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Abstract: This study presents a comprehensive assessment of metal contamination and associated ecological 
and human health risks in three freshwater systems (Azmak, Akçapınar, and Çetibeli Creeks) discharging into 
Gökova Bay, a Special Environmental Protection Area on the southwestern coast of Türkiye. Surface water and 
sediment samples were collected monthly from six stations between April 2023 and March 2024, and 
concentrations of Fe, Cu, Mn, Zn, and Cd were determined using atomic absorption spectrometry. Sediment 
contamination was evaluated using the Contamination Factor (CF), Enrichment Factor (EF), Geoaccumulation 
Index (Igeo), and Potential Ecological Risk Index (ER and RI), while non-carcinogenic and carcinogenic risks 
were assessed through Average Daily Dose (ADD), Hazard Quotient (HQ), Hazard Index (HI), and Cancer Risk 
(CR) according to U.S. Environmental Protection Agency methodologies. Multivariate statistical analyses, 
including Spearman correlation, principal component analysis, and non-parametric tests, were employed to 
identify spatial and seasonal patterns. Sediment concentrations followed the order Fe > Mn > Zn > Cu > Cd, with 
Cd exhibiting exceptionally high levels (mean: 8.75 mg kg-1), substantially exceeding international sediment 
quality guidelines. Cd showed very high contamination (CF = 89.35), extreme enrichment (EF = 455.05), and 
strong geoaccumulation (Igeo = 5.77), indicating severe anthropogenic input. The overall ecological risk index 
(RI = 2688.42) revealed a very high ecological risk, overwhelmingly driven by Cd. Spatial analyses identified 
Akçapınar downstream station as the principal contamination hotspot, whereas seasonal variation was limited 
except for Cd, which peaked during spring. Human health risk assessment indicated that sediment ingestion 
poses significant non-carcinogenic risks, particularly for children (HI = 181.34), and carcinogenic risk from Cd 
exposure in children (CR = 6.25 × 10-4) exceeded the acceptable threshold recommended by the USEPA. 
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1. INTRODUCTION

Metals enter aquatic environments through both 
natural and anthropogenic processes. Natural sources 
include rock weathering, soil erosion, volcanic activity, 
and atmospheric deposition, whereas human-derived 
inputs arise from mining, fossil fuel combustion, 
agricultural practices, boating activities, and the 
discharge of municipal and industrial wastes (Yorulmaz 
et al., 2015). Unlike many organic pollutants, metals are 
not degraded biologically or chemically and can persist 
in aquatic systems for long periods (Rether, 2002). Once 
introduced into rivers, lakes, and coastal waters, they 

may be transported in dissolved form or adsorbed onto 
suspended particles and sediments, where they can 
accumulate and remain available for remobilization 
under changing environmental conditions (Tessier et al., 
2011). 

Some metals, including iron (Fe), copper (Cu), 
manganese (Mn), and zinc (Zn), are essential 
micronutrients required for normal physiological 
processes. They function as structural components of 
enzymes and metalloproteins and play important roles 
in oxygen transport, redox reactions, and cellular 
metabolism (Gailer, 2007). However, elevated 
concentrations of these metals can become toxic and 
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may impair growth, reproduction, and survival of 
aquatic organisms (Genç & Yilmaz, 2015). Cadmium 
(Cd), in contrast, has no known biological function and 
is highly toxic even at low concentrations. Because 
metals can bioaccumulate in organisms and biomagnify 
through food webs, chronic exposure may cause 
structural and functional damage at the cellular and 
molecular levels and may ultimately threaten ecosystem 
integrity and human health (Öğlü et al., 2015; Duodu et 
al., 2017). 

River and estuarine sediments are widely 
recognized as effective indicators of metal pollution 
because they act both as sinks and as secondary sources 
of contaminants (Pejman et al., 2015). Metals generally 
occur at much higher concentrations in sediments than 
in overlying water because they are rapidly associated 
with fine particles and organic matter after entering 
aquatic systems (Liu et al., 2018). Sediment-associated 
metals are of particular concern because they can be 
remobilized and taken up by benthic organisms and 
bottom-feeding fish, thereby transferring contamination 
to higher trophic levels (Krasnici et al., 2013). For this 
reason, assessments based solely on water chemistry 
may underestimate the long-term ecological 
significance of metal pollution. 

To evaluate the extent and consequences of 
sediment contamination, a number of widely used 
indices have been developed. The Contamination Factor 
(CF), Enrichment Factor (EF), and Geoaccumulation 
Index (Igeo) are commonly used to distinguish natural 
background contributions from anthropogenic inputs. 
The Potential Ecological Risk Index (ER and RI) 
provides an integrated measure of the ecological threat 
posed by metals, taking into account both contamination 
levels and metal-specific toxicities. In addition, human 
health risk assessment based on Average Daily Dose 
(ADD), Hazard Quotient (HQ), Hazard Index (HI), and 
Cancer Risk (CR) has become a standard approach for 
estimating potential non-carcinogenic and carcinogenic 
effects associated with exposure to contaminated 
sediments. 

Gökova Bay is located on the southwestern coast 
of Türkiye, at the transition between the Aegean and 
Mediterranean Seas, and has been designated as a 
Special Environmental Protection Area because of its 
exceptional ecological value and high biodiversity 
(Akyol et al., 2007). The bay supports extensive 
seagrass meadows, wetlands, and nursery habitats for 
numerous marine species, while also sustaining tourism, 
fisheries, and agriculture. Several streams and drainage 
channels transport freshwater and terrestrial materials 
from the surrounding watershed into the bay. Among 
these, Azmak, Akçapınar, and Çetibeli creeks drain 
catchments characterized by intensive agricultural 
activities, including citrus and maize cultivation, as well 

as increasing urban and tourism-related pressures. As a 
result, these waterways may act as important pathways 
for the transfer of metals and other contaminants to the 
coastal ecosystem. 

The present study was designed to address the 
following research questions: (i) what are the 
concentrations and spatial distributions of Fe, Cu, Mn, 
Zn, and Cd in the water and surface sediments of 
Azmak, Akçapınar, and Çetibeli creeks? (ii) to what 
extent do these metals indicate anthropogenic 
contamination according to CF, EF, and Igeo? (iii) what 
are the potential ecological risks associated with these 
metals based on ER and RI? and (iv) do the measured 
concentrations pose non-carcinogenic or carcinogenic 
risks to adults and children exposed to contaminated 
sediments? 

 
2. MATERIALS AND METHODS 

 
2.1. Study Area 

 
Gökova Bay, located in the region where the 

Aegean Sea meets the Mediterranean Sea, has been 
declared a Special Environmental Protection Area since 
1989 as one of Turkey's eight marine protection zones 
with an area of 52 thousand hectares, of which 24500 
hectares is land area (Akyol et al., 2007). Many large 
and small rivers flow into the Gulf. This study was 
carried out for two Creek and Stream (Azmak, 
Akçapınar and Çetibeli) flowing into the Gökova Gulf 
between 2023 April and 2024 March. Akçapınar Creek 
is situated in Ataköy, 2000 meters north-east of the road, 
after the Marmaris exit of the Muğla-Fethiye Highway. 
Akçapınar Creek section has a bottom width ranging 
between 7 - 20 m and a side height between 4 - 15 m. 
The Akçapınar Creek is lined with reeds and eucalyptus 
trees grow along its banks (Erdinç, 2010). Çetibeli 
Stream is located near the Marmaris–Muğla highway, 
about 8 km from the coast. The riverbed widens as it 
approaches the sea, which causes the flow rate to 
decrease even further during the year (Tuna & Çelik., 
2009). The Azmak Creek springs from the point where 
the northern plain meets the Akyaka settlement area. It 
is observed that there is intense mossing in the Azmak 
Creek, which is 2 km long until the sea. It is also used 
for irrigation purposes in agriculture at the exit point of 
Azmak Creek. Creek is covered with reeds, and the 
stream bed is wide (Erdinç, 2010). As shown in Figure 
1, samples were collected from sites marked as I, 
representing locations near the headwaters of the creeks, 
and from sites marked as II, corresponding to 
downstream locations close to where the creeks 
discharge into the marine environment. The study 
involved fieldwork at 3 main stations and 2 independent 
interruptions at each station; the location of these points 



