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ARTICLE INFO ABSTRACT
Editor: Edward Burton Eleven trace metals (Cd, Cr, Fe, Mn, Cu, Ni, Co, Zn, As, Pb, and Ag) in sediments of Bangladesh’s ship breaking
area were measured by an atomic absorption spectrometer to determine origin, contamination extent, spatial
Keywords: distributions, and associated ecological and human health hazards. This study found considerable quantities of
Bangladesh Pb, Cd, Mn, Zn, and Cu when compared with standards and high levels of Pb, Cd, Zn, Cu, As, and Ag contam-
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Monte Carlo simulation

ination according to pollution evaluation indices. Different indices indicate most of the sampling sites were
highly polluted. However, spatial distribution maps indicate that trace metals were predominantly deposited in
the northern and southern region. The ecological risk index revealed that Cd has the highest while Pb and As had
moderate risk. Based on the health index values, Zn for both adults and children were higher than the safe limit
while Mn, Pb, Cr, As, Fe, Cu, Ni, and Co for children were close to the threshold. The mean total carcinogenic risk
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values of Cr, As, and Ni for children and Ni for adults exceeded the permissible threshold. The cancer risk
possibilities were further assessed using Monte Carlo simulation. Most trace metals have anthropogenic origins,
which were attributed to ship breaking activities.

1. Introduction

Due to their enormous economic profit, the ship breaking and
recycling industries are a growing sector of the global economy [1,2].
The process of "ship scrapping" entails removing the structural compo-
nents of an old ship and turning them into salvageable elements like
iron, aluminum and steel [2-7]. Dismantling is vital for sustainable
growth not just to maintain a modern maritime fleet but also to keep a
continuous flow of ecologically beneficial goods [9]. However, ship
breaking is a difficult process due to the complexity of ship structures as
well as the numerous environmental, safety and health concerns
involved [11,12]. As a labor-intensive industry, ship breaking and
recycling was too expensive in wealthy nations. Thus, during the early
1980 s, ship owners scraped their ships in the scrapyards of India,
Pakistan, China, Vietnam, the Philippines, and Bangladesh to reduce the
cost and maximize the profit [8,14]. Since that time, ship recycling or
breaking has boosted Bangladesh’s economy by fostering the steel,
shipbuilding, furniture, building construction, mechanical, and elec-
trical sectors [13]. Bangladesh has increasingly been involved in ship
breaking over the past ten years, indicating the nation’s progress to-
wards becoming a world leader in this industry [9]. Its success is the
consequence of a number of reasons, including government assistance,
affordable labor, ideal beach conditions, high consumer demand for
recovered items and most importantly inadequate environmental over-
sight [2,8,9,15,16]. Fig. 1 shows intensive ship breaking activities of
Bangladesh.

Anyway, ship dismantling is a cause for worry in Bangladesh owing
to its economic importance and environmental risks [17]. Until now, our
nation had primarily focused on the financial benefits of ship-breaking
yards, despite the fact that the extraction procedures involved pose a
persistent threat to the environment and public health [2,18]. Cadmium
(Cd), Lead (Pb), chromium (Cr), arsenic (As), mercury (Hg), manganese
(Mn), zinc (Zn), nickel (Ni), copper (Cu) etc., are trace metals that are
present in various parts of end-of-life ships [2,6,8,10,16,19,20]. During

cutting of retired ships, diverse types of wastes including trace metals
initially gathered over the beach sediment then eventually moving to the
tidal, sub-tidal, deep seawaters and related sediments [3,4,21,22] and
these are significant worries about in coastal ecosystems [19,23].
Because similar to a clogged sink, they can gradually release the
collected trace metals into the surrounding water through various pro-
cesses which can result in serious pollution and long-term harm to the
aquatic ecosystem [24-27].

Trace metal poisoning of sediment is now a major environmental
hazard on a global scale as a result of the world’s growing industriali-
zation [28]. Due to their toxicity, prolonged atmospheric persistence,
and ability to bio-accumulate in the human body, trace metals are
widely known environmental pollutants [2,26] and their exposure is
primarily caused by trace metal-contaminated sediment [28]. Therefore,
trace metal contamination of terrestrial and aquatic ecosystems is a
serious environmental problem that negatively affects human health
[29-32] and the least developed countries, such as Bangladesh, have a
very difficult time addressing trace metal pollution [2,29,33-36]. The
hydro-litho-biosphere interface is where sediment pollution offers a
severe risk to ecosystems because sediments serve as both a source and a
sink for pollutants in aquatic systems [8,37,38]. As a result of sediment
losing its biological and chemical quality due to toxic metal pollution,
ecosystems and humans are placed in risk [39,40]. This is due to the fact
that contaminants in contaminated soil may be transferred to plants and
affect crop development and food safety [28,41,42]. Moreover, trace
metals may affect the soil’s biology, functionality, and nutritional con-
tent [43-45]. Chemical elements have been categorized into a wide
range of groupings, including those that are essential (Cu, Zn, Fe, Mn,
Co, etc.) and potentially harmful (Pb, Cd, Cr, As, Hg etc) [46]. If the
necessary element’s concentrations go above certain thresholds, they
can also cause toxicity [45]. Additionally, due to the ease with which
elemental ions can enter an animal or human body through dermal
absorption, inhalation, or ingestion, sediment with high concentrations
of harmful elements poses a risk to both their health and that of humans

Fig. 1. Some photographs of ship breaking activities in Bangladesh.
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and other animals [45,47]. Trace metals, even in small quantities, are
extremely detrimental to the human body due to a lack of an efficient
elimination mechanism [48]. Long-term exposure to Cd, for instance,
may result in lung cancer, renal issues, hypertension, and prostatic
proliferative lesions sand bone fractures. Arsenic inhalation may cause
skin lesions, and long-term oral As exposure can lead to lung cancer
[23]. The central nervous system may be hampered by the leaching of
Pb, which can also cause anemia, plumbism, nephropathy, and gastro-
intestinal colic [49]. On the other hand, reputable research organiza-
tions like the USEPA (United States Environmental Protection Agency)
and the IARC (International Agency for Research on Cancer) have pre-
viously designated hexavalent chromium as a human carcinogen [23].

Recent years have seen the completion of several independent
research on the distribution of toxic metals and the degree of their
pollution in surface sediments of the ship-breaking region [3,12,16,19,
23,28,50]. Yet, every study differs based on the precise objectives of the
investigation. As an example, Hasan et al. (2020) [28] assessed the
amount of heavy metal concentrations in soil and frequently cultivated
food crops, their transfer coefficient from soil to food crops, and any
possible danger to human health connected with consuming these food
crops. Heavy metal pollution was assessed by Rahman et al. (2019) [23].
Hossain et al. (2021) [19] investigated the pollution brought on by
heavy metals as well as the qualitative and quantitative vertical distri-
bution of heavy metals in core sediments. Alam et al. (2019) [16]
calculated the concentrations of potentially toxic elements, their sea-
sonal variations, and potential health risks from potentially toxic ele-
ments in the soil of the ship breaking area; Aktaruzzaman et al. (2014)
[12], calculated the concentrations of heavy metals in water and sedi-
ment sample of the ship breaking site and their potential ecological risk;
Hasan et al. (2013a) [3], looked at the spatial distributions of trace
metals in sediments of the ship breaking area.

The majority of earlier publications used a small number of statistical
data analysis techniques and a restricted numbers of factors to illustrate
the scenario of toxic metal pollution of sediments. Nevertheless, no
exhaustive research describing the degree of trace metal pollution in
sediments, their spatial distributions, and their impacts on the envi-
ronment and human health has been published yet. Therefore, we aim to
(a) assess the levels of sediment contamination using several indices and
their spatial distributions (b) evaluate potential ecological risks (c) es-
timate non-carcinogenic human health risk and carcinogenic health risk
with Monte Carlo simulation, and (d) pinpoint the probabilistic sources
of these metals.

2. Materials and methods
2.1. Study area and general geology

Sitakunda is an administrative part located in the northern part of
Bangladesh’s Chittagong district with a total area of 4894 km?. It lies in
the middle of the coordinates of 22°37' N and 91°39.7' E. [10]. Sita-
kunda boasts the world’s second-largest ship breaking business even
though it is mostly an agricultural region [28]. Attributable to its
topographical, geological as well as its economic benefits, including a
long, consistent intertidal shoreline with tidal variations of 6 m, the
Sitakunda coastline and the nearby region are mostly used for ship-
breaking operations [1,2]. The entire ship-breaking zone, covering an
area of more than 20 km2 and located between 22°22'19.2' and
22°33'43.2' N, and 91°39'18' and 91° 45'7.2' E, was the subject of this
investigation (Fig. 2).

The Sitakunda geological structure is one of the westernmost for-
mations of Chittagong and the Chittagong Hill Tracts, measuring 70 km
(43 miles) long and 10 km (6.2 miles) broad [51]. The studied region is
tectonically a part of the Bengal Basin’s folded flank’s western mild
sub-zone. This sub-zone is occupied by the Sitakund anticline, a
box-shaped, doubly plunging, elongated, and asymmetrical anticline
that is bordered by the Feni, Karnaphuli, Halda, and Sandwip rivers to
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Fig. 2. Location map of the study area.

the north, south, east, and west, respectively. It is situated on the Ban-
gladesh’s most seismically active faults known as Sitakunda-Teknaf
fault. Therefore, cyclones, storm surges and earthquakes are natural
hazards to this region [6]. Based on structure, topography, and rock
type, Sitakund and the surrounding region are split into four separate
physiographic units: the western coastal belt, the western alluvial plain,
the central tertiary hills, and the eastern halda valley. The research re-
gion is located west of the western alluvial plain and is a part of the
western coastal belt. This area is stretched out and thin, with a NNW-SSE
trend. The average elevation in this low relief region is 0.41 m AMSL.
This band may be represented as a region of submerged hills. A deep
sedimentary succession of sandstone, shale, and siltstone is included in
the structure. The exposed sedimentary rock strata, apart from lime-
stone, are an average of 6500 m (21,325 ft) thick and do not vary in
terms of the general lithology between Chittagong and Chittagong Hill
Tracts region [52]. This area has hot, humid summers from April to
June, followed by a warm, humid monsoon from July to September.
South-southeasterly winds are more common from April to September
and from October to March, northerly and north-easterly winds with
mild winters are more common [10]. The region’s yearly average tem-
perature ranges from 32.5° to 13.5°C, and its mean monthly rainfall is
257.77 mm, with July seeing the greatest total of 726.9 mm [16].

