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Abstract

Rapid industrial growth and urban expansion have exacerbated the pollution of coastal beach sediments with heavy
metals (HMs), particularly in developing countries such as Bangladesh, where the persistence and toxicity of these
pollutants pose significant environmental and human health risks. Thus, this study investigated the contamination
of HMs (Cu, Zn, Mn, Fe, Cd, Pb) to evaluate their associated risks at Kolatoli Beach, Cox's Bazar, Bangladesh.
Additionally, sediment texture analysis was performed to assess grain size distribution, which influences the
mobility of these metals. The ecological risk (ER) was assessed through multiple indices, including the geo-
accumulation index (l,.,), contamination factor (CF), pollution load index (PLI), ecological risk, and potential
ecological risk index (PERI). Moreover, human health risk assessment (HHRA) was conducted for children and
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adults to determine non-carcinogenic and carcinogenic risks (CRs) through ingestion, inhalation, and dermal
exposure. The sediment was predominantly sandy (93.72%), with lower clay (0%-2.51%) and silt (3.77%-6.28%)
contents. The mean HM concentration in the sediment samples followed the descending order of Fe > Mn > Cu >
Zn > Pb > Cd. The I, CF, and PLI values indicated anthropogenic Cu and Pb accumulation in beach sediments,
while Zn, Mn, and Fe remained at background levels. The PERI values ranged from 29.24 to 42.37, categorizing all
samples under the 'low ER’ classification (PERI < 150), though Pb and Cu had higher ER values. The overall hazard
index (HI) values were below 1 for both age groups, indicating no significant non-carcinogenic risk (NCR). Total
carcinogenic risk (TCR) values (5.99 x 10 for children, 3.99 x 10 for adults) remained within safe limits, though
children posed higher CR. The statistical analyses revealed that HM contaminations were influenced by multiple
factors. Overall, the study showed low to moderate HM contamination in the beach sediments, with tolerable
ecological and human health risks.

Keywords: Beach sediments, sediment texture, risk assessment, Cox's Bazar

INTRODUCTION

Two-thirds of the world’s ice-free coastlines consist of sandy beaches, which serve as vital ecosystems and
natural barriers against coastal erosion caused by waves, storms, tides, and rising sea levels. However, rapid
coastal development over the past two centuries has significantly transformed these fragile environments.
Activities such as sand mining, pollution, human recreation, and the disruption of natural sand transport
have led to habitat degradation and ecosystem instability" . As the global population grows, increasing
demand for coastal infrastructure and tourism further intensifies these pressures. Today, climate change
adds a new dimension to coastal changes, exacerbating the vulnerability of sandy shorelines and accelerating
environmental deterioration. Beaches are increasingly contaminated by heavy metals (HMs), as stated in
numerous studies. The rapid industrialization of coastal areas, driven by population growth and
economic expansion, has led to the annual release and disposal of significant amounts of HM-laden waste
into coastal environments". These metals enter the coastal ecosystem, posing serious threats to marine life,
including macrofauna on sandy beaches. As a result, human-induced HM pollution has become a growing
concern. Major sources of contamination include sewage outlets, industrial production, mining activities,
waste disposal, and shore nourishment practices'’.

Accumulation of HMs in coastal and marine environments is a rising global concern due to its ecological
implications, persistence, and role in biogeochemical cycles”. Industrial waste, urban wastewater, and
antifouling paints from ships contribute significantly to metal contamination in sediments, where metals
accumulate through co-precipitation, adsorption, and hydrolysis".. While sediments act as a sink,
environmental changes such as shifting wind patterns can remobilize these contaminants into the water
column, increasing exposure risks for marine organisms and humans. Since benthic species are the
foundation of the marine food web, the bioaccumulation of HMs can pose long-term ecological threats™.

Regional studies highlighted the effects of industrialization and human activities on HM contamination in
coastal sediments. In Chennai, India, the northern beaches exhibit two to three times higher amounts of Cr,
Pb, and Zn compared to southern beaches due to the presence of industrial complexes, whereas the less-
industrialized southern beaches, primarily used for tourism, show lower contamination levels". Similarly, in
northern Spain, Cd, Pb, and Zn pollution in beach sediments is linked to port activities and the proximity of
metal and chemical industries that discharge industrial waste into coastal waters"”. In Cuba, research on
beach sediments across six resorts in Matanzas City confirms widespread HM pollution, emphasizing the
global nature of coastal contamination"".
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Kolatoli Beach in Cox’s Bazar, Bangladesh, is a rapidly developing tourist destination that faces several
environmental challenges”. These include pollution from recreational activities, improper waste disposal,
and unregulated coastal development. Moreover, the beach’s proximity to commercial hubs and expanding
infrastructure raises concerns about potential HM contamination, primarily from urban runoff, vehicular
emissions, and tourism-driven activities"*'?. Additionally, sediment texture plays a crucial role in

15,16

influencing the mobility and retention of HMs in coastal environments"*'*. Despite these concerns, there is
no current baseline data on HM contamination in the sediments of this major recreational beach in
southeastern Bangladesh. Establishing such a baseline is essential for evaluating the environmental health of

the area and for identifying potential ecological and public health risks.

Thus, the aim of this study was (i) to quantify HM (Cu, Zn, Mn, Fe, Cd, Pb) concentrations in Kolatoli
Beach sediments; (ii) to analyze sediment texture and its effect on HM mobility; (iii) to assess pollution
levels and evaluate associated risks using indices such as geo-accumulation index (I,,,), contamination factor
(CF), pollution load index (PLI), ecological risk (ER), and potential ecological risk index (PERI); (iv) to
assess and evaluate the potential health risks to children and adults from HM exposure; and (v) to identify
sources of HM contamination. The findings of this study will inform strategies for mitigating HM
contamination and protecting both the coastal ecosystem and human health at Kolatoli Beach in Cox’s
Bazar, Bangladesh.

MATERIALS AND METHODS

Study area

The study was conducted at Kolatoli Beach, situated in the coastal region of Cox’s Bazar, Bangladesh
[Figure 1]. Kolatoli Beach is one of the most visited tourist destinations in the country, renowned for its
golden sandy shoreline and serene environment. The area is a key part of the Cox’s Bazar tourist circuit,
drawing visitors for its scenic views, beach activities, and natural beauty. The beach is exposed to both local
and international tourists, which has influenced the surrounding environment and local economy.