263 

is presented in Figure 1. Samples were collected 
regularly during the first week of each month 
throughout the year, and samples from each location 
were analyzed independently. Water samples were 
distributed into 40 mL polyethylene bottles, carefully 
washed with acid to avoid surface sediment, and 
manually stabilized with 0.5 % concentrated nitric acid 
(HNO3). Sediment samples were collected as 
physiological samples according to the US EPA (2001) 
standard protocol. Those brought to the laboratory were 
dried at 105 °C for 24 hours and then passed through a 
60 mesh stainless steel sieve to ensure homogeneity. 
Ultrapure water (Direct-Q 8UV, Germany) was used for 
all analyses and solution preparation. The elements were 
analyzed using ICP/AES (Optima 2000-Perkin Elmer), 
which is a fast multielement technique with a dynamic 
linear range and moderate-low detection limits 
(Sturgeon, 2000). National Research Council Canada 
SPS-SW1 (for water) and WQB1 (for sediment)- 
National Water Research Institute were used to analyze 
the heavy metals. The analysis was performed using 
specific absorption wavelengths and detection limits for 
each element. The values were recorded as follows: Cd 
(228.804 nm; 0.001 μg g⁻¹), Cu (324.75 nm; 0.01 μg 
g⁻¹), Pb (220.35 nm; 0.0042 μg g⁻¹), Zn (206.20 nm; 
0.0059 μg g⁻¹), Cr (276.716 nm; 0.0071 μg g⁻¹), Hg 
(253.652 nm; 0.0610 μg g⁻¹), and As (193.696 nm; 

0.0530 μg g⁻¹). Examination of the Copernicus 
CORINE map (CLMS, 2018) (Figure 2) showing the 
land use structure of the region reveals that the majority 
of the basin consists of natural woodlands (green), but 
there are also settlements (red) as well as dense 
agricultural lands (yellow and orange), especially along 
the coastline and drainage channels. This data 
demonstrates the interaction of agricultural activities 
with the stations where the samples were collected. 
 

2.2. Instrumentation 
 
The Agilent Technologies 200 series atomic 

absorption spectroscopy (Agilent Technologies, 240FS 
AA) located in the Environmental Problems Research 
and Application Unit of the Muğla Sıtkı Koçman 
University Research Laboratories Application and 
Research Center was used in the studies. Argon (Ar) gas 
with 99.999% purity was used in experimental studies. 
Medical-grade compressed acetylene gas was used to 
produce an air-acetylene flame. The flame atomic 
absorption spectrometry (FAAS) method was used to 
determine the Fe concentration in water and sediment 
samples. A deuterium (D2) background correction 
system was used to eliminate background interference. 
An air/acetylene mixture was used as the flame source.  
 The air/acetylene ratio was13.5/2.1 (L /minute). A Fe 

 

 
Figure 1. Study area and sampling stations in Gökova Bay, Türkiye. 
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Figure 2: Land use map of the Gökova watershed and surrounding region. The extensive yellow and orange areas 

represent the intensive agricultural lands in the basin, directly adjacent to the marine environment where the sediment 
samples were collected. 

 
hollow cathode lamp was used as the continuous light 
source. In the experimental studies, the wavelength, 
lamp current and slit width were 248.3 nm, 7.0 mA, and 
0.2 nm, respectively. In the FAAS method, peak height 
was used as the basis for absorbance measurements of 
analyte signals. The Cu, Mn, Cd, and Zn concentrations 
in the samples studied were determined using the 
PSD120 automatic sampler with a graphite furnace 
atomic absorption spectrometer (GFAAS) method 
(Agilent Technologies GTA 120) equipped with a 
deuterium (D2) background correction system. A hollow 
cathode lamp specific to each element was used as the 
continuous light source. Ar gas was used as the carrier 
gas in the GFAAS method. The wavelength, lamp 
current, and bandwidth values used for the elements 
analyzed by the GFAAS method are given in Table 1. 

2.3. Accuracy Check 
 

CRM023 (sandy loam 7) and NIST SRM 1643e (trace 
elements in water) certified reference materials (CRMs) 
were analyzed to test the accuracy of the method used to 
determine metal concentrations in water and sediment 
samples. The CRM023 certified reference material in 
solid form was subjected to a digestion process prior to 
analysis. 0.1 g of CRM023 was weighed and taken into 
a Teflon container. 6.0 mL of concentrated HCl, 2.0 mL 
of concentrated HNO3, and 2.0 mL of concentrated HF 
were added to this. The mixture was digested using a 
microwave digestion unit (CEM Mars 6). The final 
volume was diluted to 50.0 mL with ultrapure water. 
The heating program of the microwave oven was as 
follows: The heat was run up to 200 °C in 20 minutes  

 
Table 1. Other operating conditions for elements determined by the GFAAS method. 

Parameter Cu Mn Zn Cd 
Wavelength (nm) 324.7 279.5 213.9 228.8 
Lamp current (mA) 3.0 5.0 5.0 3.0 
Slit width (nm) 0.5 0.2 0.5 0.5 

 
Table 2. Analysis results of the metals in the CRMs. 

 CRM023 NIST SRM 1643e 

Analyte Certified value 
(mg kg-1) 

Found value 
(mg kg-1) 

Recovery 
(%) 

Certified value 
(µg L-1) 

Found value 
(µg L-1) 

Recovery 
(%) 

Cu 35.0 ± 2.4 36.9 ± 0.8 105.4 22.76 ± 0.31 22.89 ± 0.65 100.8 
Fe 1070 ± 80 1096 ± 43 102.4 98.1 ± 1.4 99.5 ± 0.9 101.4 
Mn 8.91 ± 0.70 9.05 ± 0.26 101.6 38.97 ± 0.45 38.31 ± 1.14 98.3 
Cd 14.5 ± 0.6 14.9 ± 0.57 102.8 6.568 ± 0.073 6.513 ± 0.095 99.2 
Zn 105.3 ± 5.4 104.1 ± 2.9 98.9 78.5 ± 2.2 79.8 ± 1.6 101.7 
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and kept constant for 20 minutes at this temperature 
(Yildiz et al., 2024). In the analysis of CRMs, external 
calibration curves were constructed for each detected 
metal, and no standard addition procedure was required. 
Three subsequent readings were obtained for each 
metal, and the results were reported as average values. 
When the obtained results were compared with certified 
values, they showed good agreement at a 95 % 
confidence level. The recovery values of the analyzed 
metals were quite good, ranging from 98.9 % to 105.4 
% for CRM023 and from 98.3 % to 101.7 % for NIST 
SRM 1643e. The results are presented in Table 2. 
 

2.4. Contamination Factor (CF) 
 
The contamination factor (CF) is a numerical 

metric used to quantify the extent of metal 
contamination resulting from anthropogenic (human) 
activities (Ahmed et al., 2016). It is calculated as the 
ratio of the metal concentration in the analyzed 
sediment to the concentration in the background 
environment, following the methodology outlined by 
Hakanson (1980). In this study, background 
concentration values (in mg/g) were adopted from 
Taylor & McLennan (1995) and are as follows: Fe 
(30890), Cu (25), Co (10), Mn (540), Cd (0.098), Zn 
(71), Ni (20), Pb (20), As (1.5), and Cr (35). 
 

𝐶𝐶𝑓𝑓 = 𝐶𝐶0𝑖𝑖

𝐶𝐶𝑛𝑛𝑖𝑖
  (1) 

 

2.5. Enrichment Factor (EF) 
 
The Enrichment Factor (EF) was used to 

determine the concentration of Ms in sediment (Li et 
al., 2014). The methodology followed was consistent 
with that described by Müller et al. (1979): 
 

𝐸𝐸𝐸𝐸  =  
𝑀𝑀𝑖𝑖
𝐹𝐹𝑒𝑒𝑖𝑖
𝑀𝑀𝑏𝑏
𝐹𝐹𝑒𝑒𝑏𝑏

  (2) 
 

where, Mi and Mb denote the concentrations of metals 
in the sample and the background, respectively. The 
iron levels in both the background and the sample 
were determined by Taylor & McLennan (1995) and 
were represented by the subscripts Feb and Fei, 
respectively. 

 
2.6. Ecological Risk Assessment (RI) 
 
The potential ecological risk index (RI) is 

calculated using the following formula: 
 

𝑅𝑅𝑅𝑅  = ∑ 𝑇𝑇𝑟𝑟𝑖𝑖𝑛𝑛
𝑖𝑖=1   × 𝐶𝐶𝐹𝐹𝑖𝑖  (3) 

 

where, Tr
i represents the toxicological response factor 

of individual metals, with values as follows: Cu, Co, 
Ni, and Pb = 5; Mn and Zn = 1; As and Cr = 2; and Cd 

= 30 (Duodu et al., 2016). Similarly, CFi represents the 
contamination factor of individual metals. The 
modified potential ecological risk index (MRI) is 
calculated as follows. In this equation, EF represents 
the enrichment factor of each metal in the sediment. 

