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Abstract

Gwangyang, Jinhae, Busan, and Ulsan Bay were designated as special management sea areas due to
active industrial activities, and various pollutants, including heavy metals, were discharged, resulting
in higher contamination of sediments than in other areas. Since heavy metals accumulated in sediments
are released according to mobility and can have an adverse effect on the ecosystem depending on their
mobility, various chemical forms should be considered to accurately evaluate their impact on the

environment.

In this study, 67 sediments were collected from four regions and extracted by applying BCR sequential
extraction. After that, 11 heavy metals (Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn) in sediments
were analyzed by inductively coupled plasma-optical emission spectrometer (ICP-OES). Based on these
results, the concentration and fraction distribution of heavy metals were investigated, characteristics of
pollution patterns by region were identified, and ecological risk was evaluated using three indices such
as individual contamination factor (ICF), risk assessment code (RAC), and modified potential

ecological risk index (MRI).

Cd and Mn had the highest concentration in Jinhae and Gwang bay, respectively, and showed the
tendency to increase the F1 fraction as the concentration increased. Cu and Pb had the highest
concentration in Busan bay and shows the tendency to increase the F2 fraction as the concentration
increased. Zn also had the highest concentration in Busan bay, and as the concentration increased, the
non-residual fraction increased. Other heavy metals had a high proportion of F4 fractions. Also,
characteristics of pollution patterns were influenced by regional characteristics and industrial

complexes, and it could be confirmed in correlation analysis and PCA.

ICF showed that among the four regions, Cd had the highest ecological risk in Jinhae bay, Mn in
Gwangyang bay, Cu and Zn in Busan bay, and Pb in Ulsan bay. Other heavy metals showed a low level
of ecological risk in all regions. In RAC, among the 11 heavy metals, Cd and Mn showed higher
mobility and bioavailability than other heavy metals. Especially in Jinhae bay, the ecological risk of Cd
was the highest, and in other bays, Mn showed the highest ecological risk. In MRI, six sites (four sites
in Jinhae bay and two sites in Busan bay) were evaluated as a moderate level of ecological risk, and Cd
contributed the most to determining the MRI value in almost sites. It means Cd could adversely affect
the aquatic environments in all regions. Therefore, it is needed to be careful of the ecological risk caused

by Cd.
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I. INTRODUCTION

Heavy metal refers to metallic element which has high density and is toxic in low concentration (Pandey
& Madhuri, 2014). Especially, Cd, Cr, Pb, and Hg are classified as toxic heavy metals because they
were highly toxic and could have a fatal effect on the human body with only a small amount (Liang et
al., 2019). As is classified chemically as a metalloid, however, it is frequently referred to as a metal and
is included in toxic heavy metals because of its high toxicity. In addition, heavy metals have
characteristics of toxicity, persistence, and bioaccumulation, so heavy metal pollution is a serious

problem in the world (Varol, 2011; Zhang et al., 2014).

Hg

Figure 1. Type of toxic heavy metals.

In South Korea, industrial complexes are developed along the coast and large cities are distributed.
Because of this feature, a large amount of heavy metals emitted by anthropogenic effects such as
industrial activities flowed into the coast and accumulated in sediments (Song & Choi, 2017). To
manage heavy metal pollution, the Korean government has divided the sea area into “special
management sea areas” and “environment preservation sea areas” and established acceptance standards

for heavy metal concentrations (Hwang et al., 2016).

However, the pollution level is still high, especially in special management sea areas (Cho et al., 2015;
Jeong et al., 2020; Ra et al., 2011; Ra et al., 2014). The mean concentration of heavy metals in special
management sea areas and environmental preservation sea areas from 2013 to 2017 are shown in Table
1 (MOF, 2019). TEL means the threshold effects level, which means the concentration that is predicted
to have a little negative ecological impact. PEL means the portable effects level, which means the
concentration that is very likely to have negative ecological effects. In the case of environment
preservation sea areas, the concentration of all heavy metals did not exceed TEL. In the case of special
management sea areas, on the other hand, the concentration of several heavy metals exceeded TEL,
which means that negative ecological effects might occur. For this reason, attention and management

of special management sea areas are continuously needed.



Table 1. Mean concentration of heavy metals in special management sea areas, environment

preservation sea areas and sediment quality guideline values in Korea.

Cu Pb Zn Cd Cr Hg As Ni

mg/kg
Special management sea areas 21.7 447 709 038 705 0.09 119 287
Environment preservation sea areas 7.68 253 472 0.10 69.1 0.01 886 263
TEL 20.6 440 684 0.75 116 0.11 145 472
PEL 644 119 157 2.72 181 0.62 755 80.5

However, for a more accurate ecological risk assessment, it is needed to consider not only the total
concentration but the mobility and bioavailability of heavy metals (Delshab et al., 2017). When heavy
metals are released and deposited, they exist in a variety of chemical forms through physicochemical
reactions (Eren et al., 2021) (Figure 2). The mobility and bioavailability of heavy metals are determined
by these chemical forms, and if mobility and bioavailability are high, they can adversely affect the
aquatic environment (Abdallah & Mohamed, 2019). Therefore, it is important to identify the mobility

and bioavailability of heavy metals according to their chemical form.

Industrial
-~

Resuspension

Mn
lon i u Precipitation
Adsorption 11 Desorption

Figure 2. Various mechanisms of heavy metal accumulation.



Generally, the single extraction method is used to analyze the total content of heavy metals, and this
information is used to evaluate the level of contamination in sediment. (Chung et al., 2017). However,
the single extraction method doesn’t consider the chemical forms, so there is a limit to providing
important information such as mobility and bioavailability (Moore et al., 2015; Nelson, 2020). In the
case of the sequential extraction method, on the other hand, we can get information on the mobility and
bioavailability of heavy metals because heavy metals in sediment are extracted by several fractions
which are related to chemical forms (Lu & Kang, 2018). In other words, the sequential extraction

method is an essential method for accurate ecological risk assessment.

Studies on the sequential extraction of heavy metals in sediment are continuously being conducted
around the world (Figure 3). Many studies point out that the information on the total concentration of
heavy metals has limitations to understand the mobility and bioavailability of heavy metals and
emphasize the sequential extraction method to compensate for this. For example, Nemati et al. (2011)
reported the total metal content is not suitable for identifying the mobility and bioavailability of heavy
metals, and the use of the sequential extraction method is the proper method for understanding the
mobility and bioavailability of heavy metals. Also, most studies evaluate ecological risk by considering
the concentration and mobility of heavy metals. Especially, Liu et al. (2018) reported that the ecological
risk was evaluated higher when the total content and mobility of heavy metals were considered together.
This result shows that the mobility of heavy metals is also an important factor in evaluating accurate
ecological risk. In Korea, there have been several studies that analyzed heavy metals in sediments by
applying a sequential extraction method. In detail, previous studies were conducted using sediment
samples in Kumho River (Kim et al., 2009), Chengyang tungsten mine (Lee et al., 2011), Zn smelters
(Kwon et al., 2017) ocean dumping site (Jung et al., 2019), Tawhwa River (Shin et al., 2021), Nakdong
River (Son et al., 2021), and Seomjin River (Yang et al., 2021). However, there were no previous studies

focusing on special management sea areas.
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Figure 3. Number of literatures about the sequential extraction of heavy metals in sediment.