Geological information

Kolatoli Beach is located at coordinates 21°24’55”N latitude and 91°58’57.1”E longitude. The region is
primarily composed of tertiary sediments, predominantly sandstones and shales. The geological landscape
of the area is shaped by dynamic processes such as erosion, deposition, and sedimentation. The coastline is
influenced by frequent cyclones and tsunamis, which continuously impact the coastal morphology,
contributing to its ever-changing features. The combination of marine and terrestrial processes has created
a unique coastal zone, with fine to medium sand and minimal organic content. The underlying alluvial
deposits, mainly consisting of sand, silt, and clay, reflect the sedimentation patterns caused by river systems
draining into the Bay of Bengal (BoB).

Sample collection and preparation

The field survey was conducted in December 2023. Surface sediment samples were collected from a total of
12 sampling sites [Figure 1]. At least three samples were taken randomly from each site. The exact locations
were recorded using a handheld GPS device. The collected samples were placed in separate stainless-steel
pans and air-dried for 48 h. After drying, 0.5 kg of each sample was carefully packed into clearly labeled
polyethylene plastic bags. The bags were then sealed to prevent external contamination. The samples were
then transported to the Soil Science Laboratory at University of Chittagong. In the Laboratory, samples
were dried overnight in an oven at 45 °C. After drying, they were cooled in desiccators for 2 h. The cooled
samples were then ground into fine powder using a mortar and pestle. Finally, they were stored in sealed
plastic bottles at room temperature for further processing and analysis.
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Figure 1. Map of the study area and sampling sites at Kolatoli Beach, Cox's Bazar.

Sample digestion and HM determination

Sediment samples were digested using a block digestion system (Raypa, Terrassa, Barcelona, Spain).
Analytical grade reagents (Sigma-Aldrich, Germany) and distilled water (DW) were used in this process. To
prepare the digestion mixture, 2.5 mL of solution [0.42 g Se powder + 350 mL H,O, + 420 mL concentrated
sulfuric acid (H,SO,) (S.G. 1.84) + 14 g Li,SO,-H,O] was carefully added, then swirled and cooled.
Afterward, 0.2 g of the sediment sample was taken in a digestion tube. After sample weighing, reagents were
added to the sediment sample, and the digestion tubes were placed inside the heating block. The
temperature was gradually increased and kept for 1.5 h after the clear appearance of the sediments at the
bottom of the tubes. Following digestion, the solution was placed in a 50 mL polypropylene (PP) vial and
filtered with Whatman filter paper (42). Finally, blank digestion was conducted using the reagents without a
sediment sample. For HM contents, samples were analyzed using an atomic absorption spectrophotometer
(Agilent Technologies 200 Series AA).

Certified reference materials from Sigma Aldrich were used to calculate equipment calibration curves for
HM analysis [Supplementary Table 1]. DW was used throughout the analysis. Glassware used in the
analyses was cleaned with 5% HNO, and then repeatedly rinsed with deionized water and oven-dried.

Quality assurance and quality control
To ensure analytical accuracy and precision, comprehensive quality assurance and quality control (QA/QC)
protocols were followed during sample preparation, digestion, and elemental analysis:
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Method detection limits

The method detection limits (MDLs) for each HM were determined based on the standard deviation (SD)
of multiple blank samples and are expressed in mg/kg sediment. The MDLs for the analyzed HMs have
been explicitly reported in mg/kg sediment equivalent as follows: Cu (0.02), Zn (0.03), Mn (0.04), Fe (0.05),
Cd (0.01), and Pb (0.02). These values have been added to the QA/QC section and are also listed in
Supplementary Table 1.

Blank samples

Procedural blanks were analyzed at a ratio of 1 blank for every 5 sediment samples (i.e., n = 12 blanks total).
These blanks contained only reagents without sediment. The detected concentrations of all target HMs in
the blanks were consistently below detection limits (BDL), confirming minimal contamination during the
analytical process.

Recovery assessment through matrix spikes

Recovery efficiency was assessed using matrix spike samples, where certified metal standards were spiked
into known sediment matrices. A total of three matrix spike replicates were prepared for each metal at the
following concentrations (soil equivalent basis): Cu-50 mg/kg, Zn-50 mg/kg, Mn-200 mg/kg, Fe-200 mg/kg,
Pb-10 mg/kg, Cd-1 mg/kg. These concentrations were selected to reflect mid-range levels relative to
environmental background values.

Recovery results and variability

The recovery rates for the spiked metals ranged from 92% to 105%. The reported recovery percentages
represent mean values based on triplicate analysis, and their respective SDs were included to reflect
reproducibility: Cu (95 + 1.5%), Zn (97 + 1.2%), Mn (98 + 1.0%), Fe (96 + 1.3%), Cd (94 + 1.6%), and Pb (92 +
1.8%).

The high recovery rates confirmed minimal matrix interference during digestion and analysis, supporting
the robustness of the atomic absorption spectrophotometric method employed. These findings validate the
reliability of the HM concentration data used in subsequent contamination and risk assessments.

Determination of physicochemical parameters

pH, electrical conductivity (EC), percentage of organic carbon (%OC), percentage of organic matter
(%OM), and particle size distribution (along with textural classification) were analyzed. pH was determined
with a glass electrode pH meter (EcoSense pH 1000A, USA) calibrated using pH standards of 4.0, 7.0, and
10.0. EC was determined using an EC meter (AD 330 EC/TDS Meter, Romania). For both pH and EC
measurements, 5.0 g of sediment was placed into 50 ml PP tubes, and 25 mL of DW was added. The tubes
were sealed and shaken on a horizontal shaker for 30 min, after which they were left to stand for an
additional 30 min. The pH and EC values were then recorded using the respective meters.