 
2.7. Assessment of Human Health Risks 
 
This study assesses the relationship between 

human health (HH) and the concentration of metals 
using the HH threat evaluation method, as outlined in 
the guidelines issued by the U.S. Environmental 
Protection Agency (US EPA, 2015). The health risk 
(HR) evaluation of sediment from Türkiye was 
conducted to estimate both carcinogenic and non-
carcinogenic health risks to humans via two primary 
exposure pathways: ingestion and dermal contact. 
The HR levels vary across sites depending on the 
duration of exposure, metal tolerance level, lifestyle, 
body weight, and individual habits (Swarnalatha et 
al., 2015). The ingestion route is considered the 
primary exposure pathway, while dermal contact is 
also a significant exposure route for both children and 
adults (US EPA, 2015). 

The HR levels were assessed by calculating the 
average daily dose (ADD). The ADD is defined as the 
estimated exposure intensity for a specific factor, 
indicating a low likelihood of adverse effects over a 
person’s lifetime (Swarnalatha et al., 2015). 

The ADDi for ingestion and the ADDd for 
dermal pathways were determined as follows. 
 

𝐴𝐴𝐴𝐴𝐷𝐷𝑑𝑑 = 𝑀𝑀×𝑆𝑆𝑆𝑆×𝐴𝐴𝐴𝐴×𝐴𝐴𝐴𝐴𝐴𝐴×𝐸𝐸𝐸𝐸×𝐸𝐸𝐸𝐸
𝐵𝐵𝐵𝐵×𝐴𝐴𝐴𝐴

× 10−6  (4) 
 

𝐴𝐴𝐴𝐴𝐷𝐷𝑖𝑖 = 𝑀𝑀×𝐼𝐼𝐼𝐼×𝐸𝐸𝐸𝐸×𝐸𝐸𝐸𝐸
𝐵𝐵𝐵𝐵×𝐴𝐴𝐴𝐴

  (5) 
 

In this equation, ADDi (mg/kg/day) and ADDd 
(mg/kg/day) represent the average daily doses by 
ingestion and dermal absorption, respectively, for a 
specific heavy metal. M represents the mean 
concentration of Cd, Fe, Co, Mn, As, Pb, Cr, Cu, Zn, and 
Ni (Table 3). The Human Health Risk Assessment (HH) 
utilized defined physiological and exposure parameters 
for the target populations of adults and children (US 
EPA, 2011). For these calculations, the Ingestion Rate 
(IR) was adopted as 0.1g/day for adults and 0.2 g/day 
for children. The Exposure Frequency (ER) has been set 
at 60 days per year. This figure was specifically chosen 
to reflect the active summer recreational season in the 
Gökova region and the periods during which tourists are 
present. This approach moves away from the overly 
conservative residential assumption (365 days/year) and 
aligns with guidelines regarding the recreational use of 
beaches, as well as with recent literature on sediment 
risk assessment (NHDES, 2019 ; Miletic et al., 2023), 
while the Exposure Duration (ED) was assumed to be 
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30 years for adults and 6 years for children (US EPA, 
2011; Iqbal et al., 2013). The Skin Surface Area (SA) for 
existing exposure events was set at 4,350 cm2/event for 
adults and 1,600 cm2/event for children (US EPA, 
2004). The Sediment to Skin Adherence Factor (AF) for 
the contaminant was used as 0.2 mg/cm2 for children 
and 0.7 mg/cm2 for adults. The Absorption Factor 
(ABS) was adjusted to 0.001 for children and 0.01 for 
adults, and the Conversion Factor (CR) was kept 
constant at 10-6 kg/mg (US EPA, 2004). The Body 
Weight (BW) standard values are 70 kg for adults and 
15 kg for children, and the Average Time (AT) values 
used in the calculations were determined as 10,950 days 
(30 years) for adults and 2,190 days (6 years) for 
children (US EPA, 2011). Furthermore, the specific 
Reference Dose (RfD) values for the evaluated metals 
were retrieved from the most updated USEPA Regional 
Screening Levels summary tables (US EPA, 2023). 
Based on these guidelines, the RfD values for the 
ingestion pathway (RfDi) are specified as follows: Fe 
(0.3), Cu (0.04), Mn (0.014), Cd (0.0005), and Zn (0.3) 
mg/kg/day. Similarly, the RfD values for the dermal 
exposure pathway (RfDd) are specified as: Fe (4.50E-
02), Cu (0.012), Mn (1.84E-03), Cd (1.00E-05), and Zn 
(0.06) mg/kg/day. 

Hazard quotients (HQ) were calculated based 
on ADDi and ADDd values. The hazard quotient (HQ) 
is defined as the ratio of the average daily dose (ADD) 
from ingestion and dermal exposure to their 
respective reference doses (RfDi and RfDd) (Genthe 
et al., 2013; US EPA, 2015). The HQ was calculated 
using the following formula: 

 

𝐻𝐻𝐻𝐻 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅𝑅𝑅

  (6) 
 

The HQ values greater than one represent the 
potential of the HM to harmfully affect the health of 
humans by non-carcinogenic threats. To determine 
the total potential of non-carcinogenic threat 
originated by more than one route, the hazard index 
(HI) is established, which is the addition of the HQ 
values. The HI values for ingestion and dermal 
pathways were determined. The variable indicates the 
finite number of HQ used for determination of HI. It 
is calculated using the formula (Xiao et al., 2015): 
 

𝐻𝐻𝐻𝐻 = 𝐻𝐻𝐻𝐻1 +𝐻𝐻𝐻𝐻2 +  𝐻𝐻𝐻𝐻3 … +  𝐻𝐻𝐻𝐻𝑛𝑛  (7) 
 

2.8. Carcinogenic Risk Assessment 
 
The potential carcinogenic effects of heavy 

metals in sediments on human health were calculated 
according to deterministic risk assessment protocols 
developed by the US EPA. Carcinogenic risk (CR) 
represents the probability of an individual developing 
cancer over a lifetime and is obtained by multiplying 

the Lifetime Average Daily Dose (LADD) by the 
Cancer Slope Factor (SF). (US EPA, 1989; 2011). 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 values for ingestion and dermal contact routes 
were calculated using the following formulas 
specified in the US EPA Exposure Factors Guide (US 
EPA, 2011): 
 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑖𝑖𝑖𝑖𝑖𝑖 =  (𝐶𝐶 × 𝐼𝐼𝐼𝐼 × 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐶𝐶𝐶𝐶)
(𝐵𝐵𝐵𝐵 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)   (8) 

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑖𝑖𝑖𝑖𝑖𝑖 =  (𝐶𝐶 × 𝐼𝐼𝐼𝐼 × 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐶𝐶𝐶𝐶)
(𝐵𝐵𝐵𝐵 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)   (9) 

 

In these formulas, the lifetime cumulative effect 
of exposure is considered in carcinogenic risk 
assessment, and the average time (ATcancer) has been 
fixed at 70 years (25,550 days) for both adults and 
children in accordance with US EPA standards (US 
EPA, 2011). 

Cancer Slope Factors (SF) have been included 
primarily based on the US EPA IRIS (2024) database. 
Although there is no officially established oral SF 
value for cadmium (Cd) by the US EPA, a proxy value 
was selected from the literature due to the sensitive 
ecological condition of the study area and in 
accordance with the “Precautionary Principle.” In this 
context, the widely accepted value of 0.38 (mg/kg-
day)⁻¹ from the literature was used to assess the risk of 
oral exposure to Cd (Wu et al., 2015; Okoro et al., 
2024). The coefficients required for dermal exposure 
were derived by dividing the oral SF values by the 
gastrointestinal absorption factors (ABSgi), as 
specified in the US EPA guidance. 

The total cancer risk (CRtotal) was calculated 
as the sum of individual exposure pathways: 

 

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  =  𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖𝑖𝑖 +  𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑  (10) 
 

The results were interpreted according to the 
following threshold values established by the US 
EPA: CR < 10-6: negligible risk; 10-6 < CR <10-4: 
acceptable or tolerable risk range; CR > 10-4: indicates 
that the potential carcinogenic risk is significant and 
requires regulatory action. 

Statistical analyses and group comparisons 
were performed using the open-source software 
jamovi (Version 2.6.44). The resulting data and 
subsequent inferences are detailed in Section 3.  