Therefore, in this study, we focused on the monitoring of heavy metals in sediment from Gwangyang,
Jinhae, Busan, and Ulsan bay among the special management sea areas. The detailed objectives of this
study were: (1) to investigate the concentration and fraction distribution of 11 heavy metals (Al, As, Cd,
Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn); (2) to identify the characteristic of pollution patterns in four regions;
(3) to evaluate ecological risk using three indices (ICF, RAC, and MRI).



II. MATERIALS AND METHODS

2.1 Study area and sampling sites

Gwangyang bay, Jinhae bay, Busan bay, and Ulsan bay are famous for their southeastern coastal
industrial areas as various industrial complexes are distributed. First, Gwangyang Bay is famous for
having the second-largest steel mill in Korea. Also, there are other industrial complexes, such as
petrochemical industrial complexes and fertilizer manufacturing. Second, in Jinhae bay, shipbuilding
and machinery manufacturing are mainly distributed, and there are ports for commercial trade. In
addition, Masan bay, which has various industrial complexes and wastewater treatment plants, is
included in Jinhae bay. Third, Busan bay has the largest port in Korea, which consists of North, South,
and Gamcheon ports. Among these, North port is the largest and has frequent port activities. Major
industries include machinery manufacturing, electric and electronics, and steel industries. Last, in Ulsan,
there are various industrial complexes such as petrochemical, steel, shipbuilding, automobile, and non-

ferrous metal industries.

4‘@

éusan (BS)

Figure 4. Sampling sites of four bays (Gwangyang, Jinhae, Busan and Ulsan).



Sediment sampling was performed at 16 sites in Gwangyang bay, 18 sites in Jinhae bay, 18 sites in
Busan bay, and 15 sites in Ulsan bay. From these four bays, 67 sediment samples were collected using
Van Veen grab samplers from March to April 2016. The collected samples were stored in a glass bottle
at -20 °C.
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Figure 5. Sampling sites of each bay.



2.2 Sequential extraction

2.2.1 Chemical forms of heavy metals

The chemical forms of heavy metals are divided into four fractions: acid soluble, reducible, oxidizable,
and residual fraction according to the binding form (Rauret et al., 1999; Usero et al., 1998) (Table 2).
The mobility and bioavailability of heavy metals depend on the degree of binding to the sediment and
increase from the residual to the acid soluble fraction (Sungur et al., 2015). Also, heavy metals derived
from natural sources are strongly bonded to sediments, but heavy metals derived from anthropogenic
sources are weakly bonded (Pempkowiak et al., 1999). For this reason, heavy metals emitted by
anthropogenic factors mainly exist in non-residual fraction (acid soluble, reducible, and oxidizable),

and heavy metals emitted by natural factors mainly exist in residual fraction (Passos et al., 2010).

Table 2. Chemical forms classification of heavy metals.

Fraction Binding form Mobility and bioavailability

F1, Acid soluble Bound to exchangeable ions and

carbonates
F2, Reducible Bound to iron-manganese oxides F1>F2>F3>F4
F3, Oxidizable Bound to Sulfides/organics
F4. Residual Metals bound in lithogenic minerals

2.2.2 Experimental procedure

The overall experimental procedure is shown in Figure 6. In order to understand the fraction of 11 heavy
metals (Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn), BCR sequential extraction devised by the
Community Bureau of Reference was applied with some modification (Rauret et al., 1999). The order

of the experiment is as follows:

(1) Step 1 (Fraction 1, Acid soluble)

Add 1 g of sediment sample and 40 mL of 0.11 M acetic acid to a 50 mL conical tube and extract by
shaking at room temperature for 8 hours. The extract was applied to centrifugation at 3000 rpm for 20
minutes, and then the supernatant was separated. The residue sample was washed using 20 mL of
distilled water, shaking it for 15 minutes, and applying centrifugation at 3000 rpm for 20 minutes. After

that, discard the supernatant and use the residue sample for the next step.



(2) Step 2 (Fraction 2, Reducible)

Add 40 mL of 0.5 M hydroxylamine hydrochloride (pH 1.5) to the residue from step 1, and extract by
shaking at 25 °C for 8 hours. The extract was applied to centrifugation at 3000 rpm for 20 minutes, and
then the supernatant was separated. The residue sample was washed using 20 mL of distilled water,
shaking it for 15 minutes, and applying centrifugation at 3000 rpm for 20 minutes. After that, discard

the supernatant and use the residue sample for the next step.

(3) Step 3 (Fraction 3, Oxidizable)

Add 10 mL of 8.8 M hydrogen peroxide to the residue from step 2, and digest at 25 °C for 1 hour. After
that, it is heated at 85 °C for 1 hour, and then further heated to reduce the volume below 3 mL. After
adding 8.8 M hydrogen peroxide again, it is heated at 85 °C for 1 hour. After cooling, add 50 mL of 1
M ammonium acetate (pH 2.0) and extract by shaking at room temperature for 8 hours. The extract was
applied to centrifugation at 3000 rpm for 20 minutes, and then the supernatant was separated. The
residue sample was washed using 20 mL of distilled water, shaking it for 15 minutes, and applying
centrifugation at 3000 rpm for 20 minutes. After that, discard the supernatant and use the residue sample
for the next step.

(4) Step 4 (Fraction 4, Residual)
Add 16 mL of aqua regia to residue from step 3, and digest at room temperature for 8 hours. After that,
it was extracted by heated at 130 °C for 2 hours and diluted to 30 mL with 1% nitric acid. The extract

was applied to centrifugation at 3000 rpm for 20 minutes, and then the supernatant was separated.

Heavy metals in all extraction samples were analyzed by ICP-OES (Figure 7). Instrumental conditions

for heavy metal analysis are summarized in Table 3.



