived CR values differed from annual mean levels 
and the means of other seasons.

The spatial distribution of potentially toxic element 
contents in sediments

Figure 7 displays the seasonal spatial horizontal distribution 
contour maps of the PTEs. It can be observed that, in spring, 
all PTEs except As and Cr exhibit similar behavior. As for 
arsenic (As), high concentrations were observed between 
stations 3 and 4, while high convcentrations of Cr were 
found between stations 8 and 10. When evaluating Fig. 7 
for summer, attention is drawn to the similar distribution pat-
terns between Fe, Ni, and Zn, as well as between Mn and Cu. 
Additionally, the highest concentration of As was measured 
at station 2, while the lowest levels were found between sta-
tions 8 and 10. High levels of Cr were detected only around 
the 7th and 8th stations, with low concentrations found at 
all other stations. When evaluating Fig. 7, a similar distribu-
tion pattern during autumn is observed among Mn and the 
elements Fe, Cu, Ni, and Zn. Furthermore, it was found that 
the concentration of As followed a comparable distribution 
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Fig. 5   For potential ecological risk levels (PERI) from potentially toxic elements, seasonal contribution of elements and cumulative PERI values
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to the distrubition during summer, with the highest levels 
observed around station 3 and the lowest levels between 
stations 8 and 10. Additionally, the significant fluctuations 
in the distribution of Cr between the 6th and 10th stations 
are noteworthy. Finally, when evaluating Fig. 7 for winter, 
it is noteworthy that the distribution patterns of Fe and Zn 
are similar to those observed during summer. Additionally, 
while the lowest levels of Mn and Cu are found at the same 
station (9th station), the stations where the highest levels are 
observed differ (6th station for Mn, and stations 1 through 5 
for Cu). It is observed that Fe, Ni, and Zn exhibit a similar 
distribution structure. Although Ni was detected at low lev-
els between the 2nd and 3rd stations, it was not found to be 
evenly distributed throughout the study area. The distribu-
tion of As was similar to that observed in autumn, with the 
highest levels observed around the 3rd station and the lowest 

levels between the 8th and 10th stations. In this season, the 
study area had a high concentration of Cr, and the lowest 
concentration was found at station 3. Regarding the element 
As, it was also present in the study area, but its distribution 
was not specified. These spatial trends align with previous 
sediment mapping studies, where Cr and As contamination 
hotspots were linked to anthropogenic activities (Yalçın 
et al. 2023; Akçay 2024).

Figure 8 displays the comparative seasonal distribution 
maps of environmental pollution levels (PLI) and ecological 
risk levels (PERI). The PLI levels were generally low at the 
1st and 2nd stations in spring, autumn, and winter, while 
the lowest levels were observed around the 10th station in 
summer. The highest PLI levels were observed between the 
5th and 6th stations in summer, autumn, and winter, and 
between the 4th and 5th stations in spring. The distribution 

Table 3   Description of the health risk indexes in sediment

Elements ADIing ADIderm ADItotal

Cr 9.02E − 05 3.42E − 07 9.06E − 05
Mn 4.01E − 04 1.6E − 06 4.03E − 04
Fe 2.04E − 02 8.14E − 05 2.05E − 02
Ni 4.29E − 05 1.71E − 07 4.31E − 05
Cu 4.91E − 05 1.96E − 07 4.93E − 05
Zn 9.46E − 05 3.77E − 07 9.50E − 05
As 1.67E − 05 1.97E − 06 1.86E − 05

Elements CRing CRderm CRtotal

Cr 4.51E − 05 6.84E − 06 5.20 E − 05
Mn
Fe
Ni 3.91E − 05 7.28E − 06 4.64 E − 05
Cu
Zn
As 2.50E − 05 5.98E − 06 3.10 E − 05

Elements HQing HQderm HQtotal

Cr 3.01E − 02 5.59E − 03 4.73E − 02
Mn 2.87E − 03 3.73E − 03 7.79E − 03
Fe 2.91E − 02 6.61E − 04 2.36E − 02
Ni 2.15E − 03 1.77E − 04 9.48E − 03
Cu 1.23E − 03 2.54E − 05 1.37E − 03
Zn 3.15E − 04 8.31E − 06 5.39E − 04
As 5.55E − 02 1.14E − 02 5.24E − 02

TCR​

Min Max Mean

4.77E − 05 2.83E − 04 1.21E − 04

HI

Min Max Mean

6.23E − 02 2.79E − 01 1.31E − 01
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patterns of PERI values were generally similar across sea-
sons. The lowest PERI levels were observed between the 8th 
and 10th stations, while the highest levels were observed 
between the 3rd and 4th stations in each season.