Percent OC content in the sediment sample was measured using the wet-oxidation procedure outlined by
Walkley and Black™”, modified by Allison"". To determine the %OC, 1.0 g of sediment was placed into a
clean, dry 500 mL conical flask. Then, 10 mL of 1 N potassium dichromate (K,Cr,0,) was added with a
pipette, followed by the addition of 10 mL of concentrated H,SO,. The mixture was thoroughly mixed, and
the flask was placed on an asbestos sheet for 30 min, shaking occasionally, before allowing it to cool. After
this, 150 mL of DW, 10 mL of H,PO,, 0.2 g of sodium fluoride, and 30 drops of (C,H,),NH indicator were
added. The contents of the flask, which turned a deep violet color, were then titrated with ferrous sulfate
solution until the color changed to bottle green. Simultaneously, a blank was prepared using all the reagents
without the sediment. The OM content in the sediment was calculated by multiplying the percentage of OC
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by the “Van Bemmelen factor” of 1.724, based on the hypothesis that soil OM consists of 58% carbon'*.

Precision of OC, OM, and EC measurements

The reproducibility of sediment physicochemical measurements was assessed by repeating each analysis in
triplicate. The observed SDs were generally low. For example, when OC was reported as 0.05%, the typical
precision was + 0.01%. Similar precision was recorded for OM (+ 0.017%) and EC (+ 1.25 mS/m), indicating
strong consistency of the measurements.

Sediment texture analysis

The hydrometer method was used to calculate the sediment’s particle size"”. The textural categorization and
particle size distribution were assessed by adding 100 mL of DW to 40 g of oven-dried sediment in a 600 mL
beaker. Then, 5 mL of 30% H,O, was introduced into the mixture, and the solution was heated on a hot
plate for 15 min. After the solution had cooled, 100 mL of a 5% Calgon solution was added and stirred with
a glass rod for 15 min. The beaker was then covered and left overnight. The following day, the contents were
transferred into a 1L sedimentation cylinder, and the volume was adjusted to the mark using DW. Inside
the cylinder, the solution was agitated with a paddle, and hydrometer measurements were taken cautiously
at 40 s and after 2 h of sedimentation. Amendments were made to the hydrometer readings based on
calibration at 20 °C. For the blank, 100 ml of Calgon solution was placed in a 1,000 mL cylinder that was
filled with DW. The suspension was mixed carefully, and hydrometer readings, along with the temperature
and blank readings, were recorded carefully.

The sediment samples were subsequently categorized based on their texture classes by plotting the amount
of particle percentages (%sand, %silt, and %Clay) on a Marshall triangular diagram according to the United
States Department of Agriculture guidelines. The particle percentages were calculated using Equations 1-4.

. Rc at 40 sec
%Silt + %Clay = W X 100 (1)
Y%Clay — Rcat 2 hours % 100 2)
oAy = Oven dry wt
%Silt = (%Silt + %Clay) — %Clay (3)
%Sand = 100 — (%Silt + %Clay) (4)

Where Rc at 40 secs is the hydrometer reading representing silt and clay in suspension, Rc at 2 h represents
clay in suspension, and oven-dry wt is the weight of the sample dried at 105 °C.

Geo-accumulation index
The L, is a widely used technique for evaluating the extent of environmental pollution by comparing the

present concentration of a substance (usually a HM) to its background or natural concentration**. The I,
was calculated using the Equation 5.

Cs
lgeo = log, (1.5cb) (5)
Where C, and C, are the background and present concentrations of HMs in the sediments, respectively.
These background values correspond to the concentrations of metals in the Earth's upper continental crust
(UCC), which are 14.3, 52, 527, 30,890, 17, and 0.102 mg/kg for Cu, Zn, Mn, Fe, Pb, and Cd, respectively"*.
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Miiller introduced the I, with seven categories: (1) particularly pure (I, < 0); (2) clean to moderately

geo

polluted (0 < I, < 1); (3) moderately polluted (1 < I,,, <2); (4) moderately to strongly polluted (2 < I, < 3);

geo

(5) strongly polluted (3 < I, < 4); (6) strongly to tremendously polluted (4 < I, < 5); and (7) tremendously
> 5),

geo

contaminated (I

geo

Potential ecological risk index
The PERI, proposed by Hakanson, was employed to assess the environmental risk posed by HMs in
sediments. The calculations of PERI were carried out using a set of specific equations™’.

Firstly, the CF was calculated by evaluating the contamination level of a single metal using Equation 6.

Cs

CF =%
Cp

(6)
Where C, and C, are the background and present concentrations of HMs in the sediments, respectively. The
background concentrations of the metals in the Earth’s UCC are 14.3, 52, 527, 30,890, 17, and 0.102 mg/kg
for Cu, Zn, Mn, Fe, Pb, and Cd, respectively”. Hakanson characterized the CF values into four classes: (1)
low pollution (CF < 1); (2) moderate pollution (1 < CF < 3); (3) substantial pollution (3 < CF < 6); (4) very
high pollution (6 < CF)".

Secondly, the calculation of the ER, which assesses the possible environmental threat posed by a single HM,
was derived from Equation 7.

ER = T, X CF (7)

Where T, represents the toxic response factor of a single HM. The T, values for Cu, Zn, Mn, Fe, Pb, and Cd
are 5, 1, 1, 0, 5, and 30, respectively™*. As per Hakanson, five categories for the ER are: (1) low risk (ER <
40); (2) moderate risk (40 < ER < 80); (3) significant risk (80 < ER < 160); (4) high risk (160 < ER < 320); and
(5) very high risk (ER = 320)*.

Finally, the PERI value was derived by summing up the ER values of all individual metals using Equation 8.

PERI = Z ER (8)

Hakanson classified the PERI values into four classes: (1) low risk (PERI < 150); (2) moderate risk (150 <
PERI < 300); (3) significant risk (300 < PERI < 600); and (4) very high risk (PERI 2 600)"*..

Pollution load index
The PLI was proposed by Tomlinson ef al.*”. It was calculated using Equation 9.