5 1 g of sample
A 4

Add0.11M CH,COOH
Shake 8 h and centrifuge (3000 rpm, 20 min)

' Residug1 -----m-mmmmmmmmmmm oo mmm s cmm s s s s

Add 0.5 M NH,OH-HCI (pH = 1.5)
Shake 16 h and centrifuge (3000 rpm, 20 min)

Add8.8 M H,0,, react 1 h at 25°C

React 1 h at 85 °C and reduce volume

Add additional 8.8 M H,O,, react 1 h at 85 °C
Reduce volume

Add1 M NH,COQOCH, (pH = 2.0)

Shake 8 h and centrifuge (3000 rpm, 20 min)

Add aqua regia (HCIl : HNO; =3: 1)
React 8 h with 25 °C

React 2 h with 130°C

Make up the solution using 1% HNO,
Centrifuge the sample (3000 rpm, 20 min)

Supernatant

Supernatant

—

Figure 6. Sequential extraction of heavy metals in sediment.

Table 3. Instrumental conditions for analysis of heavy metals.

E F1 fraction solution

ET [Fatraction solution

Components Set value

RF power 1200 W

Plasma gas flow rate 15 L/min

Nebulizer gas flow rate 0.7 L/min

Auxiliary gas flow rate 1.5 L/min
Sample uptake delay 20s
Integration time 05s

Read time

5s




VARIAN

Figure 7. Analytical instrument (ICP-OES, Varian 720-ES, USA).
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2.3 Quality assurance and quality control (QA/QC)

The certified reference material (BCR-701) was analyzed to evaluate the accuracy of sequential

extraction at each step. The result of recovery for each step is summarized in Table 4. As a result,

compliance results were confirmed as 86 ~ 103% in step 1, 93 ~ 104% in step 2, 94 ~ 103% in step 3,

and 81 ~ 133% in step 4.

Table 4. Result of recovery using certified reference material, BCR-701 (n = 7) (mean =+ standard

deviation in mg/kg)

Fractions Metals Certified Determined Recovery (%)
Cd 7.3+0.4 7.49+0.34 103
Cr 226+0.16 212+0.14 94
Acid soluble Cu 493+ 1.7 49.3+1.69 100
(F1) Ni 154+09 13.2 £ 0.47 86
Pb 3.18+0.21 2.75+0.25 86
Zn 205+ 6 210+ 4.20 102
Cd 3.77+0.28 3.91+0.22 104
Cr 457+20 44.7 +2.12 98
Reducible Cu 124 +3 132+ 7.04 106
(F2) Ni 266+ 1.3 249+ 1.23 93
Pb 126+ 3 129 £ 5.13 102
Zn 114+ 5 113+ 1.55 99
Cd 0.27 £ 0.06 0.28 + 0.06 103
Cr 143+ 7 142 £ 6.44 100
Oxidizable Cu 55+ 4 57.1+252 104
(F3) Ni 153+0.9 152+ 1.27 99
Pb 9.3+20 8.77 £ 1.64 94
Zn 46+ 4 44.5 + 4.96 97
Cd 0.13+0.08 0.17 +0.02 133
Cr 638 56.0 £ 2.18 89
Residual” Cu 39+ 12 38.6 + 1.65 99
(F4) Ni 41+ 4 340+ 152 83
Pb 11+ 6 8.96 £ 0.35 81
Zn 95+ 13 104 + 4.88 109

*F4 is indicate value.

11



For internal checks on the sequential extraction, the BCR-701 and the actual sediment sample used in

this study were used. The total concentration of heavy metals was analyzed after extraction by applying

the same method of extracting step 4. The recovery was calculated by dividing the sum of concentration

in four steps (acid soluble + reducible + oxidizable + residual) by the total concentration. In the results

using BCR-701, the recovery was 98 to 117% (Table 5). In the results using the actual sediment sample,

the recovery rate was 86 to 122% (Table 6). These two results imply that the sum of concentration in

four fractions corresponds well to the total concentration of heavy metals.

Table 5. Comparison of result of BCR sequential extraction and total heavy metal extraction using BCR-

701 (n=4).
Metals F1+F2+F3+F4 Total concentration Recovery (%)
(mg/kg) (mg/kg)
Cd 11.4 10.1 112
Cr 240 242 99
Cu 267 272 98
Ni 85.1 79.8 107
Pb 146 122 117
Zn 461 470 98

Table 6. Comparison of result of BCR sequential extraction and total heavy metal extraction using actual

sediment sample (n = 8).

Metals F1+F2+F3+F4 Total concentration Recovery (%)
(mg/kg) (mg/kg)
Al 39062 45360 86
AS 10.6 10.8 98
Cd 0.54 0.49 109
Cr 36.9 35.2 105
Cu 98.1 96.6 102
Fe 36761 41501 89
Mn 538 569 94
Ni 17.9 16.8 107
Pb 40.2 33.1 122
\% 45.2 42.8 106
Zn 203 209 97
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Method detection limits (MDLs) were calculated by multiplying the standard deviation of seven
replicates by 3.14. The MDLs for heavy metals for each fraction are summarized in Table 7. Compared

to MDLs, the lower concentration of heavy metals was treated as 0.

Table 7. The value of MDLs of heavy metals for each fraction.

MDL (mg/kg)
Fractions Al As Cd Cr Cu Fe Mn Ni Pb \YJ Zn
F1 0.005 0.021 0.003 0.003 0.004 0.005 0.003 0.006 0.008 0.004 0.003
F2 0.007 0.023 0.004 0.005 0.006 0.006 0.004 0.011 0.020 0.005 0.004
F3 0.025 0.026 0.007 0.005 0.005 0.015 0.004 0.008 0.008 0.005 0.004
F4 0.008 0.027 0.005 0.006 0.008 0.006 0.006 0.009 0.016 0.006 0.005
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2.4 Individual contamination factor (ICF)

The individual contamination factor (ICF) is used to assess the degree of risk to the environment by
considering the retention time of heavy metal in sediment (Ikem et al., 2003; Saleem et al., 2015). A
high ICF value means that the retention time is short, so heavy metal is easily extracted from sediment
and has a high potential ecological risk to the environment (Nemati et al., 2011). The ICF is calculated
by dividing the sum of concentration in non-residual fraction (F1+F2+F3) by the concentration of

residual fraction (F4). The equation of ICF is as follows:

F1+F2+F3 (1)

ICF = 77

The classification of ICF is summarized is summarized in Table 8.

Table 8. Classification of ICF.

ICF Degree of risk
<1 Low
1~3 Moderate
3~6 Considerable
>6 High
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2.5 Risk assessment code (RAC)

This indice is used to assess ecological risk by considering the mobility and bioavailability of heavy
metals (Bastami et al., 2018). The bonding strength between heavy metals and sediments is different
for each fraction, and the weaker the bonding strength, the higher the mobility and bioavailability (Jain,
2004). Especially, heavy metals existed in the F1 fraction are most weakly combined with sediments,
so they are easily extracted and have high mobility and bioavailability (Sundaray et al., 2011). RAC is
an indice that evaluates ecological risk by considering the ratio of the F1 fraction, and the equation is

as follows:

_ F1 2
RAC = prpoyrssra <100 )

The classification of ICF is summarized is summarized in Table 9.