 
3. RESULTS AND DISCUSSION 

 
3.1. Metals Present in Sediments from 

Gökova 
 

Metal concentrations in sediment samples 
collected from three different Creeks in Gökova region 
were determined (Figure 2). The highest metal 
concentrations of Fe (7812.06 mg/kg), Zn (430.06 
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mg/kg) and Cd (18.84 mg/kg) were analyzed in the 
samples taken from Akçapınar II region. The highest 
concentrations of Cu (218.34 mg/kg) and Mn (1637.20 
mg/kg) were found in the samples taken from Azmak II 
and Çetibeli II regions, respectively. The average metal 
concentrations in water samples collected from Creek 
are presented in Figure 3 The highest Cu concentration 
(12.15 mg/kg) in summer and Zn concentration (4.986 
mg/kg) in autumn were analyzed in Çetibeli II region. 
The highest Fe concentration (0.456 mg/kg) in the 
samples obtained in Azmak II region was analyzed in 
summer, while the highest concentrations of Mn (12.71 
mg/kg) and Cd (2.78 mg/kg) in Azmak I region were 
observed in autumn. The average metal concentrations 
in water samples collected from Creek are presented in 
Figure 3. The highest Cu concentration (12.15 mg/kg) 
in summer and Zn concentration (4.986 mg/kg) in 
autumn were analyzed in Çetibeli II region. The highest 
Fe concentration (0.456 mg/kg) in the samples obtained 
in Azmak II region was analyzed in summer, while the 
highest concentrations of Mn (12.71 mg/kg) and Cd 
(2.78 mg/kg) in Azmak I region were observed in 
autumn. Sediment samples collected from three 
different sites in the Gökova Region. Based on the 
sediment data from the Gökova Region, the average 
concentrations of metals are as follows: Fe 6272.30 
mg/kg), Cu (20.17 mg/kg), Mn (604.48 mg/kg), Zn 
(190.579 mg/kg), and Cd (8.759 mg/kg) (Table 3). 

Additionally, normality tests are carried out and 
p-values from Shapiro-Wilk test are provided in Table 3. 
Except for Cd, other metal concentrations do not have 
normal distributions. Therefore, nonparametric 
statistical tests such as Mann-Whitney-U and Kruskal-
Wallis test are applied for the comparisons. 

The distribution of the analyzed metal values 
shows a right-skewed pattern (with extreme values on 
the right), as the skewness values for all metals, except 
for Fe, are greater than 0. Conversely, Fe shows a left-
skewed distribution (with extreme values on the left) 
due to its skewness value being less than 0. Kurtosis 

values indicate a negative trend for Cu, Zn, and Cd, 
suggesting a more pointed distribution with more 
extreme values. In contrast, Fe and Mn exhibit positive 
kurtosis, indicating a flatter and wider distribution with 
fewer extreme values (Beaver et al., 2012).  

The concentrations of Zn and Cd in sediment 
samples from the Gökova Region exceed the Australian 
Interim Sediment Quality Guidelines and the Effect 
Range Low (ERL) standards. However, according to the 
Effect Range Medium (ERM) standards, none of the 
metals in the samples exceed the limits. The results also 
show that Cu, Zn, and Cd exceed the toxicity reference 
values (TRV) indicated in Table 3. According to the 
World Surface Rock Average (WSA) values, the 
concentrations of Zn and Cd in the Gökova region are 
considered high. When compared to the Worldwide 
Commonly Found Trace Metal Range in Lakes 
(WCTMRL), Cu and Zn are found to be at average 
levels, while Cd exceeds normal concentrations. In 
terms of Threshold Effect Level (TEL) or Potential 
Effect Level (PEL) values for freshwater ecosystems, 
Zn accumulation in the Gökova region only exceeded 
the TEL value, while Cd concentration showed 
accumulation levels higher than both the TEL and PEL 
standards. Drainage channels such as Akçapınar and 
Azmak within the boundaries of the Gökova Special 
Environmental Protection Area (SEPA) carry runoff 
water from nearby corn and citrus orchards directly into 
the sedimentary environment. Considering that 
phosphate fertilizers increase the mobility of cadmium 
(Cd) in the soil, the high contamination levels of 8.75 
mg/kg detected at the outlets of these channels clearly 
document the extent of agricultural contamination. 
Drainage channels such as Akçapınar and Azmak within 
the boundaries of the Gökova Special Environmental 
Protection Area (SEPA) carry runoff water from nearby 
corn and citrus orchards directly into the sedimentary 
environment. Considering that phosphate fertilizers 
increase the mobility of cadmium (Cd) in the soil, the 
high contamination levels of 8.75 mg/kg detected at the  

 
Figure 3. Metal concentrations in water and sediment samples taken from three different Creek in the Gökova region (mg/kg).
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channels clearly document the extent of agricultural 
contamination. When we compare our findings with 
those from other basins in Türkiye, the extent of the risk 
becomes clearer. For example, in a study conducted on 
the Çömlekçi Creek in the Eastern Black Sea region 
(Ustaoğlu, 2020), Cd concentrations were found to be at 
a very low level of 0.11 mg/kg, and it was reported that 
this did not pose a risk to human health. The value of 
8.75 mg/kg that we detected is approximately 80 times 
higher than this reference. Cd values (< 0.01 mg/kg) 
detected in the Köyceğiz Lagoon System (KLES), the 
geographically closest neighboring basin (Yabanlı et al., 
2021), are also far below our findings. This situation 
demonstrates that the pollution in Gökova constitutes a 
local “hotspot.” Compared to studies in other regions, 
Munzur River sediments contain Fe (22,973 - 179,471 
mg/kg), Cu (4.50 - 33.25 mg/kg), Mn (133 - 982.5 
mg/kg), Zn (17.50 - 77.50 mg/kg), and Cd (0.92 - 3.09 
mg/kg) (Kutlu, 2023), while Pülümür River sediments 

contain Fe (22,100 - 39, 100 mg/kg), Cu (18.80 - 35.60 
mg/kg), Mn (340 - 711 mg/kg), Zn (37.00 - 79.00 
mg/kg), and Cd (0.10 - 0.40 mg/kg) concentrations. A 
previous study in the Gökova region reported values of 
Fe (64,872 mg/kg), Cu (6.04 mg/kg), Mn (466.2 
mg/kg), Zn (55.15 mg/kg), and Cd (< 0.01 mg/kg) 
(Balkıs et al., 2010). In the Bangladesh reported lower 
concentrations of Mn (269.5 ± 33.0 mg/kg), Fe (143.8 ± 
21.7 mg/kg), Zn (27.2 ± 4.34 mg/kg), and Cu (3.76 ± 
0.60 mg/kg) (Bhuyan et al., 2023). On an international 
scale, when compared to a study (Richir & Gobert, 
2016) comprising 1,210 stations in the Mediterranean 
basin, the Cd levels in our study fall within the top 2.7 
% of the most polluted stations along the entire 
Mediterranean coast. Even along the eastern 
Mediterranean coast (Mersin/Iskenderun), where 
industrial activity is intense, Cd values have been 
reported in the range of 0.10 - 0.26 mg/kg (Kurnaz et al., 
2022); the value of 8.75 mg/kg in Gökova demonstrates 

Table 3. Comparison of metal concentrations in sediment samples collected from the creek according to different 
guidelines (mg/kg). 

 Fe 
(n = 72) 

Cu 
(n = 72) 

Mn 
(n = 72) 

Zn 
(n = 72) 

Cd 
(n = 72) Reference 

Minimum 1475.64 0.76 163.62 57.11 2.36 

This Study 

Maximum 7812.06 53.1 1637.2 452.1 18.84 
Mean 6272.3 20.17 604.48 190.57 8.75 
Standart Error 174.018 1.62 36.74 12.8 0.415 
Skewness -1.495 0.356 0.884 0.887 0.461 
Kurtosis 1.485 -1.154 1.088 -0.453 -0.047 
Normality test (p-value) p<0.001 0.013 p<0.001 0.006 0.125 

Munzur River, Türkiye 22973-
179471 4.5-33.25 133-982.5 17.5-77.5 0.92-3.09 Kutlu (2023) 

Pülümür River Türkiye 22100-
39100 18.8-35.6 340-711 37-79 0.1-0.4 Kutlu et al. (2025) 

Gökova Bay, Türkiye 64.872 6.04 466.2 55.15 <0.01 Balkıs et al. (2010) 
Köyceğiz Lagoon,Türkiye - 0.25-0.51 - - <0.01 Yabanlı et al. (2021) 

Seyhan River, Türkiye - 6.12-57.22 143.92-
638.32 

34.21-
146.04 - Davutluoglu et al. (2011) 

NE Mediterranean,Türkiye - - - - 0.35 Çiftçi et al. (2020) 
Eastern Mediterranean, 
Türkiye 28262 14.8 - 62.6 0.2 Kurnaz et al. (2022) 

Kizkalesi Coast, Türkiye 11500 8.3 - 22.1 0.08 Yalçın & İlhan (2008) 
Çömlekçi Stream, Türkiye 8597 35.26 297.7 60.09 0.11 Ustaoğlu (2020) 
Eastern St. Martin’s Island, 
Bangladesh 143.8 3.76 269.5 27.17 - Bhuyan et al. (2023) 

Hindon River, India - 35.6-194.7 61.3-201 - 1.3–3.28 Suthar et al. (2009) 
Mediterranean Database - 18.2 420 62.4 0.15 Richir & Gobert (2016) 
Louro River, Spain - 30.5-55.9  - 0.371-1.4 Filgueiras et al. (2004) 
Australian Interim 11.5-62.8 6.3-55.6 232-3.26 26.4-100 0.02-0.16 De Caritat et al. (2011) 

Sediment Quality Guidelines 
ERL - 70 - 120 5 Bai et al. (2011) 
ERM - 390 - 270 9 Bai et al. (2011) 
TRV - 16 - 110 0.60 Mohiuddin et al. (2011) 
WSA - 32 - 129 0.30 Martin & Meybeck (1979) 
WCTMRL - 20-90 - 50-250 0.1-1.5 Forstner & Wittmann (1981) 
TEL - 35.7 - 123 0.59 MacDonald et al. (2000) 
PEL - 197 - 315 3.53 MacDonald et al. (2000) 
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the extent of agricultural pollution. Furthermore, 
comparisons with studies by Çiftçi et al. (2020) and 
Yalçın & İlhan (2008) confirm that pollution in Gökova 
involves significantly higher Cd accumulation than in 
regions focused on tourism or industry. 