Figure 9 displays comparative distribution maps of carci-
nogenic (CR) and non-carcinogenic (HI) health risks based 
on seasonal variations, and routes of exposure (ingestion 
and dermal). The hazard index (HI) levels exhibit similar 
distribution patterns in each season for both ingestion and 
dermal routes. Station 3 consistently exhibits the highest HI 
levels across all seasons, while station 6 shows a significant 
increase in summer, autumn, and winter compared to its lev-
els in other seasons. The lowest HI levels are consistently 
observed at stations 9 and 10, and stations 1, and 2, across all 
seasons. When analyzing cancer risk (CR) levels, both inges-
tion and dermal routes, had a similar distribution structure in 
all seasons except winter. The highest levels were detected 
around station 4 and station 8 in winter, around station 6 
in autumn and summer, and around station 9 in spring. In 
spring, the lowest CR levels were detected around the 1st 
and 2nd stations. In summer, they were detected between 
the 9th and 10th stations. In autumn, they were detected 

both at the 1st and 2nd stations and between the 9th and 
10th stations. In winter, the lowest CR levels were detected 
around the third station for ingestion and the second station 
for dermal exposure.

Multivariate analysis of potentially toxic elements 
in sediments

The Pearson correlation coefficients among the concentra-
tions of PTEs in the sediment are shown in Fig. S1. The cor-
relation analysis reveals that PTE contamination in Alanya’s 
coastal sediments is driven by both geogenic and anthropo-
genic influences. A strong correlation is observed between 
Mn and Fe (r = 0.79), suggesting their origin from natural 
weathering and sediment transport, which is consistent 
with studies in Giresun, Türkiye where these elements were 
linked to lithogenic sources (Yalçın et al. 2023). Similarly, 
the strong correlation between Zn and Fe (r = 0.80) suggests 
that Zn has both natural and anthropogenic sources, aligning 
with research in Çandarlı Gulf, where Fe, Zn, and Cu were 
associated with industrial and agricultural runoff (Duman 
et al. 2025). The correlation between Cu and Zn (r = 0.66) 

Fig. 6   Seasonal variations of carcinogenic (CR) and non-carcinogenic (HI) health risks and overall comparison by exposure pathways
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suggests their connection to fertilizer and pesticide residues, 
a pattern also observed in Akyatan Lagoon, Türkiye where 
agricultural runoff was identified as a primary pollution 
source (Özbay et al. 2025). Additionally, Ni and Cr (r = 0.46) 
show a moderate correlation, which may indicate urbani-
zation and tourism-related pollution, like findings from 
Al-Uqair, Saudi Arabia, where these metals were linked to 
vehicular emissions and coastal development (Abbasi et al. 
2020). The weak or negative correlations observed for As 
with other metals suggest that As originates from distinct 
sources, likely related to pesticide application, as supported 
by studies in the Mediterranean coastal region (Atakoglu 
et al. 2024).

The relationships between PTEs in sediments and their 
potential sources were examined using Principal Component 
Analysis (PCA). The Kaiser–Meyer–Olkin (KMO) measure 
was 0.66, indicating that the dataset was suitable for PCA 
(Ji et al. 2019; Liu et al. 2023). The Bartlett’s sphericity 
test (p < 0.05) confirmed that the variables were signifi-
cantly correlated, making PCA an effective tool for source 
determination (Baltas et al. 2020; Apaydın et al. 2022). Two 

major components with eigenvalues greater than 1 explained 
69.951% of the total variance in the dataset (Table 4). Fig. 
S2 visually represents the relationships between PTEs, with 
PC1 and PC2 distinguishing between natural and anthropo-
genic sources (Öztürk et al. 2021). According to Liu et al. 
(2003) and Ustaoğlu and Islam (2020), factor loadings were 
classified as weak (0.30–0.50), moderate (0.50–0.75), or 
strong (> 0.75).

