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Abstract
We measured the concentrations of acid volatile sulfide (AVS), chemical oxygen demand (COD), and metals (As, Cd, Cu, Hg,
Pb, and Zn) in surface sediments of 74 intertidal sectors along the western and southern coasts of Korea to determine their spatial
distribution and pollution status. The concentrations of AVS, COD, and metals were relatively higher in northwestern and
southeastern coasts due to human and industrial activities around metropolitan, industrial complexes, and large-scale farms.
The results of the sediment quality guidelines and geoaccumulation index for organic matter and metal revealed that almost all
intertidal sediments were unpolluted with regard to AVS, COD, Cd, Cu, Hg, Pb, and Zn and some intertidal sediments in
northwestern and southeastern coasts were moderately polluted with regard to As. However, the results of pollution load index
and ecological risk index for metal showed that intertidal sediments in the southeastern coast are significantly polluted and could
have an adverse effect on benthic organisms. Thus, the appropriate management policy and restoration plan for intertidal sectors
with high metal pollution level in Korea is necessary to improve the quality of intertidal sediment.

Keywords Metal . Organic matter . Intertidal sediment . Assessment . Korea

Introduction

Metals are non-biodegradable and persistent pollutants and
are toxic when their concentrations are greater than certain

thresholds (Zhang and Gao 2015; Yu et al. 2016). Metals
originate from various natural sources and anthropogenic ac-
tivities and are introduced continuously into the coastal oceans
through river discharge, the atmosphere, and submarine
groundwater discharge. More than 90% ofmetals are bounded
to suspended particulate matter and mostly settle into coastal
sediment before reaching the open ocean (Hedge et al. 2009;
Lim et al. 2013). Some metals in coastal sediment can be
remobilized by reduction and diagenesis and move to the
overlying seawater, thus posing a threat to the coastal ecosys-
tem and human health (Chatterjee et al. 2007; Li et al. 2015;
Zhu et al. 2016).

The intertidal zone is a peculiar and dynamic coastal envi-
ronment between land and ocean and is one of the most pro-
ductive coastal ecosystems with estuaries. Generally, the in-
tertidal zone is characterized by flat topography with a broad
area and gentle slope between high tide and low tide. In
Korea, there are approximately 2500 km2 of intertidal zone
along the western and southern coasts with shallow water
depth (< 10–30 m), high tidal difference (average 2–10 m),
and ria-type shorelines (NORI 2008; Hwang and Kim 2011).
The intertidal zone provides various ecosystem services in-
cluding protection from storms or tidal waves, coastline
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stabilization, purification of land-based pollutants, spawning
or nursing grounds for marine organisms, and productive fish-
eries (Murray et al. 2015). Despite their ecological and envi-
ronmental importance, more than 20% of the intertidal zone
area in Korea has disappeared during recent decades due to
indiscriminate coastal reclamation and development (Ryu
et al. 2009; Hwang et al. 2010; Koh and Khim 2014.

Metals are delivered to intertidal zones from land via var-
ious pathways and intertidal sediments generally act as impor-
tant sinks for metals in coastal environments (Álvarez-Iglesias
and Rubio 2009; Zhang et al. 2009). Contaminated intertidal
sediments with metals can adversely affect aquatic and ben-
thic ecosystems and, because intertidal sediment and the over-
lying seawater interact with each other, marine organisms in-
cluding finfish and shellfish can accumulate metals through
ingestion (Beiras et al. 2003; Álvarez-Iglesias and Rubio
2009). As a result of the rapid industrialization and economic
growth in Korea since the 1960s, inputs of metals from human
and industrial activities in the intertidal zone have increased.
Moreover, a large-scale intertidal culture of commercial sea-
weed and shellfish in Korea is very active. Therefore, it is
necessary to determine the metal concentrations in intertidal
sediments in order to protect the intertidal ecosystem and the
human health of Korea.

Metal contamination in Korean coastal sediments has
received considerable attention because of coastal envi-
ronmental problems and the safety of fishery products;
thus, a number of studies on metals in coastal sediments
have been conducted over the last several decades.
However, there are no valuable and useful data to under-
stand the overall contamination status of metals in the
intertidal sediments of Korea since most previous studies
have focused on the distribution and pollution assessment
of metal concentrations in sediments of the sublittoral
zone near heavily industrialized complexes, metropolitan
areas, and aquaculture areas (Choi et al. 2012; Ra et al.
2013; Song et al. 2014; Hwang et al. 2016). In addition,
research on metals in intertidal sediments has been ham-
pered by low accessibility within the intertidal zone, high-
ly time-consuming and labor-intensive field investigation,
and the high cost of analysis.