When comparing our data with other studies in 
the literature, it is evident that Cd, Zn, and Mn levels are 
significantly higher than in regions such as Gökova Bay, 
East St. Martin's (Bangladesh), and the Hindon River 
(India). This difference indicates a more intense 
accumulation of these metals in the study area relative 
to the other regions. In contrast, Fe and Cu 
concentrations remained below or at similar levels to the 
values observed in the Munzur, Pülümür, and Louro 
(Spain) rivers. Therefore, it can be said that the pollution 
pressure in the region regarding Fe and Cu is lower 
compared to the other comparison areas. 

A detailed comparison of our findings with the 
literature reveals that the sediments in the region are 
subject to significant accumulation, particularly 
regarding Cd and Zn. For instance, while Cd levels were 
reported at a maximum of 0.40 mg/kg in the Pülümür 
River and remained below detection limits (< 0.01 
mg/kg) in Gökova Bay, they reached a remarkably high 
average of 8.75 mg/kg in our study, standing in sharp 
contrast to these other basins. Similarly, the maximum 
Mn accumulation, which was recorded at 201 mg/kg in 
the sediments of the Hindon River in India, was 
measured at an average of 604 mg/kg in our field, 
indicating a density approximately three times higher 
than this reference region. 

In contrast, a completely different picture 
emerges when examining Fe and Cu concentrations. 
Compared to the Fe load, which reaches up to 179,471 

mg/kg in the Munzur River and 39,100 mg/kg in the 
Pülümür River, the average value of 6,272 mg/kg in our 
study area remains quite low. Additionally, Cu levels 
reported in studies of the Louro River in Spain (30.5 - 
55.9 mg/kg) and the Hindon River (35.6 - 194.7 mg/kg) 
are also above our measured average of 20.17 mg/kg. 
This situation demonstrates that the pollution pressure 
in the study area is not distributed evenly across all 
metals, but rather points to a contamination pattern 
specifically driven by Cd and Zn. 

We used the non-parametric Kruskal–Wallis H 
test to evaluate (i) spatial differences among the six 
sampling stations and (ii) temporal differences among 
the four seasons (Winter, Spring, Summer, Autumn), 
treating each metal independently. When the overall test 
was significant (p < 0.05), pairwise contrasts were 
obtained with Dunn's post-hoc test and p-values were 
adjusted for multiple comparisons using the Bonferroni 
correction. This two-step procedure identifies which 
specific stations or seasons cause the overall difference 
while controlling the error rate. The results are provided 
in following Table 4 and Table 5 below. 

Regarding the Table 4, the Kruskal–Wallis test 
detected highly significant differences among stations 
for all five metals (Fe: H = 26.29, p < 0.001; Cu: H = 
37.31, p < 0.001; Mn: H = 40.92, p < 0.001; Zn: H = 
15.66, p = 0.008; Cd: H = 21.11, p < 0.001). Dunn’s 
post-hoc test indicated that station Akç-2 was the 
most distinct, differing significantly from the Azmak 
and Çetibeli stations for Cu, Zn and Cd, and emerging 
as the principal contamination hotspot. Cu showed 
the largest number of significant pairwise contrasts 
(7), reflecting a strong between-station gradient at 
Akçapınar. 

 
Table 4. Kruskal–Wallis test for spatial differences in heavy metal concentrations in sediments among the six 
sampling stations. Significant pairwise differences from Dunn’s post-hoc test with Bonferroni correction are listed in 
the last column. 

Metal H statistic p-value Significant pairs (Dunn, Bonferroni p < 0.05) 
Fe 26.29 < 0.001 Akç-1 ≠ Azm-2; Akç-2 ≠ Azm-2; Azm-2 ≠ Çet-1 

Cu 37.31 < 0.001 Akç-1 ≠ Azm-1; Akç-1 ≠ Azm-2; Akç-1 ≠ Çet-1; Akç-1 ≠ Çet-2; 
Akç-2 ≠ Azm-1; Akç-2 ≠ Azm-2; Akç-2 ≠ Çet-2 

Mn 40.92 < 0.001 Akç-1 ≠ Çet-2; Akç-2 ≠ Azm-2; Akç-2 ≠ Çet-2; Azm-1 ≠ Çet-2; 
Azm-2 ≠ Çet-2; Çet-1 ≠ Çet-2 

Zn 15.66 0.008 Akç-2 ≠ Azm-1; Akç-2 ≠ Azm-2; Akç-2 ≠ Çet-1 
Cd 21.11 < 0.001 Akç-1 ≠ Çet-2; Akç-2 ≠ Azm-2; Akç-2 ≠ Çet-2 

Table 5. Kruskal–Wallis test for seasonal differences in heavy metal concentrations in sediments. Months were 
grouped into Winter, Spring, Summer  and Autumn. 

Metal H statistic p-value Significant seasonal pairs (Dunn, Bonferroni p < 0.05) 
Fe 0.23 0.972 none 
Cu 2.79 0.425 none 
Mn 2.24 0.524 none 
Zn 3.09 0.377 none 
Cd 13.59 0.004 Spring ≠ Summer; Spring ≠ Autumn 
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In contrast to the marked spatial variability, no 
seasonal effect was detected for Fe, Cu, Mn or Zn (all 
p > 0.37), indicating that the sediment metal load is 
governed by station-specific sources rather than by 
hydrological seasonality. Cd was the only exception (H 
= 13.59, p = 0.004), with spring concentrations 
significantly higher than those in summer (p_bonf = 
0.042) and autumn (p_bonf = 0.004), a pattern 
consistent with leaching of agricultural inputs during 
the wet season. 

 
3.2. Water Parameters 
 
Water quality measurements collected from six 

sampling stations are presented in Table 6. Water 
temperature ranged from 18.51 °C to 23.43 °C, with 
the lowest value recorded at the Azmak I station and 
the highest at Çetibeli II. pH values ranged between 
8.65 and 9.13, indicating that the water at all stations 
was slightly alkaline in character. Significant variation 
was observed among stations in electrical conductivity 
(EC). The lowest EC value was measured at Çetibeli I 
(3.98 mS cm-1), while the highest was recorded at 
Çetibeli II (150.42 mS cm-1), suggesting differences in 
the concentration of dissolved ions across the sampling 
locations. Dissolved oxygen (DO) concentrations 
varied between 6.47 and 8.22 mg L-1. The oxygen 
levels at all stations were within ranges that can 
support aquatic organisms, with the Azmak stations 
generally showing higher values (EPA, 2021). 
Concentrations of nitrite (NO₂⁻) and nitrate (NO₃⁻) 
were relatively low, ranging from 0.03–0.07 mg L⁻¹ 
and 0.14 - 0.41 mg L-1, respectively. Ortho-phosphate 
(PO₄³⁻) concentrations were also low at all stations, 
varying between 0.06 and 0.08 mg L-1. Total hardness 
showed marked differences among the sampling sites. 
The lowest value was measured at Çetibeli I 
(23.80°dH), while the highest was found at Çetibeli II 
(43.70°dH). Calcium (Ca²⁺) concentrations ranged 
from 17.60 to 89.33 mg L⁻¹, with the maximum value 
recorded at Akçapınar I and the minimum at Çetibeli 
II. In contrast, magnesium (Mg²⁺) concentrations 

ranged between 46.93 and 137.71 mg L-1, reaching 
their highest level at Azmak II. 