2.2. Sample collection and preparation

Sediment samples were taken from 11 sampling locations in and
around the ship breaking zone throughout six consecutive unions of
Bangladesh’s Sitakunda upazilla in the Chattogram district. Using a
large, clean stainless-steel spade, samples were randomly collected in
triplicates (n = 3) from two sampling locations of each union (aside
from one from Barabkunda) at several points horizontally from Salimpur
to Barabkunda at intervals of approximately 1-3 km from the first
sample site (Fig. 2). After collection, all samples were immediately
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packed airtight in clean zip-lock plastic bags with the appropriate la-
beling to prevent any weathering and contamination.

After carefully bringing them into the lab, they were spontaneously
dried by natural air for 7 days at room temperature, and then dried in an
oven for 24 h at 110 °C [28,53]. Rocks, wooden pieces, and other
non-sediment material were removed, and other obvious contaminants
in the sediment were further filtered out. After being thoroughly ho-
mogenized and crushed in a clean mortar with a pestle, the samples were
run through a 2 mm nylon mesh sieve. Then, the samples were preserved
in zip-lock polythene bags that were airtight and kept at 4 °C until
analysis [53].

After that, 10 g of uniformed sediment samples were digested in
earlier washed and dried 250 mL beakers using a concentrated nitric
acid (20 mL) and per chloric acid (10 mL) combination [28,54]. Beakers
containing the ingredients for digestion were placed on a hot plate and
heated at between 150 and 180 °C while being covered with a watch
glass. After some time, the residual trace organic material was evapo-
rated to produce a clean solution. After completely washing the first
sample beaker with deionized water, the samples were transferred to a
second 250 mL washed and dried beaker, where they were filtered using
WhatmanTM qualitative 1 filter paper (125 mm dia.*100 circles). After
adding 2 mL of concentrated HNO3 to bring the volume of the filtrate
sample solutions up to 50 mL, they were re-heated on the hot plate at
150°C-180°C. Transparent sample solutions were shifted to 100 mL
calibrated volumetric flasks, cooled to room temperature, and filled to
the designated level using sterile deionized water. Before filtering the

Table 1
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sample solution into clean, labeled 200 mL translucent plastic bottles,
we gave it a good stir and agitation to ensure that it was distributed
evenly. A blank sample (in the absent of sediment samples) was also
made ready in similar way for quality assurance. The samples were then
stored in the lab at 4 °C until elemental analysis is performed [28].

As indicated in our earlier study, we took great care to ensure that
the quality of the analysis was maintained sample gathering to labora-
tory evaluation [28]. Deionized water (electrical conductivity 0.2
pSem ™, resistance 18.2 MQ cm at 25 °C) and analytical-grade chem-
icals such HNOg, HClO4, H202 and HCI were used for sample prepara-
tion (Scharlau, Spain). The volumetric flask, pipette, and other
glassware used in the experiment were all calibrated, and before to use,
they were cleaned by soaking in 10% (v/v) HNOj for an entire night,
followed by a rinse in deionized water. The GR-200 from A&D Company
Ltd in Tokyo, Japan served as the digital electrical balance used to weigh
the samples.

2.3. Sample analysis

The Institute of National Analytical Research and Service (INARS),
Bangladesh Council of Scientific and Industrial Research (BCSIR), in
Dhaka, Bangladesh, conducted analyses of sediment sample analyses for
the elements Cd, Pb, Cr, Ni, As, Fe, Mn, Zn, Cu, Co, and Ag. This lab is
accredited in accordance with ISO/IEC 17025:2017 [28,45,55]. All
potential sources of sample contamination were mitigated by taking
precautions throughout collection, transit, and storage, as well as during

Trace metal concentrations in sediment samples of the ship breaking area, Bangladesh with their measurement uncertainty ( + ) and comparison of these with

standard, background and some reference values.

Sample ID Pb Cd Cr Fe Mn Zn Cu Ni Co As Ag
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
SS-1 100.6 1.61 64.4 10107.2 930.7 + 2.4 1146.3 261.6 + 0.4 85.7 10.07 4.01 0.21
+0.4 +0.02 +0.4 +2.4 +0.6 +0.4 +0.06 +0.23 +0.04
SS-2 137.6 1.67 15.1 10416.5 1076.4 1309.8 367.9 + 0.3 27.4 13.91 4.02 0.29
+ 0.6 +0.14 +0.2 +1.4 +3.2 +0.2 + 0.4 +0.12 + 0.04 + 0.04
Ss-3 68.3 1.76 63.1 9489.7 639.1 +1.6 949.8+0.5 61.9+0.3 20.9 6.10 5.50 4.28
+0.31 + 0.22 +0.31 +1.4 +0.3 + 0.4 + 0.4 + 0.24
SS-4 7.9+0.3 0.01 10.2 8337.1 2426 +2.4 143.1 £ 0.6 6.9+0.3 11.4 4.57 1.56 0.09
+0.001 +0.2 +1.2 +0.2 +0.4 +0.2 +0.03
SS-5 24.8 0.12 28.8 9963.6 831.4 +2.3 2745405 2744042 313 10.23 5.16 0.08
+ 0.4 + 0.001 + 0.32 +1.8 + 0.22 +0.21 +0.3 + 0.02
SS-6 39.6 0.03 23.6 9999.5 888.9 + 2.5 389.1 71.3 £ 0.45 36.1 8.07 4.37 0.06
+0.55 +0.01 +0.24 +1.9 +0.44 +0.24 +0.4 +0.2 +0.01
SS-7 75.7 0.11 26.3 10116.3 994.3 + 1.8 823.9 159.7 39.3 6.23 5.33 0.02
+0.17 +0.01 +0.23 +1.5 + 0.48 + 0.58 +0.23 + 0.5 +0.2 + 0.01
Ss-8 41.5 0.04 44.3 10273.4 1335.7 2233.4 114.1 73.2 14.14 13.62 0.08
+ 0.87 + 0.01 + 0.45 +1.2 + 3.3 +1.2 + 00.3 + 0.32 + 0.4 +0.3 + 0.01
SS9 78.3 0.21 37.1 10052.4 1318.0 1164.1 1729+ 0.2 39.8 7.98 5.85 0.10
+0.2 +0.1 +0.46 +1.12 +3.5 +1.22 +0.12 +0.5 +0.5 +0.01
SS-10 122.8 0.41 103.2 10400.6 3336.3 1169.4 232.4+ 0.5 50.8 7.64 5.20 0.08
+0.23 + 0.02 + 0.45 + 0.89 + 3.4 +1.1 +0.14 + 0.6 + 0.4 + 0.01
SS-11 32.3 0.02 41.6 9930.6 1281.8 310.5+.9 102.1 £ 0.8 53.6 +£.3 16.59 6.20 0.05
+0.31 + 0.01 + 0.56 + 0.88 +1.2 +.2 +0.2 + 0.01
Min 7.9+0.3 0.01 10.2 8337.1 242.6 + 2.4 143.1 £ 0.6 6.9+0.3 11.4 4.57 1.56 0.02
+0.001 +0.2 +1.2 +0.2 +0.4 +0.2 +0.01
Max 137.6 1.76 103.2 10416.5 3336.3 2233.4 367.9+03 857 16.59 13.62 4.28
+ 0.6 +0.22 + 0.45 +1.4 + 3.4 +1.2 + 0.4 +.2 +0.3 + 0.24
Mean 66.3 0.54 41.6 9917 1170.5 901.3 143.5 42.7 9.59 5.53 0.49
+83.2 +1.5 +53.7 +1164.9 +1573.2 +1221.4 +219.02 + 44.03 +7.6 +59 +25
Standard 22.8° 0.11*° 77.2° 27,000° 1.17° 95° 33.0° 56.1° - - -
Value®?
Background 13 0.2 100 50,000 950 70 55 75 25 1.8 0.07
Value®
World Averaged 10.2 0.06 20.2 52,000 1100 10.3 20 40 10.4 - -
World Normal® 19.0 3.00 100 26000 550 60 100 50 50 7.20 -
TRV 31 0.6 26 - 120 - 16 16 - 6 -
SEL® 250 10 110 - 270 - 110 75 - 33 -
PEL" 91 3.5 90 - - - 197 36 - 17 -

2 JAEA (1990) [131], "GESAMP (1982) [132], “Krauskopf & Bird (1995) [58], 9Cox (1989) [133] & Iwegbue (2018) [134], “Bhuiyan et al., (2010) [39], fToxicity
Referency Value (TRV) by USEPA (1999) [135], 8Severe Effect Level (SEL) & bprobable Effect Level (PEL) by MacDonald et al., (2000) [83].
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laboratory analysis. The sediment quality parameters listed above were
used to evaluate the taken triplicate samples from every sampling site,
with the average values from each point included into the final result.
The results are shown in Table 1. Results from three independent mea-
surements at each sample location all showed RSDs of less than 10%.