Thus, the objectives of this study are to (1) understand the
spatial distribution of metal concentrations and (2) evaluate
the pollution level of metals in the intertidal sediments of
Korea using various geochemical and ecological assessment
techniques. These techniques include sediment quality guide-
lines (SQGs), geoaccumulation index (Igeo), pollution load
index (PLI), and ecological risk index (ERI). In this study,
the grain size and the concentrations of acid volatile sulfide
(AVS) and chemical oxygen demand (COD) were also ana-
lyzed in order to understand the characteristics of the sedimen-
tary environment and to evaluate the pollution level of organic
matter in sediments of the Korean intertidal zone.

Materials and methods

Sampling and analytical methods

Surface sediment samples (< 3cmsedimentdepth)were collected
to analyze for metals, grain size, and organic matter from 987
stations of 74 intertidal sectors (S1–S74) along the western and
southern coasts of Korea from 2008 to 2013 using van Veen and
Labond-type grab samplers onboard a small ship or boat (Fig. 1).
Some sediment samples inaccessible by boat due to a shallow
depthwere collected directly by hand after walking to the station.
Although the sampling periods in this study are very long due to
large intertidal area, these samples are sufficiently reflecting the
recent status of metal pollution in intertidal sediments because
metal concentrations inKorean coastal sediment very less tempo-
rally (Hwang et al. 2016). Here, the intertidal sector and sample
numberwere determined by considering the tidal flat list ofKorea
reported byMinistry ofMaritimeAffairs andFisheries (MOMAF
2005) and its area. Surface sediment samples (~ 250 g) were
placed into a pre-acidified polyethylene bottle immediately after
sampling, and then remained below ~ 4 °C or were frozen in a
freezer until analysis.

Metal concentrations in the intertidal sediments were deter-
mined by the acid digestion method used by many researchers
(Martin 1996; Spencer 2002; Zhang et al. 2009; Gao and Li
2012; Hwang et al. 2016). Briefly, the sediment samples (~
100 g) were freeze-dried at − 80 °C in a deep-freezer and pulver-
ized to a fine powder using an agatemortar and pestle. Theywere
then sieved through a 125-μm sieve to remove large particles.
For the analysis of metals (As, Cd, Cu, Pb, and Zn) excluding
Hg, the dried sediment samples (~ 1 g) were digested in Teflon
vessels using a mixture (~ 12.5 mL) of concentrated acids (HF:
HNO3: HClO4 = 2:2:1, suprapur, Merck Co., Germany). The
samples were digested with lids at 130 °C for 9 h and dried
without lids at 130 °C for 7 h on a hot plate. These procedures
were repeated until only a negligible amount of white residue
remained following the addition of the acids again. Then, after
filtering the solution using filter paper (Adventec, 5C, 110 mm),
the solution was diluted appropriately using 2% HNO3 for the
determination of each metal.

Metals, except for Hg, were measured using an inductively
coupled plasma mass spectrometer (ICP-MS, Perkin Elmer,
Elan DRC-e). Hg was analyzed directly in dried sediment
(0.05–0.10 g) using an automated mercury analyzer
(Milestone, DMA-80). The accuracy of metal analysis data
was checked using PACS-2 and MESS-3 marine sediment
(National Research Council Canada [NRCC]) as certified ref-
erence materials (CRMs). The recoveries of metals ranged
from 80 to 110% for all metals. In this study, the metal con-
centrations are expressed as milligrams per kilogram dry
weight (hereafter mg/kg).

In addition to the metal analysis, grain size and the concen-
trations of AVS and COD in the intertidal sediments were
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measured. The grain-size analysis for sediment samples was
performed using the standard grain-size technique suggested
by Ingram (1971). For the removal of the salts in sediment,
about 100 g of wet sediment samples was taken in ultrapure
water and then stirred. After discarding the ultrapure water,
10% H2O2 was added to remove the organic matter in sedi-
ment. This procedure was repeated twice. Sediments were
divided into coarse- and fine-sized fractions using the size 4
Φ (63 μm) sieve. These coarse and fine particles were then
analyzed using a dry sievingmethod after dehydration in dryer
and using a pipetting method after adding 2% calgon solution
as a dispersing agent, respectively.