 
3.3. Contamination, Enrichment and Igeo 

Factors of metals 
 

Metal concentrations in the sediment samples 
were evaluated using critical indicators such as the 
Contamination Factor (CF), the Enrichment Factor 
(EF), and the Geoaccumulation Index (Igeo) (Table 7). 
These factors are fundamental metrics for identifying 
anthropogenic metal inputs and quantifying the extent 
of metal biogeochemical accumulation in sediments 
relative to natural background levels (Khorshid & 
Thiele-Bruhn, 2016). The Contamination Factor (CF) 
results were used to assess the level of metal pollution 
in the sediment according to the Hakanson (1980) 
classification: CF < 1 (low contamination), 1 ≤ CF < 3 
(moderate contamination), 3 ≤ CF < 6 (high 
contamination), and CF ≥ 6 (very high contamination). 
The analysis indicated that Cd (89.3528) signaled a 
very high contamination level (CF ≥ 6), while Mn 
(1.1194) and Zn (2.6841) were classified as exhibiting 
moderate contamination (1≤ CF <3). In contrast, Fe 
(0.2030) and Cu (0.8068) exhibited low contamination 
levels (CF < 1). The Enrichment Factor (EF) 
quantitatively expresses the accumulation of metals 
within the sediment matrix relative to their base 
concentrations, divided into five categories as defined 
by Sutherland (2000): EF < 2 (minimal enrichment), 2 
≤ EF < 5 (moderate enrichment), 5 ≤ EF < 20 
(significant enrichment), 20 ≤ EF < 40 (high 
enrichment), and EF ≥ 40 (extreme enrichment). The 
EF values for the various metals are presented in Table 
6. Findings revealed that Cd (455.045) showed 
extreme enrichment (EF ≤ 40), while Zn (13.3025) and 
Mn (5.4364) were classified under significant 
enrichment (5 ≤ EF < 20). Conversely, Cu (3.7333) 
remained within the moderate enrichment range (2 ≤ 
EF < 5). Our findings have been compared with those 
of previous studies. In another study conducted in the 
same region, low contamination and enrichment were 

Table 6. Presents the average values of the water parameters. 

Station 
Water 

Tempe-
rature 

pH Conductivity 
(µS cm-1) 

Dissolved 
Oxygen 
mg L-1 

Nitrate 
(NO2) 
mg L-1 

Nitrate 
(NO3) 
mg L-1 

Ortho-
Phosphate 

(𝑃𝑃𝑃𝑃43−)  
mg L-1 

Total 
hardness 

(0 dH) 

Calcium 
(Ca2+) 
mg L-1 

Magnesium 
(Mg2+)  
mg L-1 

Akçapınar I 19,44 9,12 4,40 6,47 0,06 0,36 0,0800 25,23 89,32 46,92 
Akçapınar II 20,01 8,65 14,80 6,93 0,07 0,23 0,08 30,54 107,29 59,41 
Azmak I 18,51 8,52 20,01 7,34 0,04 0,06 0,08 38,67 59,74 122,31 
Azmak II 18,72 8,74 23,06 7,70 0,04 0,14 0,09 41,13 73,66 137,71 
Çetibeli I 22,56 8,83 3,98 7,80 0,04 0,08 0,09 23,80 52,26 71,78 
Çetibeli II 23,43 8,54 150,42 8,22 0,03 0,41 0,09 43,70 17,60 115,58 
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reported for Fe (CF = 1.38; EF = 3.87), Cu (CF = 0.12; 
EF = 0.34), Mn (CF = 0.36; EF = 1.54), Zn (CF = 0.61; 
EF = 1.71), and Cd (CF = 0.03; EF = 0.09) (Balkıs et 
al., 2010). Similarly, a sediment study conducted on 
the Munzur River reported metal values of Fe (CF = 
2.22; EF = 1.00), Cu (CF = 0.51; EF = 1.34), Mn (CF 
= 0.69; EF = 6.09), Zn (CF = 0.45; EF = 0.43), and Cd 
(CF = 1.58; EF = 0.03) metal values were reported 
(Kutlu, 2023). Sediment samples collected from Ras 
Abu Ali Island showed low contamination for Fe 
(0.10), Cu (0.09), Zn (0.07) and Ni (0.19), while EF 
values indicated minimum-to-medium enrichment for 
Cu (2.22), Ni (1.87) and Fe (0.97). Overall, these 
comparisons reveal that Zn and Cd metals in Gökova 
region sediments show relatively higher contamination 
compared to both Turkish river systems and foreign 
coastal sediments, indicating a potentially high 
ecological risk. The Geoaccumulation Index (Igeo) 
was calculated to sedimentological assess the 
contamination levels of the metals. According to the 
analysis, the Igeo values indicate that only Cd (5.7691) 
among the five analyzed metals is classified as highly 
contaminated (Igeo ≥ 5). In contrast, Zn (0.6208) is 
classified as uncontaminated to moderately 
contaminated (Igeo > 0 - 1), with no contamination 
detected in the remaining metals. Based on the Igeo 
analysis, only the metals Cd and Zn exceeded the Igeo 
standards. The average Igeo values of the metals in our 
study were compared with the findings reported in 
previous studies. Igeo contamination in the Çanakkale 
region has generally been reported as uncontaminated 
or slightly contaminated for Cu (0.51), Zn (0.45), Mn 
(-2.66), Fe (-1.17) and Cd (-0.04) (Oran & Erginal, 
2023). The average Igeo values of sediment samples 
collected from the Iskenderun region were calculated 
as Cu (2.78), Zn (3.90), Mn (8.06), Fe (11.99) and Cd 
(-3.76), and high geoaccumulation was reported, 
particularly for Fe, Mn and Zn (Kutlu et al., 2021). 
Overall, these comparisons indicate that the sediments 
analyzed in our current study show high levels of 
contamination with Cd, while higher levels of 
geoaccumulation were reported for Fe, Mn, and Zn in 
other regions. 

An analysis of the source of the high Cd 
concentrations detected in the study area reveals that 
this contamination stems from anthropogenic factors 
rather than natural lithological processes. The 
fundamental geological structure of the Muğla and 
Gökova basins consists largely of ultramafic ophiolitic 
sequences and carbonate (karstic) formations. 
Although such ultramafic rock units inherently possess 
a high geochemical potential for elements such as 
Chromium (Cr) and Nickel (Ni) (Engin et al., 1987), 
they are quite poor in Cadmium (Cd) content. It is 
expected that natural background values in the region 

would be around 0.1 mg/kg, which is the continental 
crust average (Taylor & McLennan, 1995). Based on 
this information, the Cd enrichment detected in the 
sediments which reaches extreme levels in some areas 
indicates an anthropogenic (human-induced) input 
from outside the basin rather than natural weathering 
of the regional lithology. The high Cd levels in the 
study area are a characteristic result of the chemical 
fertilizers (particularly Triple Super Phosphate—TSP 
and Diammonium Phosphate—DAP) used in the 
intensive agricultural activities carried out in the 
Gökova Basin. These fertilizers, produced from 
phosphate rocks, contain high levels of Cd impurities 
derived from the raw material during the production 
process. Studies conducted in Türkiye confirm that 
phosphate fertilizers applied to agricultural lands may 
be a primary anthropogenic source of sediment 
contamination (Savcı, 2012).  When combined with 
the geological reality of the region, these data support 
the hypothesis that the primary source of 
contamination is phosphate fertilizer residues 
discharged from neighboring agricultural lands in the 
region, which are known to contain high levels of Cd 
impurities. Therefore, it is geochemically impossible 
to explain the high Cd levels detected in our study by 
the weathering of the parent rock. Previous studies on 
Gökova Bay sediments (Balkis et al., 2010) also 
confirm that, unlike Cr and Ni, Cd enrichment is 
attributed to terrestrial runoff. Drainage channels such 
as Akçapınar and Azmak within the boundaries of the 
Gökova Special Environmental Protection Area 
(SEPA) carry runoff water from nearby corn and citrus 
orchards directly into the sedimentary environment. 
Considering that phosphate fertilizers increase the 
mobility of cadmium (Cd) in the soil, the high 
contamination levels of 8.75 mg/kg detected at the 
outlets of these channels clearly document the extent 
of agricultural contamination. 

Apart from a natural geological source, 
intensive agricultural activities in the farmlands 
directly adjacent to the marine environment where 
samples were collected and extending over vast areas 
in the Gökova Basin (Figure 2.) emerge as the primary 
cause of Cd contamination. Phosphate fertilizers, 
widely used in these agricultural plains as clearly 
shown in the land-use map (Figure 2.), are the primary 
documented anthropogenic source of Cd worldwide 
(Nziguheba & Smolders, 2008). National studies 
analyzing the composition of commercial phosphate 
fertilizers and phosphate rocks used in Türkiye confirm 
quite high Cd impurities reaching up to 75 mg/kg 
(Köleli & Kantar, 2006). Furthermore, it has been 
statistically proven that the long-term and intensive use 
of these fertilizers is the primary cause of Cd 
accumulation in agricultural soils, particularly in 
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regions without heavy industrial activity (Saltali et al., 
2004). Consequently, when the region’s geochemical 
reality, literature data, and the basin’s agricultural 
structure are evaluated together, it has been concluded 
that phosphate fertilizer residues transported via 
surface runoff from agricultural plains are the primary 
source of the very high CF, extreme EF, and high Igeo 
values observed in Gökova sediments. 