As a way to ascertain the majority of the elements, AAS (atomic
absorption spectrometer) analysis was used (Model: AA240FS, Varian,
Australia). However, a Zeeman AAS (Model: GTA 120-AA240Z, Varian,
Australia) was used to assess the concentration of Cd in sediment sam-
ples, and an AAS (Model: SpcetrAA 220 with ETC-60 and VGA-77,
Varian, Australia) was used to estimate the concentration of As. This
calibration curve was used to get an estimate of the sample’s elemental
content. For each element, working standard solutions at varying con-
centrations were produced by diluting CRM with deionized water, and
their absorbances were measured against a calibration curve of con-
centration in comparison with absorbance. Sometimes, samples were
diluted for components found at higher concentrations. Every instru-
mental calculation with RSD of below 5% was recorded as the mean of
three consecutive duplicate measurements. Both the reference mate-
rial’s predicted value and its observed value fell within a 5-10% margin
of error during analysis. Spike recovery (%) for all components was
between 90% and 110% of the awaited values, as indicated by the
equation below, confirming the precision and accuracy of the instru-
mental analysis using standard reference materials [28,45,54].

Journal of Hazardous Materials 465 (2024) 133214

%) Sediment
EFF=———"¢———
(%) Background

Where X stands for the trace metal being studied and X/Fe is the ratio of
X’s concentration to that of iron. If the EF of an element is between 0.05
and 1.5, it is almost certainly of natural or crustal origin [62]. For the
components under consideration, the contamination level based on EF
can be categorized into four categories [45,63] which is shown in a table
(Table S1, Supplementary information).

2.4.2. Geo-accumulation index (Igeo)

Muller [64] introduced the geo-accumulation index in 1969, and its
usage in determining elemental contamination in sediments has become
widespread which was calculated by the following equation [65].

Tgeo = log, _ Crrace e __
(15 X CBackground)

Where C background is the metal’s geochemical background concen-
tration and Crracemetal 1S the trace metal concentration in the sediment
sample. Krauskopf and Bird’s (1995) [58] data on crustal abundance
were used as a baseline concentration. The correction factor of 1.5 is

_ (Concentration of spike sample — Concentration of unspike sample) x 100

R %) =
ecovery(%) Amount of  spike

To ensure analytical quality control, we used CRM (Fluka Analytical,
Sigma-Aldrich, Germany) traceable to the National Institute of Stan-
dards and Technology (NIST), USA, at concentrations of 1000 + 4 mg L-
1. By recovering from spikes, the analytical method’s validity was
further supported. Replicate analysis was used to compare the analytical
results to NIST traceable CRM, ensuring the accuracy and precision of
the findings. Moreover, a blank for the reagent technique and standard
solution were established after five and ten samples, accordingly.

2.4. Indexes for assessing sediment contamination

2.4.1. Enrichment factor (EF)

Differentiating between elements produced by natural weathering
and those produced by human activity is an essential component of
geochemical investigations. One extensively used method is normali-
zation, which compares element concentrations to the composition or
textural properties of the sediment [28,45]. Hence, the enrichment
factor was determined by adjusting the element concentrations found in
more than the average level of contamination [56]. According to Strbac
etal., 2018 [57], it is important to consider the geochemical background
values when establishing the quality criteria of soil and sediment and
according to Sadanandan et al., 2023 [27], researchers use the average
crustal abundance data as the background for the local interpretation of
geochemical data. Therefore, as a point of reference, the average crustal
abundance data were utilized from Krauskopf and Bird (1995) [58], and
Fe was used to compute EF. Since its contribution comes almost exclu-
sively from natural sources (98%) Fe was chosen as the standardizing
element [59]. In fluvial and coastal sediments, Fe acts as both a sub-
stantial trace metal sorbent phase and a quasi-conservative tracer of the
naturally occurring metal-bearing phases [3,60].

As calculated by Aprile and Bouvy (2008) [61], the enrichment
factor (EF) for the concentration of trace metals in sediment is as
follows:

used to account for the possibility of changes in the background or
control values owing to its possible terrigenous impacts [66].

The results of Igeo can be classified into seven grades or classes of
sediment contamination [28,39,45,67] which is shown in a table
(Table S1, Supplementary information).

2.4.3. Contamination factor (CF)

Each and every one trace metal in the sediment was evaluated for its
ability to contribute to pollution using the contamination factor, which
was computed by the following formula [28,45,68].

Crrace  metal
CF= Ciackground 3)
The background value is Cpacground, and the statistics on crustal
abundance from Krauskopf and Bird (1995) [58] were utilized in this
context as background information. Sediment contamination levels in
the current experiment were divided into four groups according to CF
[69,70] (Table S1, Supplementary information).

2.4.4. Pollution load index (PLI)

To assess the overall extent of trace metal pollution in the sediment,
pollution load index (PLI) was calculated [71] representing the geo-
metric mean value of the contamination factors (CF) for the respective
trace metals examined in this study.

PLI = (CF1 x CF2 x CF3............... x CFn)1/n

Where, n represents the number of examined trace metals. Results of
PLI > 1 specifies the polluted sediment while PLI < 1 specifies no
pollution [45,72].

2.4.5. Nemerow integrated pollution index (NIPI)
Furthermore, the gross pollution integrity of the studied ecosystem
was appraised by the Nemerow Integrated Pollution Index (NIPI) [71,
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72] [73,74]. The primary step in NIPI estimation was to develop a
pollution index (PI). Similar to CF, the formula for PI involves averaging
the concentration of metals over a certain number of sampling sites
(often five). The formula of PI has been narrated earlier by Yu et al.
(2004) [75] and Yang et al. (2011) [76], and it has been substantially
implemented by Jiang et al. (2014) [77] and Al Anbari et al. (2015)
[78].

_ Concentration of individual trace metal

PI
Background  value
Anyway, the NIPI was evaluated by the equation below:
Pl2mean PIZ aximum
NIPI = 4 [——meant” © Maximum

2

Where, Plyean is the average value of PI of individual trace metals and
Plyaximum iS the maximum value of PI of individual trace metals. The
result of NIPI was categorized based on Cheng et al. [79] classification
(Table S1, Supplementary information).

2.4.6. Toxic unit (TU) analysis

Relative toxic units (RTUs) are used to calculate the possible severe
toxicity of trace metals in sediments. Toxic unit analysis measures how
dangerous an environment is according to the concentration of poten-
tially harmful substances in sediment [80]. When the sum of the toxic
units for all sediment samples is greater than 4, the sediment’s hazard-
ous component’s toxicity is still moderate to high [81,82]. The TUs were
evaluated by the following formula for each metal:

TU — Crrace  metal
PEL

Where, Crrace metal 1S the trace metal concentration in sediment and PEL
is the potential effect levels of trace metals in sediment. According to
MacDonald et al., (2000) [83], the PEL values of Pb, Cd, Cr, Cu, Ni and
As are 91, 3.5, 90, 197, 36 and 17, respectively.

ZTU = TUmetat1 + TUmetaiz + TUmeta13 & - evvmevenerinaninaiinnss + TUmetaln

Where, > TUs is the product of toxic units for trace metals in sedi-
ments [82].

2.4.7. Ecological risk factor (Er)

Ecological risk was introduced by Hakanson (1980) [68] and quan-
tified by the following equation to quantify the possible ecological
impact of a single trace metal contaminant:

Er = Tf x CF

Here, Tf stands for the corresponding trace metal’s toxic reaction and
CF for contamination factor. Lead, Cd, Cr, As, Mn, Ni, Cu, and Zn were
the trace metals under study; their hazardous response factors were
calculated as 5, 30, 2, 10, 1, 5, 5, and 1, accordingly [45,68] (Table S1,
Supplementary information).

2.4.8. Potential ecological risk index (RI)

The potential ecological risk index is an improved version of the
ecological risk factor that may be used to measure the impact that
harmful compounds in sediments have on the ecosystem [84,85]. Here
we illustrate the whole of the dangers posed by the trace metals in the
sediment samples we tested [45,68].

RI = i Er
n=8

RI was assessed for 8 (n = 8) trace metals and according to Jiao et al.
(2015) [85] the index can be classified into four classes (Table S1,
Supplementary information).
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2.5. Human health risk evaluation

Health risk evaluation is a helpful method originated to appraise the
probable harm that pollution poses to individuals [86]. As a first step, it
is necessary to conduct an exposure assessment to distinguish between
carcinogens and non-carcinogens and their respective dangers to the
health of adults and children.

2.5.1. Exposure assessment

The purpose of an exposure assessment is to determine the level,
frequency, and duration of a person’s contact with environmental pol-
lutants [87]. Trace metals may be ingested, inhaled, or absorbed via the
skin when people come into touch with dust particles that have settled
on sediments [86,88-92]. To calculate the chronic daily dose (CDD:
mg/kg/day) of potentially harmful trace metals absorbed via each of the
three routes of exposure, the following equations were utilized [88,93]:

C X IngR x EF x ED

CDDlngesti.'m = BW x AT

x CF

C x InhR x EF x ED

CDDn alation —
Inhalat PEF x BW x AT

C x SA x SL x ABS x EF x ED
CDDpermar = BW < AT x CF

where EF is the exposure frequency (days/year), ED is the exposure
duration (year), C is the trace metal concentration in sediment (mg/kg),
The skin’s surface area (cm?), SL is the adherence factor, and ABS is the
dimensionless dermal absorption factor; According to USEPA (2002)
[93,137] BW represents the average body weight (kg), AT denotes the
average time (seconds), PEF represents the particle emission factor
(m3/kg) (day), and CF represents the conversion factor
(1 x10-6 kg/mg). The relevant characteristics are shown in detail in a
table (Table S2, Supplementary information). For the parameter values,
the USEPA (2011) [94], De Miguel et al. (2007) [95], Wang et al. (2017)
[96], and Bai et al. (2017) [97] were consulted.