The concentrations of COD and AVS for the sediment
samples were measured using a titration method and a detec-
tion tube method described by Hwang et al. (2006), respec-
tively. For COD analysis of the sediments, wet sediment (1–
2 g) was mixed with 0.1 N KMnO4 and 10% NaOH in a glass
flask. The mixture was heated to 100 °C in a water bath and
then 10% KI, 4% NaN3, and ultrapure water (~ 400 mL) were
added. After filtering the mixture using filter paper (Whatman,
GF/C, 47 mm), concentrated H2SO4 was added to the solution
and it was titrated appropriately using 0.1 N Na2S2O3·5H2O
solution. The AVS concentration of the sediments was deter-
mined using a detection tube (Gastec, 201 L and 201H). Wet
sediment (2.0–3.0 g) was mixed with concentrated H2SO4 in a
gas production glass bottle, which was continuously pumped
into the detection tube, until the color of the tube changed. The
concentrations of COD and AVS are expressed as milligrams
per gram dry weight (hereafter mg/g).

Assessment of metal pollution

It is important to know the pollution levels of metals in sedi-
ments in order to understand coastal environmental quality. In
this study, four pollution indices, SQGs, Igeo, PLI, and ERI,
were used for contamination assessment of metals in the in-
tertidal sediments of Korea.

SQGs are the simplest assessment tools to evaluate the
pollution level or the environmental and ecological risks for
metals in sediment, and have been widely used by many sci-
entists and managers (Çevik et al. 2009; Gredilla et al. 2013).
Numerous SQGs for marine sediment (e.g., the Australian and
New Zealand Environment and Conservation Council
[ANZECC] interim sediment quality guidelines [ISQGL], ef-
fect range low [ERL] and effect range median [ERM] in the
USA, and GB18668-2002 in China) have been developed in
many countries considering the coastal environmental and
ecological condition of each country. In this study, we applied
ERL and ERM values suggested by the U.S. National Oceanic
and Atmospheric Administration (NOAA) that have been
widely used to study metal pollution in sediments throughout
the world (Long et al. 1995; Christophoridis et al. 2009; Shah
et al. 2013; Hwang et al. 2016).

Igeo introduced by Müller (1979) was used to assess an-
thropogenic metal contamination in the intertidal sediments of
Korea. Igeo is calculated using the following eq. (1):

Igeo ¼ log2
Cmetal

Bmetal � 1:5
ð1Þ

where Cmetal is the measured metal concentration in the sedi-
ment of the study area and Bmetal is the natural background
concentration of each metal in the reference sediment, such as
the average continental shale and crust or sediment at the
reference site near the study region (Feng et al. 2011; Dou
et al. 2013; Chakraborty et al. 2014). The value 1.5 is the
background matrix correction factor of lithogenic effects
(Çevik et al. 2009; Zhang et al. 2009).

PLI, proposed by Tomlinson et al. (1980), has also been
used to assess the mutual contamination effects of the mea-
sured six metals in the intertidal sediments of Korea. PLI is
calculated using the following eq. (2):

PLI ¼ CFAs � CFCd � CFCu � CFHg � CFPb � CFZn
� �1=6

ð2Þ

Fig. 1 Maps showing the study
area and the sampling sectors
(N = 74) for analyzing the grain
size, organic matter, and metals in
intertidal sediments of Korea
from 2008 to 2013
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where CF is the contamination factor obtained from the ratio
of each metal concentration (Cmetal) to its background concen-
tration (Bmetal) (Mashiatullah et al. 2013; Sun et al. 2014

ERI, established by Hakanson (1980), has been applied to
assess the potential ecological risk of the measured six metals
in the intertidal sediments of Korea. This index can be
expressed as the following eqs. (3) and (4):

Emetal ¼ Tmetal � CF ð3Þ
ERI ¼ EAs þ ECd þ ECu þ EHg þ EPb þ EZn ð4Þ

where Tmetal is the standardized toxic coefficient of each metal
(As-10, Cd-30, Cu-5, Hg-40, Pb-5, and Zn-1: Lim et al. 2013;
Sheykhi and Moore 2013).

In this study, we used the average of each metal concentration
in the surface sediment of each intertidal sector (Cmetal) and the
average of the metal concentration in the continental shelf crust
(Bmetal: 1.5 mg/kg for As, 0.098 mg/kg for Cd, 25 mg/kg for Cu,
0.08mg/kg forHg, 20mg/kg for Pb, and71mg/kg forZn) report-
ed by Taylor (1964) and Taylor and McLennan (1995) as the
values of the measured metal concentration in sediment of the
studyarea and thenatural backgroundconcentrationof eachmetal
in reference sediment, respectively.