PLI = (CF, X CF, X CF; ... X CF)Y" (9)

Where “n” represents the number of metals analyzed, and CF refers to the contamination factor, as defined
in Equation 6. The PLI provides an assessment of metal pollution levels and helps determine the required
actions to address pollution. A PLI value of less than 1 signifies a pristine environment, a PLI of 1 indicates
the occurrence of pollutants at baseline levels, and a PLI 1 reflects significant pollution™.
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Human health risk assessment

Human health risk assessment (HHRA) is a method used to evaluate the potential for adverse health effects
in individuals exposed to environmental contaminants, either currently or in the future. This study
performed an HHRA on sediments to determine the non-carcinogenic risk (NCR) and carcinogenic risk
(CR) in humans via three main exposure routes: ingestion, inhalation, and dermal contact. The assessment
followed the guidelines outlined by the US Environmental Protection Agency (EPA) and its Exposure
Factors Handbook"*. The chronic daily exposure (CDE) in mg/kg/day of HMs through ingestion
(CDE,,), inhalation (CDE,,), and dermal contact (CDE,,) for both children and adults were determined

using Equations 10-12.

IngR x EF X ED _6
CDEjng = Csediment (W) x 10 (10)
InhR X EF X ED (11)
CDEinn = Csediment (m) i
SA X AF X ABF X EF X ED —6 (12)
CDEgc = Csediment ( BW X% AT ) 10

Where CDE, , CDE,

ing> i

. and CDE,. are the daily amounts of exposure to metals (mg/kg/day) through
ingestion, inhalation, and dermal contact, respectively. The definitions, factors influencing exposure, and
the reference standards used for estimating intake levels and potential health risks of HMs in sediments are
summarized in Table 1.

The potential health risks related to HM contamination from sediments were evaluated using hazard
quotients (HQ) as per the United States Environmental Protection Agency (USEPA) health
risk assessment procedures””. HQ quantifies NCRs. The overall NCRs are represented by the hazard
index (HI), which was calculated by summing up the individual HQ"®.

CDE
=30 (13)
HI= ) HQ = HQing + HOQyu + HQuc (14)

Where reference dose (RfD) (mg/kg per day) is the highest acceptable daily dose of metal from a specific
contamination pathway (both for children and adults). If the CDE is less than or equal to the RfD value
(HQ =< 1), it is considered unlikely to cause negative health effects. Conversely, if the CDE surpasses the RfD
value (HQ > 1), harmful health effects are likely to occur’®. A HI value below 1.0 specifies no noteworthy
NCRs, while an HI value 1.0 designates a probable occurrence of NCRs. The likelihood of NCRs rises as the
HI value increases'™. Table 2 provides the RfD values for the HMs analyzed in this study.

The CR quantifies the lifetime probability of developing cancer from exposure to carcinogenic HMs. It was
calculated by multiplying the CDE and the corresponding slope factor (SF) for each metal using Equations
15-16.

CR = CDE x SF

(15)
TCR = Z CR = CRypg + CRyyp, + CRyc

(16)

For ingestion, the SF values are 0.0085 for Pb and 15 for Cd. For inhalation, the value is 6.3 for Cd and for
dermal exposure, the value is 1.5 for Pb****. The optimal value of CR is measured as 10* by the USEPA, and

4[38]

the tolerable value is given as 10° to 10°
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Table 1. Definition, factors influencing exposure, and the reference standards for estimating HM intake and health risks in sediments

) . Values
Factors (unit) Definitions Children Adults References
Coediment (Mg/kg) HM concentration in sediment - - -
IngR (mg/day) Ingestion rate of sediment 200 100 [31]
InhR (m3/day) Inhalation rate of sediment 7.63 12.8 [31]
EF (days/year) Exposure frequency 350 350 [34]
ED (years) Exposure duration 6 24 [31]
BW (kg) Body weight of exposed individual 15 55.9 [34]
AT (days) Average time 365 x ED 365 x ED [33]
PEF (m*/kg) Particle emission factor 136 x10° 136 x10° [31]
SA (sz) Exposed skin surface area 1,600 4,350 [34]
AF (mg/cm day) Skin adherence factor 0.2 0.7 [35]
ABF Dermal absorption factor 107 10° [36]
Table 2. RfD values of HMs for each route of exposure
Heavy metals RfD,,, (mg/kg day) RfD,,, (mg/kg day) ?:;";k Reference
g day)
Cu 0.04 4.02x107 0.012 [34,401]
Zn 0.3 0.3 0.06 [34,40]
Mn 0.046 143 %107 1.84%x107 [36,41]
Fe 8.4 220x%x10% 0.07 [41]
cd 1.00x10° 107 10° [34,40]
Pb 35010 352x10° 525%10™ [34,40]

RfD: Reference dose.

Statistical analyses

Hierarchical cluster analysis (HCA) was initially performed to classify the HMs based on their similarities,
grouping them according to patterns of co-occurrence in the sediment samples. This analysis helps identify
clusters of metals that exhibit similar contamination patterns and provides insights into the potential
sources of the metals™*”. Following this, Pearson correlation analysis was used to examine the relationships
between the metals. Positive correlations suggest that the metals likely originate from similar or common
sources, while negative correlations indicate distinct sources. Finally, principal component analysis (PCA)
was performed to group sampling sites based on similarities in HM concentrations, revealing patterns in
contamination profiles and aiding interpretation of spatial distribution and potential sources. The
combination of these statistical techniques provides a robust framework for understanding the correlation
between the HMs and their sources. All analyses were performed using the R programming environment
(version 4.4.1).

RESULTS AND DISCUSSION

Sediment characteristics

Table 3 shows the sediment characteristics and particle size distribution in samples collected from Kolatoli
Beach. The sediment texture across all samples was predominantly sandy. Sand consistently accounted for
93.72% of the composition. The clay and silt contents were comparatively lower than sand, ranging from 0%
to 2.51% and 3.77% to 6.28%, respectively. This dominance of sand aligns with global observations in similar
coastal regions, such as those reported by Ling et al., where sand proportions typically range from 49.4% to
99.7% 7.
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Table 3. Particle size distribution in the sediment samples collected from Kolatoli Beach