2.5.2. Evaluation of non-carcinogenic risk

The hazard quotient (HQ), which is often used to describe the non-
carcinogenic risk, is computed by dividing the chronic daily dose
(CDD) of a given metal by the reference dose (RfD) [88]. The hazard
index (HI) is the overall risk of non-carcinogenic trace metals by three
routes of exposure for an individual trace metal [86]. Nevertheless, the
following formulae are used to determine HQ and HI:

CDD
HQ=——
Q RD

HI = HQIngeslion+ HQInhulution“F HQDermal

Here, RfD is the reference dose (mg/kg/day) of every trace metal
studied in this research. The reference doses (Rfd) of Pb, Cd, Cr, As, Mn,
Fe, Co, Ni, Cu and Zn for ingestion pathway are 4 x 1073, 1 x 1073,
3%x10733%x107%4.6%x1072%0.7,2x102%2x1072% 4 x 10 2and
3 x 107}, respectively; for inhalation pathway are 3.25 x 1073,
1x1073 286x107> 3.01x107% 1.43x10° 3x107}
571 x 107%,2.06 x 1072, 4.02 x 10 2and 3 x 107}, respectively; and
for dermal pathway are 5.25 x 10741 x10756 x 107>, 1.23 x 1074,
1.84 x 1073, 0.14, 5.7 x 1075, 5.4 x 107>, 1.2 x 102 and 6 x 1075,
respectively [98-104,138,139]. If the HQ or HI > 1, there may be po-
tential non-carcinogenic effects on health, but HQ or HI < 1 denotes
there is no experience of any health risks for exposure by
non-carcinogenic metals [88,94,105].

2.5.3. Carcinogenic risk assessment
With reference to carcinogenic risk, the incremental likelihood that a
heavy metal user would get any sort of cancer from lifetime exposure
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may be assessed [86,105,106]. According to the following calculation,
the risk of cancer for an adult or kid may be calculated individually
(USEPA, 1989, 2002) [88,93]:

CR = CDD x SF
TCR = ZCR

Where SF is the slope factor (mg/kg/day) !, CR is the carcinogenic risk
(mg/kg/day), and TCR is the total carcinogenic risks. The slope factor of
Pb, Cd, Cr, As and Ni for ingestion pathway are 8.5 x 1073, 0.38,
5.01 x 107}, 1.5 and 1.7, respectively; for inhalation pathway are
4.2 x 10’2, 6.3,0.42,1.51 x 101, and 0.84, respectively; and for dermal
pathway are 8.5 x 107%, 6.3, 2, 3.66 and 8.40 x 10!, respectively
[98-103,107].

2.5.4. Monte Carlo Simulation (MCS)

Since risk assessment involves evaluating potential risks based on
known facts, personal characteristics, environmental variability, and
lack of precision, uncertainty of risk is an inherent feature that needs to
be considered [108-110]. To evaluate the carcinogenic and
non-carcinogenic health hazards associated with exposure to trace
metals contaminants, the Monte Carlo simulation technique has been
appropriately used in this work utilizing the Oracle Crystal Ball (version
11.1.2.). The reduction of uncertainty is one of the benefits of the Monte
Carlo simulation. To determine the probability distribution of risk, this
method repeatedly selects arbitrary values from the probability distri-
bution of a large number of input values [111-113]. Several numbers
are used in the MCS instead of a single point value to perform multiple
calculations and ultimately produce conclusions with varying assurance
levels, ranging from 1% to 99%. The risks associated with the Hazard
Index (HI) and incremental lifetime cancer risks (ILCR) are computed
many times in the Monte Carlo simulation, using various random values
for each input. Consequently, rather than having a single number, the
output risk has a range of values. The impact of input factors on HI and
ILCR values was ascertained using sensitivity analysis and likelihood of
hazards. With a 95% confidence level and 100,000 iterations, the
sensitivity analysis was predicted to guarantee numerical stability. This
approach is often utilized in risk management practices and
decision-making to pinpoint the primary causes of adverse health out-
comes [114].

2.6. Statistical analysis

SPSS software (Version 20, IBM Corporation, Armonk, NY, USA) was
used to further estimate the observed findings of the parameters of the
sediment samples by statistical analysis. To ascertain the potential origin
of trace metals (anthropogenic or natural), multivariate statistical
analysis was used, such as principal component analysis (PCA) [55,72];
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cluster analysis (CA) was used to categorize various geochemical groups
[115]; Pearson’s correlation matrix was used to determine the associa-
tion among trace metals [116]. ArcGIS (10.8) software was used to
create location map and spatial distribution maps. Moreover, lab origin
pro-9 software employed to perform box plots and adobe Photoshop was
used for the construction of graphical abstract. Microsoft Excel 2010 was
frequently used for various analytical calculations.

3. Results and discussion
3.1. Trace metals concentration in sediment

The assessment of sediment samples from the ship breaking area of
Bangladesh showed a variable distribution of several trace metals. The
acquired results of trace metals with uncertainties are shown in Table 1.
In addition, mean, median, 25-75% percentiles and the outliers of trace
metals content in sediments are displayed in Fig. 3. The range of trace
metals and their mean value in sediments was found as follows: 7.9
+0.3-137.6 + 0.6 with an average 66.3 +83 for Pb, 0.01
+0.001-1.76 £ 0.2 with an average 0.54+1.5 for Cd, 10.2
+0.2-103.2 + 0.5 with an average 41.6 +54 for Cr, 8337.1
+ 1.2-10416.5 +£ 1.4 with an average 9917 + 1165 for Fe, 242.6
+ 2.4-3336.3 &+ 3.4 with an average 1170.5 + 1573 for Mn, 143.1
+ 0.6-2233.4 + 1.2 with an average 901.3 + 1221 for Zn, 6.9
+0.3-367.9 £ 0.3 with an average 143.5+219 for Cu, 11.4
+ 0.2-85.7 + 0.4 with an average 42.7 + 44 for Ni, 4.57 + 0.4-16.59
=+ 0.2 with an average 9.59 £ 7.6 for Co, 1.56 + 0.2-13.62 + 0.3 with
an average 5.53 +5.9 for As and 0.02 + 0.01-4.28 + 0.2 with an
average 0.49 + 2.5 for Ag.

3.2. Comparison of analyzed sediment data with standards

To estimate the level of trace metals, examined results of sediment
samples were compared with standard, background and some reference
values of unpolluted sediments. These findings were summarized in
Table 1. The appraised Pb concentrations in sediment samples of almost
all areas (except SS-4) were notably higher than the GESAMP standard,
background, world average, world normal and toxicity reference (TRV)
values. Although Pb concentration in sediments of some sampling sites
highly exceeded the probable effect level (PEL), but average Pb con-
centration (66.3 mg/kg) was within the PEL and severe effect level
(SEL). The mean Cd concentration (0.54 mg/kg) and Cd in sediments in
most of the study areas was significantly higher than the IAEA, GESAMP
standards, background, world average and TRV values. Average Cr
concentration was higher than the world average and TRV values but
lower than the IAEA standard, background, world normal, SEL and PEL
values. Manganese concentrations in sediments from most of the sam-
pling locations had surpassed the standard, background, world normal,

(b)
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Fig. 3. Box plots of trace metals concentration in sediments of ship breaking area Bangladesh.
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TRV, SEL values highly and mean Mn concentration was 1000 times
higher than the GESAMP standard. Moreover, concentration of Zn of all
sediment samples as well as its average value were 10-88 times greater
than the standard, background, world average and world normal values.
The concentration of Cu of most of the sediments and their mean results
were higher than the standard, background, and reference values.
Average Ni concentration was higher than the world average, TRV, PEL
but lower than the standard, background, world normal, SEL values. In
addition, average As and Ag concentrations were respectively 3 times
and 7 times greater than the background value. However, Fe concen-
trations in sediments of every sampling point were within all standard,
background and reference values.

3.3. Comparison of studied sediment data with reported data

The examined mean concentration of trace metals in sediments of the
study area are compared with previous literature studies of Bangladesh
and other top ranked ship breaking industrial Asian countries, which are
shown in Table 2. Comparing our current study with the earlier two [3,
28] it can be designated that, although the Cd and Mn concentrations are
higher than these studies, but content of Cr, Fe and Cu are lower. In
addition to the concentrations of Pb, Ni and Zn of the present study are
greater than the study of 2013 and lower than the study of 2020. This
variation of trace metal concentration depends on some factors such as
differences in sampling locations, seasonal variations and number of
ships dismantled in the year etc. Beside these, the mean values of all and
most of the trace metals of the current work are higher than the studies
of Hossain et al., 2021 [19] and Rahman et al., 2019 [23], respectively.
However, the toxic trace metal concentrations in the Alang-sosiya ship
scrapping yard of India and the Aliaga ship breaking area of Turkey
[117-120] are extremely higher in comparison with the Sitakunda ship
breaking area of Bangladesh including present study (Table 2). More-
over, average Pb, Cd, Cr and Cu contents in sediments of highly
impacted coastal zone of Karachi, Pakistan [121] are much higher than
this work. But trace metal concentrations in sediments of southeast coast
and west Bengal coast of India [122,123], northern Mediterranean coast
of Turkey [124] and Karachi coast of Pakistan are lower than our current
study.

3.4. Spatial distribution of trace metals in the study area

Spatial distribution maps are an extremely helpful tool for identi-
fying hotspots with high concentrations of trace metals in the investi-
gated regions and for differentiating between safe and risky zones [86,
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91,92,125,126]. The spatial distribution maps of the examined trace
metals in the ship breaking area of Bangladesh are shown in Fig. 4. These
maps show locations with low, medium, and high concentrations of
trace metals; the colors dark green, light green, yellow, brown, and red
reflect these levels. The northern and southern regions of the research
area are where high concentrations of Pb, Cr, Fe, Zn, Cu, Ni, and Co are
found in spatial variations. In addition to these, high concentrations of
Cd and Ag are found in the southern side while high Mn and As con-
centrations are in the northern side. However, the middle portion of the
study area is comparatively safe zone. The ship breaking yards are
irregularly situated along the coast of Sitakund, and large yards are
situated in the northern and southern parts. These consistent spatial
distribution patterns of trace metals suggest areas that might be
impacted by the ship breaking industries in that region.