Statistical analyses

The homogeneity of the metal concentrations in the sediment
of the intertidal sector was tested using Levenne’s test. A
Student t test and Mann-Whitney U test were also performed
to confirm any significant concentration differences between
study region and metals. These statistical analyses were car-
ried out using the SPSS version 12.0 K software package for
Windows (SPSS, Chicago, IL) and p = 0.05 was considered as
a significant difference.

Results and discussion

Sediment properties

The mean sedimentary composition and the average concen-
trations of COD, AVS, and metals in the sediments of each
intertidal sector in Korea are given in supplemental material
(Table S1). As a result of grain-size analysis, the sedimentary
compositions in Korean intertidal sediments showed large
spatial differences due to the regional characteristics of the
coastal environment including the topography, tidal differ-
ence, and coastal current. The average contents of gravel,
sand, silt, and clay in sediments of each intertidal sector were
in the range of not detected (ND)–47.5% (mean 3.0%), 2.9–
100% (mean 46.4%), ND–74.4% (mean 36.3%), and ND–
43.2% (mean 14.3%), respectively (Table S1, supplemental
material). The sediments of intertidal sectors along the

northwestern and mid-western coasts had comparatively high
sand (more than 40%) and low clay (less than 10%) contents,
whereas the sediments of the intertidal sectors along the south-
western coast were characterized by high silt (more than 45%)
and clay (more than 20%) contents. The sediments of the
intertidal sectors along the southeastern coast consisted of
more than 50% sand.

The average of mean grain size (Mz) calculated from the
equation of Folk and Ward (1957) using sedimentary compo-
sition in the sediments of each intertidal sector ranged from
−0.8 to 7.9 Φ (mean 4.5 Φ), with the highest Mz at S60 in the
southwestern coast of Korea (Table S1). Based on the classi-
fication of sediments suggested by Folk (1968), the total in-
tertidal sediments (n = 987) were divided into 19 sedimentary
types (from gravel to clay) and the most dominant sedimenta-
ry facies were in the order of silt (Z), mud (M), sandy silt (sZ),
and sand (S) (Fig. 2). The finer sediments such as mud and silt
with a mean grain size greater than 5 Φ were mainly distrib-
uted along the southwestern coast, whereas the coarser sedi-
ments such as sand (S) and slightly gravelly muddy sand
((g)mS) with a mean grain size less than 3 Φ dominated along
the northwestern and southeastern coasts (Fig. 3).

The average concentrations of COD and AVS in the sedi-
ments of each intertidal sector ranged from 1.1 to 24.8 mg/g
(mean 10.0 mg/g) and from ND to 0.219 mg/g (mean
0.042 mg/g), respectively (Table S1). The highest average of
COD concentration was found at S47 in the southwestern
coast and the highest average of AVS concentration was found
at S65 in the southeastern coast. Generally, the concentrations
of organic matter in coastal sediments are dependent on the
particle size of the sediment and are much higher in finer
sediment than in coarser sediment. In this study, the average
concentrations of COD and AVS in intertidal sediments, ex-
cept some intertidal sectors (S47, S52, and S56 for COD and
S51 and S54 for AVS) with finer sediments along the south-
western coast, were much higher in the northwestern and
southeastern coasts where coarser sediments are dominated
(p < 0.05, Fig. 4a, b). However, there are anthropogenic
sources including large cities, industrial complexes, steel
mills, a thermoelectric power plant, and large-scale fish and
shellfish farms in the northwestern and the southeastern coasts
of Korea. Therefore, the organic matters in the intertidal sed-
iments of Korea appear to be significantly influenced by land-
based anthropogenic sources in the coastal zone.

On the other hand, the concentrations of COD and AVS in
coastal sediments have been widely used as indicators of organic
matter contamination in sediments (Hyun et al. 2003; Hwang
et al. 2010). Here, we compared the average concentrations of
COD and AVS in the sediments of each intertidal sector with
SQGs for COD (20 mg/g) and AVS (0.2 mg/g) applied in Japan
in order to evaluate the organic matter pollution level in the
intertidal sediments (Yokoyama 2000). Reviewing the results,
the average concentrations of COD and AVS in the sediments
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of all the intertidal sectors, except S47, S52, and S56 for COD
and S65 for AVS, were below the values of SQGs. Furthermore,
the concentrations of CODandAVS in the intertidal sediments of
the study region were much lower than those observed in the
sublittoral sediments of the Korean coast reported by NFRDI
(2015) with a statistically significant difference (p < 0.05,
Fig. 5). Thus, Korean intertidal sediments appear to be unpollut-
ed in regard to organic matter.