Table 9. Classification of RAC.

RAC Ecological risk

<1 No risk
1~10 Low risk
11~30 Medium risk
31~50 High risk

>50 Very high risk
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2.6 Modified potential ecological risk index (MRI)

The ecological risk of heavy metals is determined by not only the total concentration of heavy metals
but also their mobility and bioavailability. (Liu et al., 2018; Zhu et al., 2012). MRI is used to evaluate
ecological risk by considering both the concentration and mobility of heavy metals and bioavailability

(Jung et al., 2019). The equation is as follows:

% 02 xCh
MRI = ZT;’ x——4 3)
&

where T; is the toxic-response factor, 2 is the modified index of heavy metal concentration, C} is
the total concentration of heavy metals in sediments, and C! is the background concentration of heavy
metals in sediments. 2 is calculated by A5+B, where A is the percentage of F1 fraction, B is 1-A, and
& is the toxic index according to the RAC. In the case of T}, since only As, Cd, Cr, Cu, Ni, Pb, and Zn
have values, MRI was calculated in consideration of only seven heavy metals in this study. The

information on its components and the classification of MRI are summarized in Table 10-12.

Table 10. The value of toxic-response factor and background concentration (mg/kg).

Components Metals Reference

As Cd Cr Cu Ni Pb /n

Toxic-response factor (T}}) 10 30 2 5 5 5 1 (He;l;egr(l)s)on,
' (Turekian &
Background concentration (C}) 13 0.3 90 45 68 20 95 Wedepohl,
1961)

Table 11. The value of modified index of heavy metal concentration.

Standard d
RAC < 10 1.0
10<RAC < 30 1.2
30<RAC < 50 14
RAC > 50 1.6
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Table 12. Classification of MRI.

MRI Ecological risk
<150 Low
150 ~ 300 Moderate
300 ~ 600 Considerable
> 600 High

2.7 Statistical analysis

In this study, SigmaPlot 12.0 (Systat Software, USA) was used to conduct the Mann-Whitney rank sum
test to confirm the statistical difference. SPSS 20.0 (IBM, USA) was used to understand the relationship
between heavy metals using spearman correlation analysis. Also, the principal component analysis
(PCA) was carried out to confirm the pollution patterns of heavy metals in sediment from four regions.
In detail, it was performed based on the varimax rotational method, and the two principal components

with eigenvalues greater than one were used.
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ITI. RESULTS AND DISCUSSION

3.1 Concentration and fraction of heavy metals in sediment

3.1.1 Cadmium (Cd)

Figure 8 and S1 show the concentrations and fractions of Cd in four regions. In this study, the total
concentrations of heavy metals are calculated by summing the concentrations in the four fractions. The
range of total concentrations was 0.12 to 0.33 mg/kg in Gwangyang bay, 0.18 to 1.30 mg/kg in Jinhae
bay, 0.14 to 1.33 mg/kg in Busan bay, and 0.14 to 0.80 mg/kg in Ulsan bay. The order of average
concentrations in four regions was: Jinhae bay (0.60 mg/kg) > Ulsan bay (0.39 mg/kg) > Busan bay
(0.33 mg/kg) > Gwangyang bay (0.19 mg/kg). There were statistical differences between Gwangyang
bay and the other three regions (rank sum test: p < 0.01), and there were also statistical differences

between Jinhae and Busan bay (rank sum test: p < 0.05).

Among the four regions, the concentration was highest in BS13 (1.33 mg/kg), followed by JH2 (1.30
mg/kg) and JH3 (1.29 mg/kg). BS13 is the site adjacent to Dong Stream, which is seriously
contaminated by the inflow of domestic and industrial wastewater. JH2 is located near a wastewater
treatment plant (WWTP), and JH3 is the site close to the river flowing through the industrial complexes.
Also, these sites are located near the port, so the contamination of Cd seemed to be high due to activities

related to the port and wastewater.

Cd showed a tendency to increase the F1 fraction as the concentration increased. In fact, anthropogenic
Cd tends to combine with carbonate minerals because the ionic radius of Cd is similar to Ca forming
the carbonate, resulting in co-precipitation (Ji et al., 2019). For this reason, the high F1 fraction of Cd
means that there was an influence of anthropogenic sources and that mobility and bioavailability are

high, which can affect the aquatic environment.
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Figure 8. (a) Total concentration and (b) fraction of Cd in four regions.
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3.1.2 Manganese (Mn)

Figure 9 and S2 show the concentrations and fractions of Mn in four regions. The range of total
concentrations was 419 to 1293 mg/kg in Gwangyang bay, 432 to 921 mg/kg in Jinhae bay, 251 to 654
mg/kg in Busan bay, and 228 to 569 mg/kg in Ulsan bay. The order of average concentrations in four
regions was: Gwangyang bay (751 mg/kg) > Jinhae bay (579 mg/kg) > Busan bay (425 mg/kg) > Ulsan
bay (389 mg/kg). There were statistical differences in all regions (rank sum test: p < 0.05).

Overall, the concentration of Mn was high in Gwangyang bay, and among them, high levels of Mn were
observed in GY6 (1234 mg/kg) and GY7 (1293 mg/kg). These two sites had something in common they
were located near the steel mill. When iron is smelted in a steel mill to make steel products, Mn is used
to increase strength and prevent corrosion (Jeong et al., 2009). For this reason, Mn is widely used in

steel mills, so it seemed that the contamination of Mn is high due to this influence.

Mn showed the tendency to increase the F1 fraction as the concentration increased, which is similar to
the tendency of Cd. Indeed, anthropogenic Mn exists in a state combined with carbonate because it has
a strong affinity with carbonate (Qiao et al., 2013). Therefore, Mn has high mobility and bioavailability,
which can be released from sediment, affecting the environment. Among the four regions, Gwangyang
bay had the highest proportion of F1 fractions, which means that Gwangyang bay has a large amount

of Mn emitted by anthropogenic influence compared to other regions.
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Figure 9. (a) Total concentration and (b) fraction of Mn in four regions.
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3.1.3 Zinc (Zn)

Figure 10 and S3 show the concentrations and fractions of Zn in four regions. The range of total
concentrations was 52.9 to 136 mg/kg in Gwangyang bay, 103 to 374 mg/kg in Jinhae bay, 62.7 to 533
mg/kg in Busan bay, and 65 to 234 mg/kg in Ulsan bay. The order of average concentrations in four
regions was: Busan bay (186 mg/kg) > Jinhae bay (157 mg/kg) > Ulsan bay (155 mg/kg) > Gwangyang
bay (95.7 mg/kg). There were no statistical differences in the four regions (rank sum test: p > 0.05),

except for Gwangyang bay (rank sum test: p < 0.01).