3.5. Assessment of trace metal pollution in sediment

In this research work a variety of indices were applied to estimate the
pollution status of the Bangladesh’s ship breaking areas sediments.
Every one of these indices has a distinct interpretation and classification
of the degree of contamination based on the chosen factors. For example,
to determine the actual contribution from anthropogenic sources,
enrichment factors (EF) for trace metals in specific sediment samples
were calculated. In addition, trace metal accumulation with contami-
nation loadings has been computed by the geo-accumulation index
(Igeo). The results of EF and Igeo are shown in Fig. 5 and Table S3
(Supplementary information). In addition, spatial distribution maps of
EF and Igeo values for studied trace metals in sediments are displayed in
Fig. S1 (Supplementary information) and Fig. S2 (Supplementary in-
formation), respectively. The findings of EF values revealed that nearly
all of the sediment samples were very severely enriched with Pb, Zn and
As. Significant variations were observed in the EF values for Cd
(0.30-46.39), Cu (0.75-32.11), and Ag (1.41-322.2), indicating diverse
anthropogenic inputs. Beside these, most of the sediment samples were
moderately to severely enriched with Mn and mild to moderately
enriched with Ni, Cr and Co. According to the mean EF, concentrations
of studied trace metals were found in the decreasing order as Zn (63.72)
> Ag (36.15) > Pb (25.22) > As (15.31) > Cd (13.59) > Cu (12.82)
> Mn (6.09) > Ni (2.83) > Cr (2.08) > Co (1.92). Spatial distribution
maps of EF for Zn, Pb and As exhibit that sediments of the entire studied
area is very severely polluted by these trace metals (except very small
portion at SS-4 for Pb and As); for Ag and Cd southern zone has very
severe sediment modification; for Cu sediments of both northern and
southern sides are very severely polluted; and for Mn severe to very

Table 2

Comparison of average trace metal concentration of present data with the literature data of marine sediments of ship breaking areas of Bangladesh and other Asian

countries.
Sample ID Pb Cd Cr Fe Mn Zn Cu Ni Co As Ag Reference
Ship Breaking area, Bangladesh 66.3 0.54 41.6 9917 1170.5  901.3 143.5 42.7 9.59 5.53 0.49  Present

Study
Ship Breaking area, Bangladesh 61.9 - 30.8 - 586 76.6 45.9 32.3 - - - [19]
Ship Breaking area, Bangladesh 68.3 0.49 64.6 93,015.1 1084.7 1226.3 255.4 54.2 - - - [28]
Ship Breaking area, Bangladesh 90 - 11.9 68260 - 215.4 18.7 - 10.55 - [23]
Ship Breaking area, Bangladesh 103.1 5.5 250.8 - 1002 713.3 180.2 90.8 - - - [16]
Ship Breaking area, Bangladesh 18.09 0.24  658.45 58,959.1 938.27 355 189.18  32.64 21.73 6.81 - [3]
Ship Breaking area, Bangladesh 55.94 - 106.8 - 20.09 70.72 50.09 - - - - [12]
Alang-Sosiya ship scrapping yard, India 169.98 32.7 290.18 137,990 4643.1 1222.18 21441 17253 5255 - [117]
Southeast coast of India 567 071 9.25  2779.81 54.84 14.19 3.55 6.43 - - - [122]
West Bengal coast, eastern part of India 15.14 0.14 40.1 - - - 24.2 19.5 5.85 0.12 [123]
Aliaga Ship Breaking area, Turkey 368.75 2.85 147.25 54265 1256 1442.5 897.5 97.75 - - - [118]
Heavily industrialized region in Turkey, 128 0.88 30.6 23600 731 311 54.6 50.2 13.9 31.7 0.21 [120]
including ship breaking yards.
Aliaga ship recycling zone, Turkey 283.52 1.47 111.09 43641.47 551.20 605.43 320.95 98.67 - - - [119]
Northern Mediterranean coast of Turkey 7.35 0.23 18.33 17061.43 198.32 44.81 6.12 30.95 6.21 19.58 [124]
Highly impacted coastal zone of Karachi, 90.68 0.86 144.80 956.19 - 151.24 154.37  40.02 8.27 - [121]
Pakistan

Karachi Coast, Pakistan 23.24 96.75 500 204.79 31.39 - - [136]
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of trace metals in sediments of ship breaking area, Bangladesh.

severe sediment contamination have found in a large portion of the
northern side of the study area but no severe sediment modification has
found for Ni, Cr and Co (Fig. S1, Supplementary information). Regarding
Igeo 54.5% and 36.4% of sediment samples were accordingly heavily
contaminated and moderately contaminated by Zn; sediments from
almost all sampling sites were moderately to heavily contaminated by
Pb and As (except SS-4); sediments from 63.6%, 36.4% and 27.3% of
sampling sites were moderately to heavily contaminated by Cu, Cd and
Ag, respectively. But all sites had negative Igeo values for Fe, Cr, Mn
(except SS-10), Ni and Co that mean sediments were practically un-
contaminated with these trace metals (Table S3, Supplementary infor-
mation). The high EF and Igeo values for Zn, Pb, As, Cd, Cu, and Ag
showed that these trace metals, which may have originated from both
natural and man-made processes like ship scrapping, were heavily
polluted in the sediments of the ship breaking region. Spatial variation
maps of Igeo reveal that sediments of both northern and southern part of
the study area are moderately to heavily contaminated for Pb and
heavily to extremely contaminated for Zn; for Cd and Ag southern part
while for As northern part are moderately to heavily contaminated by
these metals; for Cu very small portion both in north and south part is
moderately polluted. However, spatial maps of Igeo of sediments for Fe,
Mn, Ni, Cr and Co depict that the whole study area (except very small
portion near SS-10 for Mn) is practically uncontaminated by these
metals (Fig. S2, Supplementary information).

Contamination factor (CF) analysis was executed to assess the
contamination level of individual trace metal in sediments while
pollution load index (PLI) was used to evaluate the overall pollution

11

scenario of sediments from each sampling points. Moreover, nemerow
integrated pollution index (NIPI) was also performed for the estimation
of the comprehensive pollution integrity of the examined trace metals.
The results of CF, PLI and NIPI are presented in Table S4 (Supplementary
information). Considering CF values for Zn in almost all sediment
samples showed very high contamination whereas, CF for Pb conveyed
considerable to very high contamination of sediments in most of the
sampling sites with large variation ranging from 0.61 to 10.59. The CF
values for Cd in sediments from three sampling sites were very highly
contaminated but sediments from rest of the sites had low to moderate
contamination. Besides, CF for As and Cu in most of the sediment
samples expressed moderate to considerable contamination. Although
CF for Ag in two sampling points exhibited considerable to very high
contamination but CF for Ag and Mn in majority of the samples indicated
low to moderate contamination. However, the CF values of Fe, Cr, Ni
and Co showed very low contamination level (Fig. 5). According to
spatial variation maps produced by CF, the sediments in the study area’s
northern and southern parts have considerable to very high contami-
nation with Pb and very high contamination with Zn. The southern part
of the study area is very highly contaminated with Cd and Ag, while the
northern part has considerable contamination with As. Small portion of
the study area’s north and south has considerable contamination with
Cu. Although, the spatial distribution map of CF for Mn shows moderate
contamination in the northern zone but the entire study area exhibit low
contamination with Fe, Ni, Cr and Co (Fig. S3, Supplementary infor-
mation). The PLI originated from CF revealed that 54.5% of the sam-
pling sites had high pollution loads (PLI > 1). The results of PLI values
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Fig. 6. Spatial distribution maps of PLI and > TU values in sediments of ship breaking area of Bangladesh.

for studied sampling locations followed the order of SS-1 > SS-2 > SS-
3> SS-10 > SS-9 > SS-8 > SS-7 > SS-11 > SS-5 > SS-6 > SS-4
(Table S4, Supplementary information). Spatial variation map of PLI
shows that the northern and the southern sides of the study area are
highly polluted by trace metals while the middle portion has no pollu-
tion (Fig. 6). However, based on the result of NIPI it can be shown that
sediments of the study area were heavily polluted by Pb (8.31), Cd
(6.51), Zn (24.33), As (5.78), Ag (43.52) and Cu (5.08) and moderately
polluted by Mn (Table S1 and Table S4, Supplementary information).
Furthermore, toxic unit (TU) was also analyzed to estimate probable
acute toxicity of trace metals in sediments. The results of toxic unit and
sum of toxic unit (3} TUs) for trace metals are presented in Table S5
(Supplementary information) and Fig. 5. The average TU values of Pb,
Cd, Cr, Cu, Ni and As in sediments were 0.729, 0.156, 0.462, 0.728,
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Fig. 7. Boxplots of ecological risk factor (Er) and potential ecological risk index
(RI) values of trace metals in sediments of ship breaking area, Bangladesh.
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1.186 and 0.325, respectively. According to the result of Y TUs most of
the sampling site’s toxicity was moderate to high (3>"TU>4). From the
spatial distribution map of > TU it can be shown that both northern and
southern zone of the study area have moderate to severe toxicity, but
middle area has low toxicity (Fig. 6).