The first principal component (PC1, which accounts for 
50.234% of the total variance) exhibited strong positive 
loadings for Mn, Fe, and Zn, while Cu and Ni showed 
moderate positive loadings (Table 4). The dominance of 
Fe and Mn in PC1 suggests natural sources such as geo-
genic inputs, rock weathering, and coastal erosion (Zhu 
et al. 2013; Liu et al. 2023). However, Zn and Cu dis-
played enrichment factors (EF) > 1.5, indicating that they 
are influenced by anthropogenic activities such as vehicle 
emissions, industrial waste, and aquaculture (Sun et al. 
2019; Zhang et al. 2020). Additionally, fertilizer and pes-
ticide applications in agricultural areas are potential con-
tributors to Cu and Zn levels, particularly in regions where 

Fig. 7   Spatial distribution maps of elements according to seasons
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Fig. 8   Comparison of seasonal distribution maps of pollution load index (PLI) and potential ecological risk levels (PERI) levels
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bananas, citrus fruits, and kiwis are cultivated (Chen et al. 
2018; Song et al. 2019). The increasing presence of Zn and 
Cu in coastal sediments may also be linked to tourism-
related pollution and coastal boat traffic (Ustaoğlu and 
Islam 2020).

In contrast, Mn and Ni exhibited EF values lower than 
1.5, indicating that their primary sources are natural pro-
cesses such as rock weathering and sediment transport 
(Savitha et al. 2018). Mn, which is commonly derived from 
silicate mineral weathering, follows a similar distribution 
pattern to that reported in Black Sea and Mediterranean 
coastal sediments (Yalçın et al. 2023). These findings sug-
gest that PC1 represents a combination of geogenic and 
anthropogenic sources, including riverine input, industrial 
processes, aquaculture, and urbanization (Kelepertzis 2014; 
Chandrasekaran and Ravisankar 2015; Ma et al. 2016; Baltas 
et al. 2017).

The second principal component (PC2, explaining 
19.627% of the variance) exhibited a strong positive load-
ing for Cr and a moderate positive loading for As. The EF 
values for Cr and As were found to be greater than 1.5, 
confirming that these elements originate primarily from 
anthropogenic sources such as industrial discharge, vehi-
cle emissions, and agricultural runoff (Çevik et al. 2008; 
Baltas et al. 2017; Liu et al. 2023). Cr contamination is 
commonly associated with industrial waste, untreated 
sewage, and electroplating, while As contamination often 

Fig. 9   Comparison of seasonal distribution maps of cancer risk (carcinogenic, CR) and Hazard index (non-carcinogenic, HI) health risks accord-
ing to seasonal distribution and routes of exposure (ingestion and dermal)

Table 4   Rotated component matrix of metals in sediments

Values in bold indicate loadings above a threshold (0.5), considered 
relevant for interpretation

Parameter PC1 PC2

Mn 0.834 0.381
Fe 0.874 0.136
Ni 0.738 0.053
Cu 0.831 0.084
Zn 0.907  − 0.175
Cr 0.055 0.838
As 0.058 0.684
Eigenvalues 3.622 1.274
% of variance 50.234 19.627
Cumulative % 50.234 69.951
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originates from pesticide use, mining activities, and coal 
combustion (Sun et al. 2019; Ben-Tahar et al. 2025). The 
seasonal variation in Cr and As concentrations further 
supports the idea that their input is influenced by rainfall-
induced runoff and urban wastewater discharges, similar 
to findings from previous studies in Mediterranean and 
Indian coastal zones (Gopal et al. 2018, 2023).