 
3.4. Ecological Risk Assessment of metals 

 
The RI, derived from CF, was established by 

Hakanson (1980). It provides valuable information on 
contamination levels and the ecological risks 
associated with metals in sediments (Duodu et al., 
2016). The classification of RI is as follows: RI < 150 
indicates a low ecological risk, 150 ≤ RI < 300 
represents a moderate risk, 300 ≤ RI < 600 signifies a 
considerable risk, and RI > 600 denotes a high 
ecological risk. The classification of potential 
ecological risk factors is as follows: ER < 40 indicates 
a low risk, 40 ≤ ER < 80 represents a moderate risk, 80 
≤ ER < 160 is considered considerable, 160 ≤ ER < 320 
signifies a high risk, and ER > 320 denotes a very high 
ecological risk. Table 7 presents the ecological and 
modified ecological risk assessments for different 
metals. The RI values indicate a very high ecological 
risk in the sediments of Gökova. The ER values of Cd 
suggest that it may pose a higher ecological risk 
compared to other metals. The toxic response factor of 
Cd is higher than metals such as Cu, Mn, and Zn, 
which can be associated with its elevated ER values 
(Wei et al., 2010). Sediment analyses conducted in the 
Gökova region have revealed that the Risk Index (RI) 
value exceeds 600 (RI > 600). The analyses indicate 
that this could pose a significantly high ecological risk 
to the benthic environment and associated biota. 
Among the sediments in the Gökova region, Cd has 
been identified as the primary contaminant responsible 
for ecological risks. As noted in previous sections, 
given the Cd poor ophiolitic lithology of the Muğla-
Gökova basin, this risk profile is not a result of natural 
geological weathering.  

High RI values indicate the cumulative effect of 

intense phosphate fertilizer runoff from agricultural 
land in the region. (Köleli & Kantar, 2006; Saltali et 
al., 2004). The continuous influx of Cd into these 
closed freshwater-marine transition zones creates a 
hazardous environment for the benthic ecosystem 
(Nziguheba & Smolders, 2008). 

RI values exceeding 600 indicate a critical 
threshold for the Gökova region and point to 
potentially serious degradation of the biota associated 
with the benthic community (Hakanson, 1980). When 
compared with other coastal and river systems in 
Türkiye and worldwide, the sediments of Gökova 
exhibit a localised ‘hotspot’ of pollution (Balkis et al., 
2010; Oran & Erginal, 2023). 

 
3.5. Correlation Analysis to Different metals 

in the sediments 
 

Spearman correlation analysis is provided in 
the Table 8. In water, Cd shows strong positive 
monotone associations with Fe (ρ = 0.78, p < 0.01) 
and Cu (ρ = 0.60, p < 0.01), and a moderate Fe-Cu 
association (ρ = 0.47, p < 0.01) is also detected. A 
separate moderate correlation is observed between 
Mn and Zn (ρ = 0.53, p < 0.01), while these two 
metals show no significant association with the Fe-
Cu-Cd group (|ρ| ≤ 0.18, p > 0.05). The water 
correlation matrix therefore exhibits a two-block 
structure. In sediment, all pairwise correlations are 
positive, and Fe is significantly correlated with each 
of the other four metals (ρ between 0.51 and 0.57, p 
< 0.01), making it the most centrally connected 
variable. Moderate significant correlations are also 
observed between Cu and Cd (ρ = 0.54, p < 0.01), Cd 
and Zn (ρ = 0.49, p < 0.01) and Cu and Zn (ρ = 0.48, 
p < 0.01), whereas Mn shows weaker and non-
significant associations with Cd (ρ = −0.10) and Zn 
(ρ = 0.33). 

PCA was performed on log-transformed and 
standardized (z-scored) data. The first two 
components jointly explain 77.2 % of the total 
variance for water and 76.9 % for sediment. Loadings 
≥ |0.7| are considered strong contributors to the 
corresponding component. 

 
Table 7. Table showing the average CF, EF, Lgeo, ER and RI values of metals. 

Average Contamination Factor 
(CF) 

Enrichment 
Factor (EF) 

Geoaccumulation index 
(Lgeo) 

Ecological Risk 
(ER) 

Fe 0,2030 - -2,9437 - 
Cu 0,8068 3,7333 -1,356 4,0340 
Mn 1,1194 5,4364 -0,6245 1,1194 
Zn 2,6841 13,3025 0,6208 2,6841 
Cd 89,3528 455,045 5,7691 2680,58 

Risk Index (RI) - - - 2688,42 
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Table 8. Spearman rank correlation matrix for heavy metals in water and sediment samples from the Gökova region. 
 Water Sediment 
 Fe Cu Mn Cd Zn  Fe Cu Mn Cd Zn 

Fe 1     Fe 1     
Cu 0.472** 1    Cu 0.512** 1    
Mn 0.182 -0.039 1   Mn 0.543** 0.238* 1   
Cd 0.782** 0.600** 0.152 1  Cd 0.260* 0.540** -0.102 1  
Zn 0.089 -0.121 0.527** 0.082 1 Zn 0.574** 0.484** 0.328** 0.493** 1 
*The correlation is significant at 0.05. **The correlation is significant at 0.01. 

Table 9. Principal Component Analysis (PCA) of heavy metal concentrations in water and sediment. Loadings (correlation 
of each metal with the component) and percentage of variance explained are reported for the first two components. 

 Water Sediment 
Metal PC1 PC2 PC1 PC2 

Fe 0.879 -0.078 0.830 0.338 
Cu 0.756 -0.383 0.772 -0.371 
Mn 0.366 0.806 0.510 0.821 
Cd 0.921 -0.068 0.769 -0.467 
Zn 0.143 0.873 0.783 -0.069 

Variance explained (%) 46.3 30.9 54.2 22.7 
 

 
Figure 4. PCA biplots for heavy metals in water (left) and sediment (right). Symbols denote individual monthly 

samples, coloured by station; arrows show metal loadings. 
 

For water, the first two principal components 
jointly account for 77.2 % of the total variance (PC1 = 
46.3 %, PC2 = 30.9 %). PC1 is dominated by high 
positive loadings of Cd (0.92), Fe (0.88) and Cu (0.76), 
while Mn and Zn contribute only weakly to this 
component (0.37 and 0.14, respectively). PC2 is 
defined almost exclusively by Zn (0.87) and Mn 
(0.81), which both load weakly on PC1. The two 
components therefore separate the five water variables 
into two non-overlapping groups. For sediment, the 
first two components explain 76.9 % of the total 
variance (PC1 = 54.2 %, PC2 = 22.7 %). PC1 shows 
uniformly high positive loadings for all five metals (Fe 
= 0.83, Zn = 0.78, Cu = 0.77, Cd = 0.77, Mn = 0.51), 
indicating that the dominant mode of variability is 
shared among the metals. PC2 contrasts Mn (0.82) and 
Fe (0.34) against Cd (-0.47) and Cu (-0.37), splitting 

the metals into two opposing subsets along the second 
axis. In both biplots, samples from station Akç-2 are 
located at the positive extreme of PC1, in agreement 
with the Kruskal–Wallis results reported in Table 9. 

 
3.6. Human Risk Assessment 
 
 The summary of average daily doses (ADDi and 

ADDd) from sediment metals and the associated non-
carcinogenic health risks (HQ, HI) is shown in Table 
10. The non-carcinogenic risk was assessed using the 
Hazard Quotient (HQ) and Hazard Index (HI); here, a 
value exceeding 1.0 indicates potential adverse health 
effects because the exposure dose exceeds the 
Reference Dose (RfD) value (Qu et al., 2012; US EPA, 
2015; Zabin et al., 2008). For ingestion exposure 
(HQingestion), HQ values for Fe (267.31), Mn (552.04),  
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Table 10. Summary of average daily doses (𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖  and 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑) and associated non-carcinogenic health risks (HQ, HI) 
from sediment metals. 