3.6. Ecological risk

To evaluate the ecological concern of sediment pollution ecological
risk factors (Er) for the eight environmentally toxic trace metals and to
assess the sensitivity of the environment of these trace metals potential
ecological risk (RI) for individual site has been calculated which are
outlined in Fig. 7 and Table S6 (Supplementary information). In com-
parison with other studied trace metals Cd has the highest ecological risk
with an average 81.6 in the study area which is likely due to cutting of
ships as many parts of ships hold Cd. Beside this, Pb and As showed low
to moderate potential ecological risk because Pb is used as a joining
material of two metallic parts in ship building thus effluents of ship
breaking painting of ships may increase the concentration of Pb in
sediments [23]. However, the Er values of rest of the trace metals were
found to be < 40 according to Hakanson (1980) [68] classification
which means other studied trace metals have no risk to low potential
ecological risk. The average Er values for each trace metals followed the
order: Cd >As>Pb >Cu >Zn >Ni >Mn > Cr. According to the results of
RI and RI classification of Jiao et al., 2015 [85] (Table S1) SS-1, SS-2,
SS-3 sampling sites have significantly high potential ecological risk;
SS-7, SS-8, SS-9, SS-10 sites have considerably high potential ecological
risk; SS-5, SS-6, SS-11 sites have moderate potential ecological risk and
SS-4 site has low potential ecological risk. The spatial distribution maps
of Er of Cd and RI revealed the same pattern which demonstrates other
studies [74,127,128] that means Cd contribution to potential ecological
risk index of the environment is very significant [74]. Anyway, spatial
maps show large portion of southern part have significantly high po-
tential ecological risk as well as very high ecological risk by Cd (Fig. 54,
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Supplementary information).
3.7. Health risk status

Working or living in an area where sediments were contaminated by
toxic trace metals, human may be exposed to these metals through direct
ingestion of sediment particles or foods (grown in contaminated sites),
inhalation and dermal exposures, and face several health problems. As a
result, the US EPA’s (1989) [88] health risk assessment methodology
was used to analyze the carcinogenic and non-carcinogenic health
hazards of trace metals in sediments taken from the ship breaking area.
The carcinogenic risk, hazard index (HI), hazard quotients (HQs), and
chronic daily doses (CDDs) of the hazardous trace metals under study
were evaluated for both adults and children to determine the health risk.
Children are exposed to more harmful trace metals than adults are, ac-
cording to the exposure scenario in this study, which showed that
ingestion and dermal absorption are probably the predominant exposure
pathways contributing significantly to the total risk outcomes.

3.7.1. Non-carcinogenic risk evaluation

The results of HQingestion, HQDermal, HQInhalation and HI from studied
trace metals through all exposure pathways for children and adults are
shown in Table 3 and the results of CDDjngestion, CDDpermat, CDDinhalation
are presented in Table S7 (Supplementary information). Although, the
HQingestion values of all studied metals for adults were lesser than the safe
limits (< 1) but the maximum values of HQingestion Of Pb (4.4 x 107h,cr
(4.4 x1071), As (5.8 x1071), Mn (9.3 x1071), Fe (1.9 x107}) and Cu
(1.2 x10™ 1) for children were near the threshold limit. Similarly, except
Zn, adults HQperma) values were lesser while the maximum values of
HQpermal of Cr (1.14 x10™1), Mn (1.2 x10™1), Ni (1.05 x10~!) and Co
(1.92 x1071) for children were close to the threshold level. Surprisingly,
HQpermal Values of Zn for adult (1.32) and children (9.91) were exceeded
the safe limit (>1). However, the HI values of Zn for adults (ranges from
1.58 to 24.65 with an average 9.95) and for children (ranges from 0.21
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to 3.3 with an average 1.33) were higher than the limit (>1), indicating
that sediments of that area have a clear possible health risk by Zn. Plum
etal. (2010) [129] reported that excessive Zn has been linked to adverse
consequences including brain cell death, vomiting, and nausea, as well
as Cu shortage. Even though, the maximum HI value of Mn (1.13) was
greater than 1 and the maximum HI values of Pb (4.57 ><10’1), Cr
(5.55 x1071), As (5.88 x1071), Fe (1.95 x1071), Cu (1.2 x1071), Ni
(1.59 x10~ 1) and Co (2.04 x10~1) for children were near the threshold
value, but except Zn all HI values of trace metals for adults were less
than the safe limit (< 1). That designates children are more susceptible
than adults to the harmful effects of trace metals exposure via sediment.
The order of estimated average HI values of examined trace metals in
sediments for both adults and children was:
Zn>Mn>As>Cr>Pb>Fe>Co>Ni>Cd (Table 3). The use of USEPA
(1989) [88] parameters in this paper raises concerns about the suit-
ability of the current approach for the population of Bangladesh,
considering the disparities in exposure levels and age distributions. This
has prompted concerns over the accuracy and reliability of the risk
assessment estimates. In light of this, this work offers a preliminary risk
assessment of human health, and going forward, more accurate evalu-
ations for trace metals would be made.

3.7.2. Carcinogenic risk evaluation with Monte Carlo Simulation

The concept of carcinogenic risk pertains to the probability of an
individual developing cancer over their lifespan due to exposure to
various carcinogenic hazards [82,130]. The most toxic trace metals
among the investigated parameters that pose a cancer risk are lead, Cd,
Cr, As, and Ni. Therefore, in this study we only computed the increased
cancer risks for both children and adults separately for Pb, Cd, Cr, As and
Ni in the sediment for all potential routes and which are displayed in
Table 4. According to USEPA (1989; 2002) [88,93], values of CR and
TCR less than 1 x 10 — 6 should be considered inconsequential, values
between 1 x 10 — 6 and 1 x 10 — 4 should be considered within the
allowed range, and values beyond 1 x 10 — 4 should be considered

Table 3
Results of non-carcinogenic human health risks through ingestion, inhalation and dermal pathways for children and adults around the ship breaking area of
Bangladesh.
Non-carcinogenic Children Adults
Risk
HQingestion HQinhalation HQdermal HI= ZHQ HQingestion HQinhalaﬁon HQdermal HI= EHQ
Pb Min 2.53 x 1072 8.68 x 1077 9.93 x107* 2.62 x 1072 2.70 x 1073 4.90 x 1077 1.32 x 1074 2.84 x 1073
Max 4.40 x 107! 1.51 x 107> 1.73 x 1072 4,57 x 107! 471 x 1072 8.53 x 10°° 2.31 x10°3 4,94 x 1072
Mean 2.12x 107! 7.29 x 107°¢ 8.33x107° 2.20 x 107! 2.27 x 1072 411 x 107 1.11 x 1073 2.38 x 1072
cd Min 1.28 x 107 3.57 x 107 6.60 x 10™° 1.94 x 107* 1.37 x 107° 2.01 x 107° 8.80 x 107 2.25 x 107°
Max 2.25 x 1072 6.29 x 1077 1.16 x 1072 3.41 x 1072 2.41 x 1073 3.55 x 1077 1.55 x 1073 3.96 x 1073
Mean 6.90 x 1073 1.93 x 1077 3.56 x 1073 1.05 x 1072 7.40 x 1074 1.09 x 1077 4.75 x 1074 1.22 x 1073
Cr Min 4.35 x 1072 1.27 x 1074 1.12 x 1072 5.48 x 1072 4.66 x 1072 7.18 x 107° 1.50 x 1073 6.23 x 1073
Max 4.40 x 107! 1.29 x 1073 1.14 x 107! 5.55 x 107! 471 x 1072 7.27 x 107* 1.51 x 1072 6.30 x 1072
Mean 1.77 x 107! 5.20 x 1074 4.57 x 1072 2.24 x 107! 1.90 x 1072 2,93 x107* 6.10 x 1073 2.54 x 1072
As Min 6.65 x 1072 1.85 x 10°° 8.37 x 1074 6.73 x 1072 7.12 x 1073 1.04 x 107 112 x 1074 7.24 x 1073
Max 5.81 x 107} 1.62 x 107° 7.31 x 1073 5.88 x 107! 6.22 x 1072 9.12 x 107 9.75 x 1074 6.32 x 1072
Mean 2.36 x 107! 6.56 x 10°° 2,97 x 1073 2.39 x 107! 2.53 x 1072 3.70 x 107° 3.96 x 1074 2.57 x 1072
Fe Min 1.52 x 107! 1.00 x 107> 393 x 1072 1.56 x 107! 1.63 x 1072 1.00 x 10~° 5.24 x 1074 1.68 x 1072
Max 1.90 x 107! 1.00 x 107° 491 x 1073 1.95 x 107! 2.04 x 1072 1.00 x 107° 6.55 x 1074 2.10 x 1072
Mean 1.81 x 107} 1.00 x 107° 4,67 x 1073 1.86 x 107! 1.94 x 1072 1.00 x 107° 6.24 x 1074 2.00 x 1072
Mn Min 6.74 x 1072 6.06 x 102 8.70 x 1072 8.22 x 1072 7.22x 1072 3.42x10°° 1.16 x 1073 1.18 x 1072
Max 9.27 x 107! 8.34 x 1072 1.20 x 107! 1.13 9.94 x 1072 4.70 x 1072 1.60 x 1072 1.62 x 107!
Mean 3.25 x 107} 2.92 x 1072 4.20 x 1072 3.97 x 107! 3.49 x 1072 1.65 x 1072 5.60 x 1073 5.69 x 1072
Zn Min 6.10 x 1073 1.70 x 1077 1.57 1.580 6.53 x 1074 9.61 x 1078 0.21 211 x 107!
Max 9.52 x 1072 2.66 x 107° 24.56 24.652 1.02 x 1072 1.50 x 107° 3.28 3.29
Mean 3.84 x 1072 1.07 x 107 9.91 9.949 412 x 1073 6.05 x 1077 1.32 1.33
Cu Min 221 x 1073 6.13x 1078 3.79 x 107> 2.24 x 1073 2.36 x 1074 3.46 x 1078 5.06 x 10°° 2.41 x107*
Max 1.18 x 107! 3.27 x 107 2.02x 1073 1.20 x 107! 1.26 x 1072 1.84 x 107 2.70 x 104 1.29 x 1072
Mean 4.59 x 1072 1.28 x 107 7.89 x 1074 4.67 x 1072 491 x 1073 7.19 x 1077 1.05 x 1074 5.02 x 1073
Ni Min 7.29 x 1073 1.98 x 1077 1.39 x 1072 2.12 x 1072 7.81 x107* 111 x 1077 1.86 x 1073 2.64 x 1073
Max 5.48 x 1072 1.49 x 107 1.05 x 107! 1.59 x 107! 5.87 x 1073 8.38 x 1077 1.40 x 1072 1.98 x 1072
Mean 2.73 x 1072 7.40 x 1077 5.22 x 1072 7.95 x 1072 293 x 1073 418 x 1077 6.96 x 1073 9.89 x 1073
Co Min 2,92 x 1073 2.86 x 1074 5.29 x 1072 5.61 x 1072 3.13x107* 1.62 x 1074 7.06 x 1073 7.53 x 1073
Max 1.06 x 1072 1.04 x 1073 1.92 x 107! 2.04 x 107! 1.14 x 1073 5.86 x 1074 2.56 x 1072 2.73 x 1072
Mean 6.13 x 1073 6.01 x 10°* 1.11 x 107! 1.18 x 107! 6.57 x 1074 3.39 x 1074 1.48 x 1072 1.58 x 1072
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Table 4
Results of carcinogenic human health risks through ingestion, inhalation and dermal pathways for children and adults around the ship breaking area of Bangladesh.
Carcinogenic Children Adults
Risk
CRingestion CRinhalation CRdermal TCR= Y CR CRingestion CRinhalation CRdermal TCR= YCR
Pb Min 8.59 x 1077 1.19 x 1071 4.43 x 10712 8.59 x 1077 9.20 x 1078 6.68 x 10711 5.91 x 10713 9.21 x 1078
Max 1.50 x 107> 2.06 x 107° 7.72 x 10711 1.50 x 107° 1.60 x 107 1.16 x 107° 1.03 x 10711 1.60 x 107
Mean 7.21 x 107° 9.95 x 10710 3.72 x 1071 7.21 x 10°¢ 7.72 x 1077 5.61 x 107 1° 4.96 x 10712 7.73 x 1077
cd Min 4.86 x 1078 2.25 x 10711 416 x 107° 5.28 x 1078 5.21 x 10~° 1.27 x 10711 5.55 x 10710 5.77 x 107°
Max 8.55 x 107° 3.96 x 107° 7.32x 1077 9.29 x 107° 9.16 x 1077 2.23 x 107 9.76 x 1078 1.02 x 107
Mean 2.62 x 10°° 1.22 x 107° 2.24 x 1077 2.85 x 107° 2.81 x 1077 6.85 x 1010 2.99 x 1078 3.12x1077
Cr Min 6.53 x 10°° 1.53 x 10™° 1.35 x 107° 6.67 x 107° 7.00 x 107 8.63 x 1071° 1.80 x 1077 7.18 x 107
Max 6.61 x 107* 1.55 x 1078 1.36 x 107> 6.75 x 1074 7.08 x 107 8.73 x 107° 1.82 x 107 7.27 x 107°
Mean 2.66 x 1074 6.24 x 10°° 5.49 x 10°° 2.72 x 1074 2.86 x 10> 3.52 x 107° 7.32 x 1077 2,93 x107°
As Min 2.99 x 107° 8.42x107° 3.77 x 1077 3.03 x 10°° 3.21 x 10°° 4.75 x 107° 5.03 x 1078 3.26 x 107
Max 2.61 x 1074 7.35 x 1078 3.29 x 107 2.65 x 1074 2.80 x 107° 414 x 1078 4.39 x 1077 2.85 x 107>
Mean 1.06 x 107 2,98 x 1078 1.34 x 10°° 1.07 x 107 1.14 x 107° 1.68 x 1078 1.78 x 1077 1.16 x 107>
Ni Min 2.48 x 1074 3.42x107° 6.32 x 10°° 3.11x10°* 2.65 x 107° 1.93 x 107° 8.43 x 10°° 3.50 x 107>
Max 1.86 x 1073 2.57 x 1078 4.75 x 1074 2.34 x 1073 2.00 x 107* 1.45 x 1078 6.34 x 10° 2.63 x 1074
Mean 9.28 x 107* 1.28 x 1078 2.37 x 1074 1.16 x 1073 9.94 x 107> 7.23 x 107° 3.16 x 107> 1.31 x107*