Sample ID pH EC (mS/cm) %0C %O0M %Sand %Silt %Clay Textural Class
K-1 8.75 19.99 0.109 0.188 93.72 3.77 2.51 Sand
K-2 8.49 41.33 0.066 0.114 93.72 3.77 2.51 Sand
K-3 8.43 69.63 0.175 0.301 93.72 3.77 2.51 Sand
K-4 8.75 23.37 0.109 0.188 93.72 3.77 2.51 Sand
K-5 8.81 18.25 0.175 0.302 93.72 3.77 2.51 Sand
K-6 8.50 29.30 0.132 0.227 93.72 3.77 2.51 Sand
K-7 8.72 24.67 0.131 0.227 93.72 3.77 2.51 Sand
K-8 8.72 23.60 0.000 0.000 93.72 6.28 0.00 Sand
K-9 8.61 58.17 0.110 0.190 93.72 3.77 2.51 Sand
K-10 8.62 64.17 0.044 0.076 93.72 3.77 2.51 Sand
K-11 8.66 57.97 0.044 0.076 93.72 3.77 2.51 Sand
K-12 8.35 71.90 0.044 0.076 93.72 3.77 2.51 Sand

EC: Electrical conductivity; %OC: percentage of organic carbon; %OM: percentage of organic matter.

The sediment pH values ranged from 8.35 to 8.81, indicating an alkaline environment. It may be influenced
by the intrusion of saline seawater and the presence of carbonate minerals derived from marine biota. Such
conditions contribute to the precipitation of carbonate-metal complexes, stabilizing HMs in sediments.
McCauley et al. reported that sediment pH is also influenced by OM content and carbonate deposition"*.
Additionally, EC values varied widely from 18.25 to 71.90 mS/m, reflecting differences in salinity and ionic
concentrations due to tidal dynamics and proximity to the ocean. The %OC and %OM contents in the
sediments were generally low across all sampling sites. OC ranged from 0.000% to 0.175%, and OM from
0.000% to 0.302%. Sample K-8 exhibited the lowest values, with both %OC and %OM recorded as 0.000%,
while sample K-5 showed the highest %OC (0.175%) and %OM (0.302%) contents. This is expected given
the sandy texture, which has a limited capacity to retain OM compared to finer sediments like clay.
According to USDA, sandy soils generally have low OM due to their high infiltration rates and poor
buffering capacity"*.

The uniformity in sediment texture suggests a strong hydrodynamic influence, where high wave energy
facilitates the deposition of sand while removing finer particles. Similar observations were made by Bramha
et al. on the Kalpakkam coast, where medium to coarse sands dominate due to local topographic and wave
energy conditions™. The physicochemical factors such as pH, OC, OM, and EC are crucial in determining
the bioavailability, mobility, and retention of HMs. Changes in pH can influence the solubility and the
biogeochemical cycling of metals. Luo et al. highlighted that pH and OM directly affect HM mobility,
emphasizing the importance of these parameters in assessing sediment quality'’.

Assessing heavy metal contamination

Table 4 summarizes the concentrations of HMs (mg/kg) in sediment samples from Kolatoli Beach, focusing
on Cu, Zn, Mn, Fe, Cd, and Pb. The mean values for these metals were 6.09, 4.57, 347, 1.01 x 10*, and 4.30
mg/kg, respectively. Cd concentrations were BDL across all samples. The variability in concentrations is
highlighted by SDs. When compared to established benchmarks such as the UCC"” and USEPA Sediment
Quality Guidelines (SQG)"™", Cu and Pb concentrations frequently exceed the thresholds for moderately
polluted sediments. Meanwhile, Fe and Mn remained below their respective background values, indicating
no significant contamination. These findings suggest localized pollution risks, particularly for Cu and Pb.
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Table 4. Mean concentration (mg/kg) of HMs in the sediment samples collected from Kolatoli Beach

Sample ID Cu Zn Mn Fe Cd Pb
K-1 586x10"  563x10  316x10° 120x10"  BDL 431x10'
K-2 580x10'  562x100  299x10°  114x10° BDL 415 %10’
K-3 595x10'  727x10"  310x10° 117 x10"  BDL 2.90 x10'
K-4 538x10°  659x10'  338x10°  122x10° BDL 3.48 x10'
K-5 6.64x10"  447x10"  3.81x10° 1.09x10*  BDL 597 x 10’
K-6 527x10  374x100  355x10°  9.47x10° BDL 7.63%x10'
K-7 476x100  428x10'  386x10°  7.88x10° BDL 4.89x10'
K-8 6.84x10"  3.62x10"  372x10°  7.63x10° BDL 3.73x10'
K-9 613 %10’ 3.41%10' 3.45x10°  7.96x10° BDL 5.06 x 10
K-10 6.03x10'  331x10' 3.67x10°  101x10° BDL 2.32x10'
K-1 677x10"  362x10  338x10°  1.01x10° BDL 3.07 %10’
K-12 7.62x10°  325x10'  355x10°  1.01x10° BDL 4.06 %10
Mean 6.09x10'  457x10'  347x10°  101x10° BDL 430x10'
SD 752x10°  138x10' 2.81x10' 1.95x10°  BDL 1.45 %10’
Upper continental crust™” 280x10"  670x10"  7.75x10°  3.92x10" 9.00x10°  170x10'
SQG by Not Polluted <250%x10" <9.00%x10" <3.00x10° NA - <4.00 %10’
USEPAP? Moderately Polluted 250 x10-  9.00x10- 3.00x10°  NA <6.00%x10° 4.00x10-
500%x10"  2.00x10' 6.00 x 10'
Heavily Polluted >500x10" >200x10" >500x10" NA >6.00%x10° >6.00x10'

HM: Heavy metal; BDL: below detection limit; SD: standard deviation; SQG: sediment quality guidelines; NA: Not Available.

A comparative study of HM concentrations in Kolatoli Beach with other national and international studies
is shown in Table 5. Kolatoli Beach showed higher levels of Cu, Zn, Mn, and Fe concentrations than many
other regions, such as the Red Sea coast and Msasani Bay, but lower than the Ship Breaking areas. However,
Pb concentrations were low to moderate compared to other locations. Kolatoli’s Cd concentration is BDL,
contrasting with other regions, indicating lower contamination of Cd.