The highest concentration of Zn was founded at BS13 (533 mg/kg), which is located near the North
port, the largest port in Busan. BS1 (399 mg/kg) and JH3 (374 mg/kg), BS9 (333 mg/kg) also showed
high levels of Zn compared to other sites. BS1 is located near the North port like BS13, BS9 is located
near Gamcheon port, and JH3 is located near Masan port. In short, these four sites with high
concentrations of Zn are commonly adjacent to the port. In general, there are many ships in ports, and
the paint used to prevent the corrosion of ships contains Zn (Perumal et al., 2021). Considering this, the
paint leaked from the ship during transportation activities might be the main source of contamination

for Zn.

Zn showed the tendency to increase non-residual fraction as the concentration increased. Anthropogenic
Zn has a strong affinity with non-residual fractions, and this pattern was similar to previous studies
(Caplat et al., 2005; Sakan et al., 2016). In particular, in BS1, BS9, BS13, and JH3, which were high
concentration sites, the ratio of the F1 fraction was high among non-residual fractions. In the case of
B13, which had the highest concentration, the ratio of the F1 fraction was 52%, which was also the
highest among all sites. This indicates that the mobility and bioavailability of Zn in these sites were

high because Zn is weakly bonded to the sediments than in other sites.
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Figure 10. (a) Total concentration and (b) fraction of Zn in four regions.
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3.1.4 Copper (Cu)

Figure 11 and S4 show the concentrations and fractions of Cu in four regions. The range of total
concentrations was 8.21 to 27.9 mg/kg in Gwangyang bay, 17.5 to 103 mg/kg in Jinhae bay, 12.0 to 416
mg/kg in Busan bay, and 17.0 to 142 mg/kg in Ulsan bay. The order of average concentrations in four
regions was: Busan bay (118 mg/kg) > Ulsan bay (60.6 mg/kg) > Jinhae bay (42.9 mg/kg) > Gwangyang
bay (15.8 mg/kg). There were no statistical differences in the four regions (rank sum test: p > 0.05),

except for Gwangyang bay (rank sum test: p < 0.01).

Most of the sites with high levels of Cu were found in Busan bay. Among the sampling sites in Busan
bay, higher concentrations of Cu were observed in BS1 (320 mg/kg), BS2 (216 mg/kg), BS3 (416
mg/kg), and BS4 (291 mg/kg) compared to other sites, and in particular, BS3 had the highest level
among all regions. These sites are located adjacent to the North and South port, where many ships are
present. In Ulsan bay, the concentration of Cu was the highest in US7 (142 mg/kg), which is a fishing
area with many fishing boats. Antifouling paint is used to prevent organisms from attaching to and
growing on the bottom of ships and fishing boats, and this paint contains a lot of Cu (Jeong et al., 2020).

For this reason, paint leaked from ships and fishing boats might be the main emission source.

Cu showed the tendency to increase the F2 fraction as the concentration increased. Anthropogenic Cu
tends to bond easily to the Fe-Mn oxides which have large adsorption surface areas and form complexes
(Yang et al., 2014). Especially BS3, where the highest concentration was observed, the proportion of
the F2 fraction accounted for 57%. Unlike other regions, in Jinhae bay, the proportion of the F3 fraction
was more dominant than that of the F2 fraction at high concentration levels. This might be explained
by the fact that Jinhae bay has a high content of organic matter than other regions (Kang et al., 1993).
F2 fraction can be extracted under reducing conditions and F3 under oxidizing conditions, so caution is

required.
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Figure 11. (a) Total concentration and (b) fraction of Cu in four regions.
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3.1.5 Lead (Pb)

Figure 12 and S5 show the concentrations and fractions of Pb in four regions. The range of total
concentrations was 10.0 to 23.6 mg/kg in Gwangyang bay, 20.2 to 75.0 mg/kg in Jinhae bay, 10.5 to
156 mg/kg in Busan bay, and 16.7 to 57.2 mg/kg in Ulsan bay. The order of average concentrations in
four regions was: Busan bay (42.3 mg/kg) > Ulsan bay (39.5 mg/kg) > Jinhae bay (32.3 mg/kg) >
Gwangyang bay (18.2 mg/kg). There were statistical differences between Gwangyang bay and the other
three regions (rank sum test: p < 0.01), and there were also statistical differences between Jinhae and

Ulsan bay (rank sum test: p < 0.05).

Among all sampling sites, the highest concentration of Pb was confirmed in BS13 (156 mg/kg). In the
case of Dong Stream flowing into BS13, the color of the water was black and had a bad smell, and the
BMI test result was classified as very bad (IHE, 2016). In fact, as the industrialization of Busan
progressed, domestic sewage and industrial wastewater flowed into Dong Stream, accelerating pollution.
Considering this point, it seems that the Dong Stream contributed to the Pb contamination of BS13. In
addition, JH2, JH3, BS1, BS2, BS3, and BS9 which had relatively high concentrations, including BS13,
are commonly close to the port. Therefore, the effect of port activities and wastewater seems to be the

main source of pollution in Pb.

Pb showed the tendency to increase the F2 fraction as the concentration increased. Anthropogenic Pb is
widely distributed in the F2 fraction because it forms a stable complex by boding with Fe-Mn oxide
(Huang et al., 2013). Compared to the ratio of F2 fraction in Cu, the ratio of F2 fraction in Pb was higher
because Pb has the highest affinity to Fe-Mn oxide (Han et al., 2015). This tendency was observed in
previous studies (Ahdy & Youssef, 2011; Wei et al., 2016). F2 fractions were high at most of the
sampling sites, indicating that contamination of Pb mainly originated from anthropogenic sources. Also,
the mobility and bioavailability of Pb are high because most of them are easily extracted under the

reduction condition in all sites.
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Figure 12. (a) Total concentration and (b) fraction of Pb in four regions.
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3.1.6 Chromium (Cr) and nickel (Ni)

Figure 13, 14, and S6 show the concentrations and fractions of Cr and Ni in four regions. In the case of
Cr, the range of total concentrations was 20.7 to 43.5 mg/kg in Gwangyang bay, 30.7 to 47.3 mg/kg in
Jinhae bay, 16.8 to 73.8 mg/kg in Busan bay, and 7.14 to 40.9 mg/kg in Ulsan bay. The order of average
concentrations in four regions was: Jinhae bay (38.6 mg/kg) > Busan bay (37.7 mg/kg) > Gwangyang
bay (33.9 mg/kg) > Ulsan bay (30.5 mg/kg). There were no statistical differences in the four regions
(rank sum test: p > 0.05), except for Ulsan bay (rank sum test: p < 0.01).