potentially detrimental to human health. Although the mean CRijges.
tionvalue for children of Pb (7.21 x107%) and Cd (2.62 x10°%) were
within the permissible limit but, the values of Cr (2.66 ><10’4), As
(1.06 x10~%) and Ni (9.28 x10™%) exceeded the maximum permissible
limit. In addition, the mean CRperma value of Ni (2.37 x10™%) was
higher than the acceptable limit while the values of Cr (5.49 x 10’6) and
As (1.34 x10~%) were within the limit for children. Beside these,
CRpermal Value of Pb and Cd and all CRphalation Values for children were
negligible. The TCR values of Cr (2.72 ><10’4), As (1.07 x10™*) and Ni
(1.16 x10~3) for children were more than the allowable level but values
of Pb (7.21 ><10_6) and Cd (2.85 ><10_6) were within the level. How-
ever, except the mean CRipgesion values of Cr (2.86 x 107%), As
(1.14 x107°), Ni (9.94 x10™>) and CRpermar value of Ni (3.16 x107°),
other CRingestion, CRpermal @and all the CRippalation values for adults were
negligible. For adult, the mean TCR values of Ni (1.31 x 10’4) surpassed
the acceptable level, Cr (2.93 %x107%) and As (1.16 x10~°) was within
the level and the values of Pb (7.73 x10~7) and Cd (3.12 x10~7) were
negligible, indicating that Ni, Cr and As may generate adverse cancer
risks for worker’s and local people of ship breaking area. The descending
order of mean TCR values for both children and adults was:
Ni> Cr> As> Pb> Cd. The above discussion stated that children are
more vulnerable than adults and the ingestion and dermal absorption
are the main pathways to the effects of adverse cancer risk. The spatial
distribution maps of carcinogenic risk demonstrated that northern and
southern parts were in high cancer risk for both adults and children with
Pb, Cr, Ni and As but, with Cd southern parts was mainly in high risk
(Fig. 8 and Fig. 9).

Due to the decreased representative variability of other elements, the
Monte Carlo Simulation (MCS) was used for the hazard index (HI) and
cancer risk (CR), considering the trace elements of As, Pb, Cr, Cd, and Ni,
respectively (Fig. S5). For both the exposure duration and the 7-day
frequency, the uncertainty of the risk estimate considered. According
to Table 5, which displays the simulated findings, only two out of every
100,000 individuals working at the ship brake yard were at risk of
developing cancer because of exposure to trace metals in the sediment,
and even those two cases were completely below the permitted [16].
Fig. S5 (Supplementary information) and Table 5 display the outcomes
including mean risk, standard deviation, 5th and 95th percentiles, base
case, lowest and maximum values from the Monte Carlo simulation for
the carcinogenic hazards. The carcinogenic risk mean value was found
for the children and adults 2.02 x 10™* and 2.08 x 10™*. Whereas the
maximum and minimum values were found to be 4.67 x 10’4;
4.70 x 10~* and 8.35 x 107>; 7.93 x 1075, respectively.

Utilizing the Monte Carlo Simulation (MCS) from the combined
routes of ingestion, inhalation, and skin contact, the likelihood of cancer
risk was calculated. 10000 trials were run via the simulation model.
According to the simulation in Fig. S5 (Supplementary information), 5th
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and 95th percentile deterministic values were 1.37 x 10™* and
2.75 x 10~* for child and 1.47 x 10™* and 2.78 x 10~ for child adult
respectively. It indicates that 95th percentile value is 2.01 and 1.89
times higher than 5th percentile deterministic values of child and adult
values. Sensitivity analysis was used to determine which model input
parameters were most crucial in terms of cancer risk, as Fig. S6 illus-
trates. From graph 2 of sensitivity chart (Fig. S6, Supplementary infor-
mation), it is revealed that the positive effects of the exposure frequency
(EF) in sediment samples was estimated as the significant factor for
developing cancer (32%) for child and 31.2% for adult, followed by Ni
concentration (4%), Expose Dose (ED) (0.0%), Cr concentration (0.7%),
Mn concentration (0.5%) and As concentration (0.2%) for child while Ni
concentration (2%), ED (0.2%), Cr concentration (0.6%), Fe concen-
tration (0.4%) Co concentration (0.3%) and As concentration (0.1%) for
adult. This is due to more contact with sediment to behavioral patterns.
Furthermore, the recorded concentrations of Pb and Cd were found to be
less than 0.01%, suggesting a negligible influence that may be dis-
regarded. On the other hand, both child and adult, Body Weight (BW)
(—64.7%) and Cu concentration (—4%) and Co concentration (—0.1%)
for child and Mn concentration (—0.1%) showed negative effects on
cancer risk estimation. According to the above results, long-term expo-
sure of trace metals to the polluted sediment samples increased the
likelihood of carcinogenic risk and the adverse effects in the ship-
breaking yard workers.

3.8. Pollution source identification of trace metals

Using principal component analysis (PCA), cluster analysis (CA), and
a Pearson correlation matrix, possible sources of trace metals were
found. In this investigation, four principal components (PCs) with ei-
genvalues greater than 1 were recovered using PCA to examine the
levels of contamination and the sources of trace metals. These PCs are
shown in Table 6. The scree plot arranges eigenvalues in decreasing
order based on the PC numbers, indicating the number of PCs used for
dataset creation [2]. These components are then plotted in rotated space
(Fig. S7, Supplementary information). The first component (PC1)
depicted 40.58% of the total variance with strong positive loadings on
Fe, Zn, Ni, Co and As having eigen value 4.46 and the third component
(PC3) presented strong positive loadings between Cr and Mn experi-
encing 13.1% of the total variance with eigen value 1.44, and these
components may be derived from both anthropogenic and natural
sources. However, strong positive loadings were observed among Pb,
Cd, Cu and Fe in PC2 and between Cd and Ag in PC4 possessing 20.99%
and 12.25% of the total variance, respectively indicating anthropogenic
source which is originated from ship breaking activities.