Assessment of contamination level

Geo-accumulation index

The I, values for the HMs at Kolatoli Beach are presented in Figure 2. According to Miiller, the L, values
for Cu (1.15-1.83) and Pb (-0.14-1.58) fall within the “moderately contaminated” (1 < I, < 2) and
“uncontaminated to moderately contaminated” (0 < L, < 1) categories, respectively”. This suggests
anthropogenic influences, potentially from tourism, fishing activities, or nearby industrial discharges, which
are common sources of these metals in coastal environments'*”. In contrast, the consistently negative I,
values for Zn (-1.26 to -0.10), Mn (-1.40 to -1.03), and Fe (-2.70 to -1.92) are within the “particularly
uncontaminated” (I, < 0) category, indicating that these metals are likely to derive from natural sources,
such as weathering of bedrock and mineral deposits, rather than human activities’®*”. These findings align
with studies from other coastal regions, where Cu and Pb were often elevated due to anthropogenic
activities, while Zn, Mn, and Fe remained at background levels. Overall, the findings emphasized the
necessity for monitoring and managing Cu and Pb to mitigate further contamination from these metals at
Kolatoli Beach.

Contamination factor and pollution load index

The CF for the metals across the sampling sites is presented in Figure 3. According to Hakanson’s
classification, Cu exhibited the highest contamination levels, with CF values ranging from 3.33 at site K-7 to
5.33 at site K-12, corresponding to the “moderate to high” and “high to very high” contamination
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Table 5. Comparison of mean HM concentrations (mg/kg) in the sediment samples from Kolatoli Beach with global studies

Geographical area Cu Zn Mn Fe Cd Pb Country References
Kolatoli Beach 609 457 347 10,100 BDL 43 Bangladesh Present study
Msasani Bay-Dar es Salaam harbour area 13.5 584 133 7,250 3.6 35.4 Tanzania [54]

Red Sea coast 14.6 405 193 15,700 397 195  Egypt [55]

Red Sea coast 9.18 18 36.5 - 80 77.3  Saudi Arabia [56]

Red Sea coast (Shalateen) 417 25.2 - - 39 3.76  Egypt [28]

Eastern St. Martin's Island 376 272 270 144 - 5.88 Bangladesh [5]

Ship breaking area 459 76.6 586 - - 61.9  Bangladesh [57]

Ship breaking area 255 1,230 1,080 93,000 49 68.3 Bangladesh [58]

Nijhum Dweep (Island) 37 20.7 952 4,710 29 5.63 Bangladesh [22]

Sonadia Island 18.1 38.8 390 15,100 - 9.03 Bangladesh [59]

HM: Heavy metal; BDL: below detection limit.
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Figure 2. |, values of selected HMs across the sampling sites. |, Geo-accumulation index; HM: heavy metal.

categories, respectively”. Pb followed with CF values between 1.37 at K-10 and 4.49 at K-6, indicating “low
to moderate” to “high” contamination. Zn showed lower contamination, with CF values ranging from 0.63
at K-12 to 1.40 at K-3, mostly categorized as “low” to “low to moderate” contamination. Mn demonstrated
minimal contamination, with CF values ranging from 0.57 at K-2 to 0.73 at K-7, all within the “low”
category. Fe exhibited the lowest CF values, ranging from 0.23 at K-10 to 0.40 at K-4, consistently indicating
“low contamination”. Overall, Cu and Pb were the most contaminated metals, while Zn, Mn, and Fe showed
relatively low contamination levels.

The PLI is a quantitative tool for evaluating the extent of metal contamination in the environment,
providing valuable insights into site quality and potential remediation requirements"*”**. While the CF
evaluates the pollution level of individual metals, the PLI reflects the combined impact of all analyzed metals
at a site, providing a more comprehensive measure of overall contamination. In the present study, the PLI
concentrations fluctuated between 0.90 and 1.29 across the sampling sites [Figure 4]. All values consistently
exceeded the critical threshold of 1, except K-10 (0.90). Although the PLI value of K-10 is slightly below the
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Figure 4. PLI values across the sampling sites. PLI :Pollution load index.

threshold of 1, it remains close to this value, indicating a low but considerable level of contamination. These
findings suggested a notable level of contamination across most sites, indicating the need for monitoring
and possible remediation'*”.

Risk assessment from metal contamination

Ecological risk and potential ecological risk index

The ER was calculated by multiplying the CF of each metal by its corresponding toxic response factor. The
average ER values for all metals in a sample then resulted in the overall PERI*. Figure 5 shows the ER
assessment of HMs in 12 sampling sites (K-1 to K-12), where the ER values of Cu, Zn, Mn, Fe, and Pb
contributed to the PERI. According to Hakanson’s classification, all individual ER values for Zn, Mn, and Fe
were relatively low"””. However, Pb and Cu were the dominant contributors to PERL The PERI values for all
sampling sites ranged from 29.24 (K-10) to 42.37 (K-5), categorizing all samples under the ‘low ER’
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Figure 5. ER values of HMs across the sampling sites. ER: Ecological risk; HM: heavy metal.

classification (PERI < 150) [Figure 6]. This suggested that, based on the evaluated metals, the overall
environmental risk in the study area remained minimal. However, Pb and Cu exhibited higher ER values
than other metals, warranting further monitoring to assess potential ER. Implementing proactive measures,
such as regulating industrial discharges and improving waste management, is essential to prevent long-term
environmental degradation and protect the environmental integrity of the area'**’.

Human health risk assessment

Chronic daily exposure

The CDE of metals was measured for both children and adults [Table 6]. The findings revealed that
ingestion was the key contamination route, followed by dermal contact and inhalation. Children exhibited
consistently higher CDE values than adults across all pathways, making them more vulnerable to metal
exposure. Among the analyzed metals, Fe showed the highest CDE values in all exposure pathways, likely
due to its higher concentration in the environment. Mn and Cu also contributed significantly to overall
exposure. In contrast, Zn and Pb had the lowest CDE values.