In the case of Ni, the range of total concentrations was 9.58 to 23.7 mg/kg in Gwangyang bay, 13.9 to
25.0 mg/kg in Jinhae bay, 5.36 to 22.8 mg/kg in Busan bay, and 3.00 to 23.5 mg/kg in Ulsan bay. The
order of average concentrations in four regions was: Jinhae bay (20.7 mg/kg) > Gwangyang bay (17.2
mg/kg) > Ulsan bay (16.8 mg/kg) > Busan bay (16.3 mg/kg). There were no statistical differences in
the four regions (rank sum test: p > 0.05), except for Jinhae bay (rank sum test: p < 0.05).

The highest level of Cr was observed in BS13 (73.8 mg/kg), which was located where the wastewater
flowed in. In addition, BS13 was the site with the highest concentration of Cd, Zn, and Pb in Busan bay,
and Cr is also presumed to have shown a high level due to similar pollutants. In the case of Ni, the

concentrations were similar in most sites except for some sites.

In most sampling sites, the proportion of the F4 fraction was the most dominant. Cr and Ni are similar
to the ionic radii of Al and Fe present in the crystal structure of lithogenic minerals, so they tend to exist
mainly as a residual fraction as they are substituted (Amini & Qishlaqi, 2020). A high F4 fraction means
that the mobility and bioavailability of heavy metals are low, and the probability of extraction from
sediment is also low. Exceptionally, in the case of BS13, which had the highest concentration of Cr, the
ratio of the non-residual fraction was slightly more dominant than the residual fraction, suggesting that

there is some possibility of extraction from the sediment.
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Figure 13. (a) Total concentration and (b) fraction of Cr in four regions.
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Figure 14. (a) Total concentration and (b) fraction of Ni in four regions.
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3.1.7 Aluminium (Al) and iron (Fe)

Figure 15, 16, and S7 show the concentrations and fractions of Al and Fe in four regions. In the case of
Al the range of total concentrations was 22243 to 47450 mg/kg in Gwangyang bay, 38455 to 60184
mg/kg in Jinhae bay, 9509 to 45548 mg/kg in Busan bay, and 4465 to 40140 mg/kg in Ulsan bay. The
order of average concentrations in four regions was: Jinhae bay (49532 mg/kg) > Gwangyang bay
(36512 mg/kg) > Busan bay (30822 mg/kg) > Ulsan bay (28973 mg/kg). There were statistical
differences in four regions (rank sum test: p < 0.05), except between Busan and Ulsan bay (rank sum

test: p > 0.05), and between Jinhae and Ulsan bay (rank sum test: p > 0.05)

In the case of Fe, the range of total concentrations was 22627 to 42732 mg/kg in Gwangyang bay, 36783
to 46267 mg/kg in Jinhae bay, 15339 to 43641 mg/kg in Busan bay, and 8360 to 41865 mg/kg in Ulsan
bay. The order of average concentrations in four regions was: Jinhae bay (41532 mg/kg) > Gwangyang
bay (34774 mg/kg) > Busan bay (32108 mg/kg) > Ulsan bay (30844 mg/kg). There were statistical
differences between Gwangyang and Jinhae bay (rank sum test: p < 0.01), between Jinhae and Busan

bay (rank sum test: p <0.01), and between Jinhae and Ulsan bay (rank sum test: p < 0.01)

For Al and Fe, the F4 fraction was the most dominant at all sampling sites, indicating that it was mainly
derived from natural sources. Al and Fe are elements that account for a high proportion of the elements
that make up the earth's crust (Fleischer, 1954). Most of them are present in the crystal lattice of minerals
and are accumulated due to natural sources such as weathering, so the F4 fraction appears to be the
highest in the sediment. Since the proportion of the F4 fraction is the highest, the mobility and

bioavailability of heavy metals are likely to be very low.
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Figure 15. (a) Total concentration and (b) fraction of Al in four regions.
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Figure 16. (a) Total concentration and (b) fraction of Fe in four regions.
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3.1.8 Arsenic (As) and vanadium (V)

Figure 17, 18, and S8 show the concentrations and fractions of As and V in four regions. In the case of
As, the range of total concentrations was 4.36 to 12.2 mg/kg in Gwangyang bay, 7.34 to 14.7 mg/kg in
Jinhae bay, 5.08 to 10.4 mg/kg in Busan bay, and 4.78 to 33.1 mg/kg in Ulsan bay. The order of average
concentrations in four regions was: Ulsan bay (11.7 mg/kg) > Jinhae bay (9.74 mg/kg) > Gwangyang
bay (8.02 mg/kg) > Busan bay (7.49 mg/kg). There were statistical differences between Gwangyang
and Jinhae bay (rank sum test: p < 0.05), between Jinhae and Busan bay (rank sum test: p < 0.01), and
between Busan and Ulsan bay (Mann-Whitney rank sum test: p < 0.05).

In the case of V, the range of total concentrations was 23.5 to 51.7 mg/kg in Gwangyang bay, 39.8 to
72.2 mg/kg in Jinhae bay, 18.5 to 52.3 mg/kg in Busan bay, and 7.04 to 46.3 mg/kg in Ulsan bay. The
order of average concentrations in four regions was: Jinhae bay (58.8 mg/kg) > Gwangyang bay (41.09
mg/kg) > Busan bay (39.4 mg/kg) > Ulsan bay (36.6 mg/kg). There were no statistical differences in
the four regions (rank sum test: p > 0.05), except for Jinhae bay (rank sum test: p < 0.01).

The highest level of As was observed in US5 (33.1 mg/kg), near the petrochemical complex and
automobile factories. Therefore, waste or wastewater discharged from the industrial complex seemed
to have contributed to the pollution of As. The concentration of V was higher in Jinhae bay than in other
regions. This seemed to be related to the regional characteristics of Jinhae bay. In detail, the velocity of
sea water in Jinhae bay is slow. Therefore, it might be explained that the dilution effect of V introduced

into the ocean was reduced and the concentration was higher than in other regions.

However, when comparing the ratios of the fractions, the F4 fraction was dominant in most sites for
both As and V. This means that natural sources affect the concentration of As and V more than
anthropogenic sources. In addition, since the F4 fraction is high, As and V are expected to be unlikely

to release from sediments.
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Figure 17. (a) Total concentration and (b) fraction of As in four regions.