 ADDi (mg/kg/day) ADDd (mg/kg/day) Hazard quotient (HQ) by 
Ingestion 

Hazard quotient (HQ)  
by dermal 

Metals Children Adults Children Adults HQi  
(children) 

HQi 
(adults) 

HQd  

(children) 
HQd  

(adults) 
Fe 13,7475 1,4729 2,20E-05 4,49E-04 45,8251 4,9098                                                      4,89E-04 9,97E-03 
Cu 0,0442 0,0047 3,03E-09 1,44E-06 1,1052 0,1184 2,53E-10 1,20E-07 
Mn 1,3249 0,1420 2,12E-06 4,32E-05 94,6357 10,1395 1,15E-03 2,35E-02 
Cd 0,0192 0,0021 3,07E-08 6,26E-07 38,3850 4,1127 3,07E-03 6,26E-02 
Zn 0,4177 0,0448 6,68E-07 1,36E-05 1,3923 0,1492 1,11E-05 2,27E-04 

HI (Hazard Index) 181.34 19,42 4,27E-03 9,64E-02 

Cu (6.44) and Zn (8.1219) were found to be well above 
1.0 for children. Adults also showed high HQ values 
for Fe (28.64) and Mn (59.14). These results indicate 
that the digestive tract may pose a significant potential 
health threat for both age groups, especially for 
children. In contrast to the ingestion pathway, HQdermal 
values for all metals showed extremely low 
accumulation (between 10-2 and 10-7), indicating that 
skin contact with sediment does not pose a significant 
non-carcinogenic health risk. The risk burden stems 
from the accumulation of large amounts of Fe and Mn. 
The significant difference between age groups 
indicates that children may face a cumulative risk 
approximately 9.3 times higher than adults in terms of 
metal exposure. The risk burden can be attributed to 
large accumulations of Fe and Mn. The marked 
difference between age groups shows that children are 
extremely vulnerable to metal exposure and may face 
a cumulative risk approximately 9.3 times higher than 
adults. This study shows that the HQ and HI values 
calculated for human health indicate that ingestion is 
the primary route of exposure to sediment-derived 
contamination, which could pose a serious potential 
health risk, particularly for children. In a study 
conducted on sediments in East Saint Martin Island, 
Bangladesh, the HQ values calculated for ingestion 
were generally between 10-3 - 10-2, while the total HI 
values remained at approximately 10-3 for adults and 
10-2 for children, indicating that the health risk was 
below general standards (Bhuyan et al., 2023). 
Similarly, in a study conducted on sediments at Ras 
Abu Ali Island (Saudi Arabia), HQ values for both 
children and adults were calculated to be below 1 for 
ingestion and dermal contact, while total HI values 
remained in the 10-2 range and the risk was assessed as 
low (Al-Kahtany & El-Sorogy, 2023). Furthermore, a 
study published in the journal Sustainability also stated 
that HQ values were HQ < 1 for all metals and HI 
values remained in the range of 10-3 – 10-2 (El Ouaty et 
al., 2024). Comparisons show that the health risk 
detected in the sediments of the Gökova Region is 
significantly higher than the risk reported in many 
different studies published in the literature. 

3.7. Carcinogenic Risk Assessment 
 
According to the results of the CR assessment, a 

CR value less than 10-6 is considered negligible, while a 
CR value greater than 10-4 indicates a high cancer risk. 
According to USEPA data, carcinogenic risk 
calculations were performed only for Cd among the five 
metals measured (US EPA, IRIS). When examining the 
total CR (CRtotal) values calculated for Cd (the sum of 
ingestion and dermal exposure routes), the total CR 
value calculated for adults (6.71 × 10-6)falls within the 
tolerable risk limits of 10-6 to 10-4 established by the US 
EPA. However, it was determined that the total CR value 
calculated for children (6.25 × 10-4) exceeds the 
acceptable upper limit of 10-4. This risk observed in the 
region is thought to be due to intensive agricultural 
activities in the watershed. In particular, it is believed 
that the use of phosphate fertilizers and uncontrolled 
pesticide application on agricultural lands in the areas 
where samples were collected leads to Cd accumulation 
in coastal sediments via soil erosion and surface runoff. 
The findings suggest that cumulative Cd exposure could 
pose a significant cancer risk in the region, particularly 
for children, a vulnerable group; therefore, both 
improvements in agricultural management and regular 
ecotoxicological assessments of the region are 
necessary. 
 

3.8. Discussion  
 
The heavy metal concentrations detected in 

sediments of the Gökova Special Environmental 
Protection Area (SEPA) indicate that the region is 
under significant anthropogenic pressure. In particular, 
the negative kurtosis values observed for Cu, Zn, and 
Cd demonstrate that these metals deviate from natural 
background levels, forming extreme values (point-
source pollution) at specific locations (Beaver et al., 
2012). 

 
3.8.1. Literature Comparison and Pollution 

Level 
The findings reveal that the Gökova Basin is 
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experiencing critical pollution, particularly regarding 
cadmium (Cd). The average Cd value of 8.75 mg/kg is 
approximately 43 times higher than the values along the 
Mersin and İskenderun coasts (0.20 mg/kg) and far 
exceeds the levels in the neighboring Köyceğiz Lagoon 
System. According to the Richir & Gobert (2016) 
database, which covers 1,210 stations across the 
Mediterranean, Gökova falls within the top 2.7 % of the 
Mediterranean in terms of Cd pollution. The 80-fold 
difference observed when compared to reference points 
such as the Çömlekçi Stream highlights the 
ecotoxicological risk.   

 
3.8.2. Source of Pollution: Agricultural Activities 
It is known that the ophiolitic series forming the 

region’s geology are Cd-poor (Engin et al., 1987). 
Considering this, the detected accumulation cannot be 
attributed to geochemical/natural processes, proving that 
the source is entirely anthropogenic. It is hypothesized 
that phosphate fertilizers (TSP, DAP, etc.) and pesticides 
used in the intensive agricultural lands adjacent to the 
stations are the primary sources leading to Cd transport 
into sediments via soil erosion and drainage channels 
(Akçapınar and Azmak) (Wu et al., 2015). The fact that 
Fe and Cu levels remain similar to those in other 
reference areas confirms that the contamination is a 
specific contamination related to agricultural inputs rather 
than a general metal enrichment.   

 
3.8.3. Health Risk and Protection Strategies 
According to the results of the Health Risk 

Assessment (HI/HQ), the HI value of 181.34 found for 
Cd is well above the critical threshold of 1. In terms of 
carcinogenic risk, the calculated total CR value for 
children 6.25 × 10-4 exceeds the acceptable upper limit 
of 10-4, indicating that cumulative exposure in the region 
could pose a serious health threat.  Although Gökova has 
held Special Area of Conservation (SAC) status since 
1988 and is protected under the Barcelona Convention 
(SPAMI), these findings suggest that this may be a result 
of inadequate oversight in terrestrial pollution 
management. It is concluded that current conservation 
efforts, which focus solely on marine activities, are 
insufficient. To ensure the future sustainability and 
protection of the Gökova ecosystem, it has become 
imperative—given the regional context — to regulate 
agricultural inputs, monitor the quality of discharged 
drainage water, and update protection strategies to 
prevent pollution transport from land to sea, rather than 
focusing solely on marine measures. 

 
4. CONCLUSION 

 
In conclusion, this study provides a 

comprehensive assessment of the ecological and human 

health risks associated with metal pollution in the 
transition zone of the Gökova Bay. The results reveal 
that concentrations of many metals, particularly in 
sediments, exceed established guideline values, 
indicating that anthropogenic impacts continue to affect 
the region. Sediment analyses indicate a significant 
enrichment of Zn and, in particular, Cd compared to 
background values. Very high CF, EF and Igeo values 
for Cd, combined with an RI > 600, indicate that 
cadmium is the primary cause of ecological risk in 
Gökova sediments. This enrichment can be attributed 
not to natural lithological weathering, but rather to 
intense agricultural runoff and the long-term use of 
phosphate fertilizers in the surrounding catchment area. 

A human health risk assessment using exposure 
parameters (EF = 60 days/year) indicates that ingestion 
of contaminated sediments poses a significant non-
carcinogenic risk, particularly for children. Whilst Fe 
and Mn contribute significantly to the total risk, the 
Hazard Quotient (HQ) for Cd also exceeds the 1.0 
threshold; this supports Cd’s role as the primary 
anthropogenic stress factor. A significant difference 
between age groups reveals that children face a 
cumulative risk approximately 9.3 times higher than that 
of adults (HI = 181.34). 

Regional assessments indicate that the Akçapınar 
station, adjacent to the main agricultural drainage outlets 
of the Gökova Basin, exhibits the highest risk indicators. 
This spatial distribution is fully consistent with the 
hydrogeological characteristics of the Akçapınar 
Stream, which functions as the main discharge point for 
agricultural surface runoff into the inner bay (Demirak 
et al., 2006; Dügel & Kazancı, 2004). In particular, the 
increases in metal concentrations observed during the 
autumn season support the notion that seasonal rainfall 
triggers the terrestrial transport of fertiliser residues 
from the surrounding plains into the benthic 
environment (Varol & Şen, 2012). In this context, 
Akçapınar and its surroundings emerge as a critical area 
for identifying pollution hotspots and developing 
catchment-based risk management strategies. To more 
clearly elucidate the potential impacts of the 
geochemical findings on the ecosystem, it is 
recommended that future studies be expanded to include 
‘biological-based approaches’ such as analyses of 
benthic community structure and standard 
ecotoxicological bioassays. Such integrated studies 
could provide a more comprehensive basis for 
monitoring the ecological status of the Gökova Bay and 
managing agricultural inputs. 
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