Assessment of non-carcinogenic risk

The NCRs associated with HM exposure were evaluated using the HQ and HI values [Table 6]. The
assessment revealed that the relative risk through ingestion was higher than through inhalation and dermal
contact. For both children and adults, the highest HQ values were observed for Pb via ingestion. The mean
HQ for Pb through ingestion was 1.57 x 10" for children, significantly higher than the value for adults
(2.11 x 10?). This suggests a markedly greater NCR for children through the ingestion pathway. On the
dermal pathway, Mn exhibited the highest HQ values for both age groups. The mean HQ of Mn for
children through dermal contact was 3.94 x 107, while it was 3.11 x 10 for adults. Moreover, on the
inhalation pathway, Fe showed the highest HQ values for both age groups. The HQ values for Fe were 1.65
x 107 for children and 7.42 x 10 for adults. Although the inhalation and dermal pathways were less risky
than ingestion, Fe and Mn still posed a notable hazard. The cumulative HI values reflect the combined risks
from all exposure pathways, further emphasizing the greater risk to children. Pb showed the highest HI
values for both age groups, with a value of 1.59x10™ for children, compared to 2.11 x 10 for adults. These
findings align with previous studies indicating that children face a higher NCR than adults from HM
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Table 6. Human health risk assessment for the HMs

Metals CDE HQ HI CR TCR
Ingestion Inhalation Dermal Ingestion Inhalation Dermal Ingestion Inhalation Dermal
Children
Cu 7.78x10™* 218x10® 1.25x10° 1.95x107 546x107 1.04 x 1.96 x
10" 107
Zn 5.84x10* 1.64x10°% 934 x 195x%107° 546x10% 156 x10° 1.96 x
107 107
Mn 4.44 % 124 %107 710%10° 9.64x10° 870x10° 3.94x  0.109
10° 107
Fe 0.129 363x10° 207x  154x107 1.65%107 295x  3.48x
10 107 107
Pb 550x10% 154x10° 879 x 0.157 438x10° 167x10° 0.159 467%x10° 132x10° 5.99 x
107 10°
Adults
Cu 1.04x10* 9.83x10° 318x10° 2.61x10° 2.46x107 819x10” 2.6] x
10°
-4 -8 -7
7 784x10° 737x10° 239x  261%107 246x10° 123x107 2]
10 10
Mn 595x%107 560x10° 1.81x10° 129x10? 3.92x10° 311x10° 169 x
10°
Fe 173%x10° 163x10° 528x  206x10° 7.42x10° 233x  95Ix
10" 10° 107
Pb 737%10° 6.94x10° 225x 211x107 197x10° 132x10° 211x107 6.27 %107 337x  3.99x
10 10° 10°

HM: Heavy metal; CDE: chronic daily exposure; HQ: hazard quotients; HI: hazard index; CR: carcinogenic risk; TCR: total carcinogenic risk.
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Figure 6. PERI values across the sampling sites. PERI: Potential ecological risk index.

exposure due to their lower body weight and higher intake rates relative to adults***7". However, the
overall HIs were less than 1 for both age groups, indicating that the investigated region did not pose a
significant NCR.

Assessment of carcinogenic risk

The CR values for Pb in sediment samples were within permissible limits compared to the threshold (10*)
and the acceptable range (10° to 10) set by the USEPA. For children, the CR values from ingestion (4.67 x
10°) and dermal contact (1.32 x 10°) were within the acceptable range, indicating a relatively low CR.
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Similarly, the CR values for adults, both from ingestion (6.27 x 107) and dermal contact (3.37 x 10°), were
also within safe limits. The total carcinogenic risk (TCR) values, which combine ingestion, inhalation, and
dermal pathways, provided a comprehensive measure of the overall risk®”. The TCR values were 5.99 x 10
for children and 3.99 x 10° for adults. Both values were within the safe range. However, the TCR for
children was higher than that for adults, demonstrating that children are more vulnerable to Pb-related CR.
This finding is consistent with previous studies, which also reported a higher CR in children"**"").

Source identification of metals in beach sediment

Hierarchical cluster analysis

Figure 7 illustrates the clustering of samples and HMs based on scaled concentrations [Figure 7A],
highlighting two main clusters with distinct HM patterns. The accompanying histogram [Figure 7B] shows
the distribution of scaled values. The first cluster (K-1, K-2, K-3, K-4) is characterized by low levels of Pb
and Mn and moderate levels of Zn, Fe, and Cu. The second cluster (K-5, K-6, K-7, K-8, K-9, K-10, K-11, K-
12) showed a more heterogeneous pattern, with K-5, K-6, K-7, and K-9 displaying significantly high levels
of Pb but low levels of Zn, Cu, and Fe, indicating localized contamination”*”. On the variable axis, Zn and
Fe were tightly clustered, suggesting a similar concentration trend across samples. Cu, Mn, and Pb formed
another cluster, indicating potential co-occurrence of these metals®. The observed associations among
elements suggest common geochemical or anthropogenic influences that affect their concentrations***,

Correlation analysis

The correlation matrix revealed distinct relationships among metals, soil properties, and their interactions
[Figure 8]. Zn and Fe showed a strong positive correlation (r = 0.60), suggesting that they may originate
from similar geochemical sources or processes. Moderately negative correlations were found between Mn
and Zn (r = -0.50) and Fe and Mn (r = -0.45), suggesting competitive interactions and redox-driven
mobility'®”. The other metal pairs exhibited very weak to weak correlations, indicating independent sources
or localized contamination*. Among soil properties, pH and EC are negatively correlated (r = -0.701),
reflecting how higher alkalinity reduces ionic conductivity. OC and OM are nearly identical (r = 0.9999),
indicating their direct relationship. Silt and clay showed a perfect inverse correlation (r = -1.0), emphasizing
their perfectly opposing roles in soil texture. This inverse relationship between silt and clay is significant
because sediment texture directly influences metal mobility™. In terms of metal-soil interactions, Fe and Zn
exhibited negative correlations with silt (Fe: r = -0.37; Zn: r = -0.21) and positive correlations with clay (Fe: r
=0.37; Zn: r = 0.21), indicating that finer-textured sediments with higher clay content tend to retain and
accumulate these metals®™. In contrast, Cu and Mn showed positive correlations with silt (Cu: r = 0.22; Mn:
r = 0.24) and negative correlations with clay (Cu: r = -0.22; Mn: r = -0.24), indicating that coarser-textured
sediments may enhance the mobility of these metals. Moreover, Pb and EC show a negative correlation (r =
-0.455), implying reduced Pb solubility at higher ionic strengths. Zn and OC are positively correlated (r =
0.432), suggesting Zn accumulation in organic-rich soils. These correlations are crucial for identifying the

sources and understanding the mobility of metals in the environment"**.