35



(a) Total concentration

80 T
GY . JH
_—
m H
{ H
o 60 :
£ i
c !
S w ;
m !
= =l |=
® | ¥
1 H | |
Q20 A il
[e] : m L
= U IR
miuln H
0 | LLARANDANAA Bl
(b) Fraction
100 - -
=) |
= 80 4 :
v H
g 1
= 60 - :
T i
m '
Lt :
40 - '
20 4 :
L i |
N L |
cSfmeesereroores TmIammserEonT moNaGsI e FUTIILICICS
bl b b R = R e |
wauwwwuuwwwwwww il her - e - e ] mmmmmmmmmmmmmmmmmm :::‘:‘:‘:‘:::‘:::::‘:‘

BmF1 OF2 @F3 BF4

Figure 18. (a) Total concentration and (b) fraction of V in four regions.
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3.2 Correlation analysis of heavy metals

Correlation analysis was conducted to identify the relationship between heavy metals. The result of the

correlation analysis is summarized in Table 13.

Cd, Cu, Pb, and Zn were highly correlated with each other. In the previous result, the concentration of
these heavy has something in common they had high concentrations at sites close to the port. Therefore,
a strong positive correlation between these heavy metals might be affected by the effect of port activities.
Especially, Cu had a highly positive correlation with Zn. These two metals were contained in the paint

used in ships, so this can be a reason for the result of the correlation.

Cr, Ni, and V also showed a high positive correlation. Cr and Ni were usually emitted in the process of
shipbuilding, and V was emitted by the combustion of the ship’s fuel. Therefore, the common source

might be the effect of the shipyard.

In the case of Mn, it showed a negative correlation with Cd, Cu, Pb, and Zn. This seems to be related
to the regional characteristics of Gwangyang bay. In Gwangyang bay, landfilling and dredging were
carried out to build a steel mill. For this reason, Gwangyang bay showed a high concentration of Mn,
but a low concentration of other heavy metals. Therefore, this point seems to have affected the

correlation.
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Table 13. Spearman correlation analysis between heavy metals.

Al As Cd Cr Cu Fe Mn Ni Pb Vv Zn
Al 1
As 0.49%%* 1
Cd 0.44%%* 0.59%* 1
Cr 0.66** 0.25% 0.33%%* 1
Cu 0.07 0.43%* 0.62%%* 0.25% 1
Fe 0.93%%* 0.49%* 0.37%%* 0.67** 0.11 1
Mn 0.52%%* 0.09 -0.19 0.29% -0.48 0.55%* 1
Ni 0.69** 0.25% 0.26* 0.79** -0.02 0.72%* 0.42%* 1
Pb 0.08 0.38%* 0.68** 0.31%* 0.89%%* 0.09 -0.44%* 0.072 1
A% 0.93** 0.58** 0.55%%* 0.66** 0.23 0.88** 0.40** 0.67** 0.22 1
Zn 0.25% 0.56* 0.70%* 0.42%* 0.92%%* 0.28%* -0.29* 0.14 0.87** 0.37** 1

**Correlation is significant at the 0.01 level (2-tailed) and *correlation is significant at the 0.05 level (1-tailed)
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3.3 Principal component analysis (PCA)

PCA was conducted to understand the pollution patterns of heavy metals from four regions. Especially,
this study focused on identifying pollution patterns of heavy metals by anthropogenic effects by
comparing PCA results considering the total concentration and the sum of concentrations in non-
residual fraction. In order to perform PCA, the concentration of each heavy metal was normalized by

dividing the concentration of each heavy metal by the sum of 11 heavy metal concentrations.
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Figure 19. PCA result considering the total concentration of heavy metals.

Figure 19 shows the result of PCA considering the total concentration of heavy metals. The principal
component 1 (PC1) and 2 (PC2) explained 45% and 17%, respectively. The PC1 was positively
influenced by Fe and Mn and negatively influenced by Al. The PC2 was positively correlated with Cd.
In Gwangyang bay, almost samples were correlated with Mn and Ni. In Jinhae bay, most samples had
negative PC1 score, which is correlated with Al, Cd, and V. In Busan bay, samples in the score plot had
a correlation with Cr, Cu, Ni, and V in the loading plot. In Ulsan bay, the samples were scattered in the
score plot. This indicates that Ulsan bay was influenced by diverse heavy metals as there were various

industrial complexes.
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Figure 20. PCA result considering the sum of concentrations in non-residual fraction.

Figure 20 shows the result of PCA considering the sum of concentrations in non-residual fraction. The
principal component 1 (PC1) and 2 (PC2) explained 39% and 25%, respectively. The PC1 was
positively influenced by Cr, Cu, and Zn and negatively influenced by Al. The PC2 was positively
correlated with Mn and negatively correlated with Fe. In Gwangyang bay, most samples were correlated
with Mn. That’s because Gwangyang bay had a higher sum of concentrations of Mn in non-residual
fraction than other regions due to steel manufacturing. In Jinhae bay, samples had a correlation with Al,
Cd, Ni, and V. The sum of concentration in non-residual fraction of these heavy metals was higher than
in other regions, so it might lead to this result. In Busan bay, several samples were correlated with Cd,
Cr, Cu, Fe, and Zn. Especially, Cu and Zn showed the highest concentration in non-residual fraction
than in other regions due to the influence of paint used in ships. In the case of Fe, the average
concentration was lower than in other regions, but when the normalized concentration of heavy metals
was compared, Busan bay showed a higher ratio than the other bays. In Ulsan bay, the samples were

scattered in the score plot, which is similar to the result of Figure 19.

Like this, comparing the results of the two PCA, it was confirmed that there were common points but
also differences. This indicates that the difference in industrial complexes from each region affected the

pollution patterns of heavy metals by anthropogenic influences.
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3.4 Ecological risk assessment

3.4.1 Individual contamination factor (ICF)

Figure 21 and 22 show the result of ICF for heavy metals in four regions. The ecological risk of Cd was
the highest in Jinhae bay and showed a considerable level of risk on average. This means the retention
time of Cd in Jinhae bay is shorter than in other regions, so it is easily released from sediments and the
risk to the environment is higher. In fact, the concentration of Cd was the highest in Jinhae bay due to
anthropogenic effects, and accordingly, the ratio of the F1 fraction was also the highest. For this reason,
it is estimated that Cd showed the highest ecological risk in Jinhae bay due to the high proportion of
non-residual fraction. Mn had the highest ecological risk in Gwangyang bay. In Gwangyang bay, the
concentration of Mn was high due to the influence of the steel mill, and the ratio of the F1 fraction was
also high. Because of this, the ecological risk of Mn seems to be highly evaluated in Gwangyang bay.
Cu and Zn showed the highest ecological risk in Busan bay. The concentration of these heavy metals
was also highest in Busan bay due to the influence of paint used in ships. Because of these anthropogenic
sources, Cu and Zn mainly exist as a non-residual fraction in Busan bay, so the ecological risk seems to
be high. For Pb, the F2 fraction was dominant at most sampling sites, resulting in the ecological risk
being considerable or high in all regions. In particular, the ecological risk was the highest in Ulsan bay,
which is estimated to be affected by various industrial complexes in Ulsan bay. The ecological risk of
other heavy metals was evaluated at a low level. Since these heavy metals mainly exist as an F4 fraction

and have very low mobility and bioavailability, the ecological risk was also low.
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43