Moreover, to categorize the trace metals and sediment sample sites
into different groups, hierarchical cluster analysis (CA) was carried out
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Table 5
Results of Monte Carlo simulation for carcinogenic risk assessment of both children and adults.
Mean SD 5th Percentile 95th Percentile Base case Max Min
Children ASingestion 1.63E-05 4.40E-06 1.12E-05 2.20E-05 1.06E-04 3.70E-05 6.83E-06
ASdermal 4.89E-15 2.24E-15 2.45E-15 8.04E-15 1.16E-10 1.84E-14 1.23E-15
ASinhalation 9.37E-13 2.53E-13 6.47E-13 1.26E-12 1.52E-12 2.13E-12 3.97E-13
Cdingestion 4.03E-07 1.18E-07 2.64E-07 5.59E-07 2.62E-06 9.61E-07 1.63E-07
Cddermal 8.21E-16 0.00E+ 00 3.98E-16 1.37E-15 1.95E-11 3.43E-15 1.92E-16
Cdinhalation 3.81E-14 1.13E-14 2.51E-14 5.28E-14 6.21E-14 9.62E-14 1.51E-14
Cringestion 4.12E-05 1.14E-05 2.81E-05 5.64E-05 2.66E-04 1.01E-04 1.62E-05
Crdermal 2.02E-14 9.43E-15 1.00E-14 3.27E-14 4.77E-10 8.64E-14 4.96E-15
Cinhalation 1.97E-13 5.46E-14 1.35E-13 2.71E-13 3.19E-13 5.09E-13 7.98E-14
Pbingestion 1.11E-06 3.01E-07 7.47E-07 1.50E-06 7.21E-06 2.69E-06 4.50E-07
Pbgermal 1.36E-16 0.00E+ 00 6.78E-17 2.19E-16 3.23E-12 5.79E-16 3.32E-17
Pbinhalation 3.12E-14 8.53E-15 2.12E-14 4.25E-14 5.08E-14 8.02E-14 1.31E-14
Nijngestion 1.43E-04 3.92E-05 9.70E-05 1.95E-04 9.28E-04 3.28E-04 5.98E-05
Nidermal 8.67E-13 3.99E-13 4.27E-13 1.41E-12 2.05E-08 3.49E-12 2.21E-13
Niinhalation 4.03E-13 1.11E-13 2.74E-13 5.48E-13 6.55E-13 9.79E-13 1.71E-13
Carcinogenic Risk Assessment 2.02E-04 5.50E-05 1.37E-04 2.75E-04 1.31E-03 4.67E-04 8.35E-05
Adults ASingestion 1.69E-05 4.47E-06 1.17E-05 2.25E-05 1.06E-04 4.14E-05 6.56E-06

ASdermal 6.84E-16 0.00E+ 00 3.45E-16 1.09E-15 1.55E-11 1.93E-15 1.80E-16
ASinhalation 9.68E-13 2.60E-13 6.68E-13 1.28E-12 1.52E-12 2.29E-12 3.78E-13
Cdingestion 4.18E-07 1.19E-07 2.75E-07 5.72E-07 2.62E-06 9.27E-07 1.08E-07
Cddermal 1.15E-16 0.00E+ 00 5.73E-17 1.91E-16 2.60E-12 3.47E-16 2.76E-17
Cdinhalation 3.95E-14 1.14E-14 2.63E-14 5.44E-14 6.21E-14 8.67E-14 1.02E-14
Cringestion 4.23E-05 1.11E-05 2.96E-05 5.68E-05 2.66E-04 9.80E-05 1.56E-05
Crdermal 2.81E-15 1.26E-15 1.40E-15 4.46E-15 6.36E-11 8.44E-15 8.01E-16
Crinhalation 2.02E-13 5.35E-14 1.40E-13 2.74E-13 3.19E-13 4.87E-13 7.51E-14
Pbingestion 1.14E-06 3.03E-07 7.99E-07 1.55E-06 7.21E-06 2.73E-06 4.52E-07
Pbdermal 1.90E-17 0.00E+ 00 9.61E-18 3.05E-17 4.31E-13 5.48E-17 5.37E-18
Pbinhatation 3.23E-14 8.62E-15 2.23E-14 4.35E-14 5.08E-14 8.02E-14 1.28E-14
Nijngestion 1.47E-04 3.87E-05 1.03E-04 1.97E-04 9.28E-04 3.34E-04 5.66E-05
Nidermal 1.21E-13 5.45E-14 6.16E-14 1.94E-13 2.74E-09 3.73E-13 3.16E-14
Niinhalation 4.15E-13 1.10E-13 2.89E-13 5.62E-13 6.55E-13 9.07E-13 1.60E-13
Carcinogenic Risk Assessment 2.08E-04 5.41E-05 1.47E-04 2.78E-04 1.31E-03 4.70E-04 7.93E-05

Table 6 X

Varimax rotated principal component analysis of trace metals in the sediments
of the ship breaking area of Bangladesh.

Parameters Components
PC1 PC2 PC3 PC4

Pb .055 914 .355 .108
Ccd -.016 .692 -.089 .678
Cr .161 145 .898 .264
Fe .581 .538 319 -.232
Mn 171 .256 .869 -.274
Zn 757 .322 .240 221
Cu .200 .953 130 -114
Ni .703 173 314 -.190
Co 719 217 -.246 -.285
As .923 -.265 .150 .054
Ag -.104 -.062 .034 .959
Eigenvalue 4.464 2.308 1.440 1.347
% of total variance 40.584 20.986 13.095 12.249
Cumulative % of variance 40.584 61.570 74.665 86.914

Every component belongs to rotated component matrix values of trace metals
> 0.5

using Ward’s approach and the findings are shown as Dendrogram
(Fig. S8, Supplementary information). The Dendrogram of trace metals
can be divided into four major clusters by setting the phenon line to a
rescaled distance of roughly 10 to demonstrate statistical similarity.
Lead and Cu were in Cluster 1, Cr and Mn were in Cluster 2, Zn, As, Fe,
Ni, and Co were in Cluster 3, and Cd and Ag were in Cluster 4, all of
which had positive loading on PC2, PC3, PC1, and PC4, respectively
(Table 6).

Furthermore, to comprehend the coherence and connections of trace
metals, Pearson correlation matrices were utilized, and the results are
shown as heat map in Fig. 10. The correlations between trace metals
were similar to the results of Cluster Analysis (CA) and Principal
Component Analysis (PCA). Lead was strongly correlated with Cd, Cu
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Fig. 10. Heat map of Pearson’s correlation matrix among trace metals in sed-
iments of the ship breaking area of Bangladesh.

and Fe, and Cd was significantly correlated with Ag, which support PC2
and PC4, respectively. The origin of these trace metals was same and
which pinpoint the ship scrapping activities. However, rest of the trace
metals are correlated with each other following PC1 and PC3 which may
be originated from both anthropogenic and natural sources.

4. Conclusions

Sediment contamination levels with spatial distributions were
assessed with their corresponding ecological and human health risks.
Upon comparing the levels of studied trace metals in sediments with
standards, we observed significant concentrations of Pb, Cd, Mn, Zn and
Cu. According to spatial distribution maps these trace metals were
mainly accumulated in the northern and southern portion of the study
area rather than the middle portion. Varieties of pollution evaluation
indices were applied to estimate the pollution status in sediments. The
findings of EF and Igeo values revealed that nearly all ef the sediment
samples were very severely contaminated with Pb, Cd, Zn, Cu, As and
Ag. Similarly, the result of NIPI also showed sediments of the study area
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were heavily polluted by Pb, Cd, Zn, As, Ag and Cu. Considering CF
values, most of the sediment samples were contaminated considerably to
very highly by Pb, Zn, Cd, As and Cu and the PLI originated from CF
revealed that 54.5% of the sampling sites had high pollution loads.
Moreover, the total TU of six trace metals also disclosed that most of the
sampling site’s toxicity was moderate to high. The HI values of Zn for
adults and children were higher than the safe limit, indicating that
sediments of that area have a clear possible health risk by Zn. Although,
for the children maximum HI value of Mn was greater than the safe limit
and the maximum HI values of Pb, Cr, As, Fe, Cu, Ni and Co were near
the threshold value, but except Zn all HI values for adults were less than
this limit, designating children are more susceptible than adults to the
harmful effects of trace metals exposure via sediment. The total carci-
nogenic risk values of Cr, As and Ni for children were greater than the
allowable level and for adult, the mean TCR values of Ni surpassed the
acceptable level but, Cr and As was within the level, designating Ni, Cr
and As may generate adverse cancer risks for worker’s and local people
of ship breaking area. According to the Monte Carlo Simulation (MCS)
among every 100,000 people active in ship braking yard, only 2 had the
probability of the risk of getting cancer due to exposure to trace metals
in ship braking yard’s sediment which was entirely within the accept-
able range. Principal component analysis, cluster analysis and Pearson
correlation matrix disclosed that the origin of most of these trace metals
were anthropogenic, attributing to ship breaking activities.

Sediments contaminated by trace metals will persist since ship
breaking businesses are so prevalent and active in Bangladesh. Regular
monitoring is thus crucial for managing the worrying situation. These
interdisciplinary methods’ findings will help us comprehend how trace
metal contamination in sediments. This would further motivate planners
and decision-makers to take the initiative for the proper control, regular
monitoring, evaluation, and management of these trace metals emitted
by the ship breaking activities to produce a healthy environment nearby.
This investigation will also contribute to the body of knowledge in the
relevant sectors and provide a benchmark for comparison with other
ship-breaking regions across the globe. In addition to these, it will be
useful for future scholars, academics, scientists, and environmentalists
who will deal with the environmental compartments contaminated by
ship breaking operations on a local and global scale.

Environmental Implication

Ship breaking industries are so prevalent in Bangladesh. Ships
contain several hazardous materials like heavy metals. When ships are
broken down, these substances can leach into the environment and
posing severe health risks to workers and local communities. And, sed-
iments contaminated by trace metals will persist since these industries
are active. Thus, regular monitoring is crucial for managing the
worrying situation. These interdisciplinary findings will help us to
motivate planners and decision-makers to take the initiative for the
proper monitoring and management of these trace metals emitted by the
ship breaking activities in order to produce a healthy environment
nearby.
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