The PCA results from this study align with those of 
previous research. In the Eastern Black Sea, Cr and As 
were identified as dominant anthropogenic pollutants, sup-
porting the classification of PC2 in this study (Yalçın et al. 
2023). Research on Red Sea sediments found that Mn and 
Fe primarily originated from natural sources, consistent 
with the PC1 findings (Nour et al. 2019; El-Sorogy et al. 
2020). A study in Turkish coastal areas also identified Zn 
and Cu as contaminants linked to industrial and urban 
wastewater; this matches the PC1 findings of this study 
(Apaydın et al. 2022). Similarly, a study on the Southeast 
Indian shelf found that industrial effluents significantly 
contributed to Cr and As contamination, supporting the 
observed influence of PC2 (Gopal et al. 2021).

These results highlight the need for targeted pollu-
tion control strategies focusing on metals with signifi-
cant anthropogenic influence (Cr, As, Cu, Zn). While 
Fe, Mn, and Ni primarily originate from natural sources, 
their accumulation in marine environments should still be 
monitored over time to assess potential long-term impacts. 
In contrast, Cr, As, Cu, and Zn pollution suggests direct 
human impacts, necessitating better wastewater treat-
ment, stricter emission controls, and improved environ-
mental regulations (Baltas et al. 2017; Gopal et al. 2019). 
Long-term monitoring should also be conducted to assess 
seasonal trends in metal pollution and develop effective 
mitigation strategies for high-risk periods, particularly in 
winter and the rainy seasons, when runoff-driven contami-
nation peaks (Gopal et al. 2019).

Hierarchical cluster analysis (HCA) identified three 
main PTE clusters, confirming multiple contamination 
sources in Alanya (Fig. S3). Fe, Mn, and Zn form a cluster, 
indicating a dominant lithogenic origin, consistent with 
findings from the Pearl River Estuary, where Fe and Mn 
are linked to weathering and hydrodynamic forces (Liang 
et al. 2025). Cu and Zn cluster together, suggesting mixed 
sources; Cu is primarily influenced by agricultural runoff 
and wastewater discharge, this trend is observed in Cud-
dalore, India (Vinothkannan et al. 2022). Cr, Ni, and As 
form a separate group, pointing to industrial discharges 
and historical pesticide contamination, similar to Medi-
terranean sediment studies (Atakoglu et al. 2024). These 
results highlight the need for improved wastewater treat-
ment and better management of agricultural runoffs to 
mitigate sediment contamination.

Conclusions

This study analyzed the concentrations, distribution, and 
potential risks of potentially toxic elements (PTEs) in sedi-
ment samples, revealing significant variability among met-
als. The findings indicated that Fe was the most abundant 
metal, followed by Mn, Zn, Cr, Cu, Ni, and As. The Kol-
mogorov–Smirnov (K–S) test, along with skewness and 
kurtosis values, confirmed that the metal concentrations 
followed a normal distribution. Moreover, the coefficient of 
variation (CV) values suggested that Cr showed the highest 
variability, due to anthropogenic influences, while Cu exhib-
ited minimal fluctuations, likely indicating a natural origin.

The enrichment factor (EF), geo-accumulation index 
(Igeo), contamination factor (Cf), modified degree of con-
tamination (mCd), and pollution load index (PLI) were 
employed to assess pollution. While EF values indicated 
moderate enrichment for Cu, Zn, Cr, and As, and minimal 
enrichment for Ni and Mn, the Igeo results classified the sedi-
ments as unpolluted. Additionally, the contamination factor 
values showed minimal contamination, and the PLI values 
confirmed that the area remained unpolluted overall.

The ecological risk factor (Er) and the potential ecologi-
cal risk (PERI) assessments indicated a very low ecological 
risk for all metals, with As being the primary contributor. 
Similarly, human health risk assessments revealed that the 
non-carcinogenic risk (HI) values were below the threshold, 
indicating no significant health hazard. However, the carci-
nogenic risk (CR) analysis showed that Cr posed the highest 
risk among the studied elements, although overall cancer 
risk remained within the low-risk category.

Overall, the study area is not significantly polluted, and 
the ecological and human health risks posed by PTEs remain 
low. However, continuous monitoring is essential to track 
potential anthropogenic influences and prevent future con-
tamination. Further studies should focus on identifying spe-
cific pollution sources and implementing effective manage-
ment strategies to maintain environmental and public health 
safety.
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