3.4.2 Risk assessment code (RAC)

The result of RAC is summarized in Table 14. In Jinhae bay, the ecological risk of Cd was highest
among 11 heavy metals and, in other regions, Mn showed the highest ecological risk. The result of RAC
in Gwanyang and Jinhae bay were consistent with the result of ICF. It indicates that Mn and Cd are the
main heavy metals that affect the aquatic environment of Gwangyang and Jinhae bay, respectively. In
Busan and Ulsan bay, the ecological risk of Mn was classified as high, like in Gwangyang bay. This
means the F1 fraction of Mn is dominant, so the mobility and bioavailability are high. Therefore, it is
necessary to consider the ecological risk of Mn in both regions. On the other hand, the ecological risk
of Cu and Pb was classified as low in Busan and Ulsan bay, which was different from the ICF results.
In the case of Cu and Pb, the F2 fraction is the most dominant among the four fractions due to the
anthropogenic effect in Busan and Ulsan bay. For this reason, the proportion of the F1 fraction is low,
so it seems that the ecological risk was evaluated as low in the RAC result. In the case of other heavy

metals, it was generally consistent with the ICF results.

Table 14. The RAC value of heavy metals in four regions.

RAC (%)
Al As Cd Cr Cu Fe Mn Ni Pb \Y Zn
GY 0.19 943 11.7 053 122 049 479 237 249 049 1775
JH 024 103 400 056 237 0.64 254 526 373 252 157
BS 020 840 238 054 887 056 350 319 159 0.04 19.6
us 024 238 270 044 441 053 351 368 286 0.11 1638

Region
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3.4.3 Modified potential ecological risk index (MRI)

Figure 23 shows the result of the MRI. Four sites in Jinhae Bay (JH2, JH3, JH4, and JH6) and two sites
in Busan bay (BS1 and BS13) showed moderate ecological risk, and all other sites showed low. The six
sites that showed a moderate level of ecological risk had the highest ratio of Cd among the 7 heavy
metals in common. This tendency was the same for all sites as well as in 6 sites. Cd has the highest
toxic-response factor, mobility, and bioavailability among the 7 heavy metals, so it seems that it
occupied a high proportion in all sites. Particularly, the mean concentration of Cd in six sites, where the
ecological risk was evaluated as moderate, was more than three times higher than that of other sites,

and the F1 fraction ratio was also high.

The order of heavy metals determining MRI values in four regions was Cd > As > Pb > Cu > Ni > Zn
> Cr for Gwangyang and Jinhae bay, Cd > Cu > Pb > As > Zn > Ni > Cr for Busan bay, Cd > Pb > As
> Cu > Zn > Ni > Cr for Ulsan bay. In common with the four regions, Cd showed the highest rank and
Cr showed the lowest rank. This implies that Cd could pose the highest ecological risk to the aquatic
environment among 7 heavy metals in four regions. Therefore, it is needed to be careful about the
ecological risk of Cd in all regions. Especially in Jinhae bay, the ecological risk of Cd is higher in

common as the result of ICF and RAC, so more attention is needed.
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Figure 23. The result of MRI in four regions.
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IV. CONCLUSIONS

In this study, the concentration and fraction of 11 heavy metals (Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, V,
and Zn) were investigated by applying BCR sequential extraction method to sediments collected from
regions (Gwangyang, Jinhae, Busan, and Ulsan bay). Based on this result, the characteristics of

pollution patterns by region were identified and ecological risks were evaluated.

In four regions, Cd showed the tendency to increase the F1 fraction as the concentration increased, and
the ratio was the highest in Jinhae bay, where the concentration was the highest. Mn also showed the
same tendency as Cd, and the ratio was the highest in Gwangyang bay. In the case of Zn, the non-
residual fraction tended to increase as the concentration increased. Cu showed the tendency to increase
the F2 fraction as the concentration increased, except Jinhae Bay. Especially in Busan bay, where the
concentration of Cu is highest, the ratio of F2 fraction was the highest. In the case of Pb, the F2 fraction

was dominant in all regions. For other heavy metals, the F4 fraction was the most dominant.

In correlation analysis and PCA results, characteristics of pollution by heavy metals were confirmed by
regional features and differences in industrial complexes. Especially in the case of Gwangyang bay,
most of the sampling sites are associated with Mn due to the influence of the steel mill. Also, in Busan

bay, the effect of Cu and Zn was higher than that of other cities due to port activities.

Three indices (ICF, RAC, and MRI) were used to evaluate the ecological risk. In the ICF results, the
ecological risks of Mn in Gwangyang, Cd in Jinhae, Cu and Zn in Busan, and Pb in Ulsan bay were the
highest. In the RAC results, Cd in Jinhae bay and Mn in other bays were evaluated as high ecological
risk. In the MRI results, four sites in Jinhae and two sites in Busan bay were classified as moderate level
of ecological risk. Also, among the 7 heavy metals (As, Cd, Cr, Cu, Ni, Pb, Zn), Cd accounted for a
large proportion of MRI value in all regions. Therefore, it is essential to care about the ecological risk
of Cd.

This was the first report about the fraction distribution and bioavailability of heavy metals in the special
management sea areas (Gwangyang, Jinhae, Busan, and Ulsan bays) in South Korea. Each region
showed differences in the concentration and fraction distribution of heavy metals due to regional
characteristics and the influence of unique industrial complexes, and accordingly, there was also a
difference in the degree of ecological risk. Therefore, appropriate management is needed considering
these differences. This study can be useful information for identifying the risk of heavy metals in

sediments in southeastern industrial bays of Korea and managing the marine environment.
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Figure S1. Spatial distribution of Cd in four regions.
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Figure S2. Spatial distribution of Mn in four regions.
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Figure S3. Spatial distribution of Zn in four regions.
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Figure S4. Spatial distribution of Cu in four regions.
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Figure S5. Spatial distribution of Pb in four regions.
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Figure S6. Spatial distribution of Cr and Ni in four regions.
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Figure S7. Spatial distribution of Al and Fe in four regions.
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Figure S8. Spatial distribution of As and V in four regions.
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