Principal component analysis

PCA is a commonly used multivariate statistical method that reduces the dimensionality of datasets with
interrelated variables while retaining most of the variance!®'. To assess the suitability of a dataset for PCA,
the Kaiser-Meyer-Olkin test is commonly used to evaluate sampling adequacy (MSA). The MSA value for
the dataset in this study was 0.53, which falls within the marginal range of 0.5 to 0.7"*"\. This suggests that the
dataset has a moderate level of adequacy for PCA. The first three principal components explained a total of
83.38% of the variance in the dataset, with PC1 accounting for 42.08%, PC2 for 23.54%, and PC3 for 17.76%
[Table 7]. Factor loadings [Table 8] showed that PC1 was mainly associated with Zn (-0.600), Fe (-0.548),
and Mn (0.531), while PC2 was dominated by Cu (0.799), and PC3 by Pb (0.771), indicating variability in
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Table 7. Percentage of variance and cumulative variances for the components

PC Variance (%) Cumulative variance (%)
PC1 42.08 42.08

PC2 23.54 65.61

PC3 17.76 83.38

PC4 11.09 94.47

PC5 5.53 100

PC: Principal component.

Table 8. Factor loadings of the HMs on the first three PCs

Parameters PC1 PC2 PC3
Cu 0.106 0.799 0.456
Zn -0.600 -0.212 -0.106
Mn 0.531 -0.121 -0.086
Fe -0.548 0.057 0.423
Pb 0.214 -0.546 0.771

HM: Heavy metal; PC: principal component.

A B : ===
] '
4 | 5
|
- .|
z |
3
3 I
2 i -
|
il L
k1o |
K11 g LT
K-12 -
1 0 1 2

N T 0 =z T
o o & 5 =2 Value

Figure 7. (A) Clustering heatmap of metal concentrations in Kolatoli beach sediments across 12 sites; (B) Color key and histogram.

metal distribution patterns that may arise from both shared and distinct sources'*>*..

The PCA biplots [Figure 9] depict the spatial distribution of metals across the sampling sites. In the PC1-
PCz2 biplot, sites K-1 to K-4 are linked with Zn and Fe, reflecting higher concentrations of these metals.
Conversely, samples K-10 to K-12 show a strong association with Cu, suggesting localized Cu enrichment.
Mn presents a mixed pattern, positive on PC1 and negative on PC2, mainly influencing sites K-5 and K-8.
In the PC2-PC3 biplot, Cu and Fe show strong associations with sites K-2, K-5, K-9, K-11, and K-12,
whereas Zn and Mn are associated with sites K-1 to K-4. Pb is predominantly linked to sites K-6 and K-7.
These spatial patterns highlight variations in metal distribution across the study area. However, the lack of
distinct clustering suggests that metal concentrations are more likely shaped by background variability than
specific point sources. Nonetheless, anthropogenic activities remain a concern. The Karnafully River
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Figure 9. PCA biplots showing the spatial variations of metal composition among the 12 sites. PCA: Principal component analysis.

receives industrial discharges from tanneries, chemical plants, textile factories, and ship-breaking yards in
Chittagong, which eventually flow into the BoB**". Additionally, atmospheric deposition from vehicles and
tourist-related waste may further contribute to metal contamination.
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RECOMMENDATIONS FOR FUTURE WORK

In this study, samples were collected exclusively in December 2023 during the dry season, a period not
influenced by significant runoff or dilution, thereby providing reliable baseline results. To further
strengthen coastal monitoring and management efforts, future studies should incorporate seasonal sampling
to capture temporal variations in HM concentrations influenced by monsoonal runoff and tourist activity.
Source apportionment using advanced techniques such as isotopic tracing or metal speciation is
recommended to identify and quantify specific anthropogenic inputs, including urban discharge,
antifouling agents, and industrial effluents. Additionally, assessing the bioavailability of metals through
sediment-porewater-biota partitioning would refine ER predictions by moving beyond total concentration
metrics. Community awareness programs, particularly targeting children and other vulnerable groups,
should also be developed to reduce direct exposure risks and enhance public engagement in environmental
protection. These directions will deepen the understanding of contamination dynamics and support more
effective policy responses for sustainable beach management.

CONCLUSIONS

The sediment analysis revealed that the beach was predominantly sandy, with low contents of clay and silt.
The study indicated low levels of HM contamination, with Fe and Mn being the most abundant metals
present in the sediments. Compared to other regional and global studies, contamination levels in this area
were relatively lower. The I,,,, CF, and PLI values indicated anthropogenic Cu and Pb enrichment in beach
sediments, while Zn, Mn, and Fe remained at background levels. The PERI values indicated higher ERs for
Pb and Cu. This highlighted the critical role of Cu and Pb in influencing the overall sediment quality of
Kolatoli Beach. These elevated levels of Cu and Pb may indicate localized anthropogenic pollution sources.
The CDEs indicated that exposure primarily occurred through ingestion and exposure was consistently
higher for children than for adults. Although the cumulative HI values reflected combined risks from all
exposure pathways, they remained below 1 for both age groups, indicating no significant NCR in the region.
The TCR values for both children and adults were within the safe range. However, the TCR for children was
higher than that for adults, indicating greater vulnerability to CR in children. The hierarchical cluster,
Pearson correlation, and PCA analyses revealed strong associations between Zn-Fe, indicating a shared
geochemical origin and similar distribution patterns across samples. The inverse relationship between Mn-
Zn and Fe-Mn observed in both correlation and PCA suggested competitive interactions affecting their
mobility. Additionally, the cluster analysis identified localized Pb contamination, which aligns with PCA
results showing a strong Pb loading in PC3. Cu’s dominance in PC2 and PC3 further highlights its distinct
contamination source in the study area. The findings emphasize the importance of targeted interventions,
especially for Pb and Cu, to mitigate environmental and public health risks. Integrating these results into
policy will help ensure effective protection for both the environment and the public in Kolatoli Beach.
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