Spatial distribution of metal concentrations
in sediment

The average concentrations of metals in the intertidal sedi-
ments of Korea showed a large spatial difference
(Fig. 4c~h). The average concentrations of metals in the sed-
iments of each intertidal sector were in a range of 2.8–
16.2 mg/kg (mean 7.4 mg/kg) for As, 0.02–0.47 mg/kg (mean
0.09 mg/kg) for Cd, 4.6–44.4 mg/kg (mean 12.8 mg/kg) for

Cu, 0.002–0.103 mg/kg (mean 0.014 mg/kg) for Hg, 2.8–
45.6 mg/kg (mean 23.1 mg/kg) for Pb, and 21–204 mg/kg
(mean 67 mg/kg) for Zn, respectively (Table S1). The highest
average concentrations were found at S63 for As, S65 for Cu,
and S70 for Cd, Hg, Pb, and Zn along the southeastern coast
where metropolitan areas, industrial complexes, and large-
scale shellfish farms are concentrated. In addition, the average
concentrations of all metals in the sediments of each intertidal
sector were relatively higher in the southeastern coast com-
pared to the western and southwestern coasts (p < 0.05).
Therefore, the metal concentrations in Korean intertidal sedi-
ments appear to be significantly influenced by industrial and
human activities in the coastal zone as was the concentration
of organic matter.

The mean concentration of metals in the intertidal sediments
decreased in the order of Zn > Pb >Cu >As >Cd >Hg with a
statistically significant difference (p < 0.05), and this result was
consistent with the decreasing sequence of metal concentrations

Fig. 2 Classification of sedimentary types for total intertidal sediment samples (n = 989) using the ternary diagrams suggested by Folk (1968)

Fig. 3 Horizontal distributions of
mean grain size (Mz) (a) and
sedimentary types (b) using the
mean sediment composition for
all sediments in each intertidal
sector, Korea
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in soil and rock of the Korean Peninsula reported by Yoon et al.
(2009)and insublittoral sedimentsof theKoreancoast reportedby
Hwang et al. (2016). However, the sediments in some intertidal
sectors (i.e., S7, S11, S13, and S16 along the northwestern coast,
S30andS31along themid-westerncoast, andS66,S68,S70,S73,
and S74 along the southeastern coast) showed other accumulated
patterns for metals. These could have resulted from the excess
inputs of some metals (i.e., As and Cu) through anthropogenic
sources on land near the intertidal sectors.

Metal concentrations in all the intertidal sediments of
the study region (n = 987) were compared to those in oth-
er intertidal sediments throughout the world (Table 1).
The average As concentration in the intertidal sediments
of Korea is slightly lower than that observed throughout
the world except for Laizhou Bay in China, and the aver-
age concentration of Cd and Hg is also much lower than
those observed elsewhere in the world (references are in
Table 1). The average concentrations of Cu, Pb, and Zn
are much higher than those observed along Beihai coast
and in Laizhou Bay in China, San Simon Bay in Spain,
and Moreton Bay in Australia, but significantly lower
than those in other areas of China (Bohai Bay, Jiaozhou
Bay, Qinhuangdao coast, and Quanzhou Bay), Europe
(Bidasoa estuary, Black Water estuary, Medway estuary,
Scheldt estuary), and many other countries (Dudh Creek
in India and Gulf of Annaba in Algeria) (references are in
Table 1). Furthermore, the metal concentrations in the
intertidal sediments of the study area were much lower
than those observed in sublittoral sediments of Korea re-
ported by NFRDI (2015) with a statistically significant
difference (p < 0.05, Fig. 5).

Assessment of metal pollution in sediment

As previously mentioned in section for assessment of
metal pollution, in this study, we evaluated the pollution
level of metals in the intertidal sediments of Korea using
SQGs, Igeo, PLI, and ERI. First, SQGs is among the most

Fig. 4 a–h Horizontal distributions of COD, AVS, and metals (As, Cd,
Cu, Hg, Pb, and Zn) in the intertidal sediments of Korea using the average
concentrations for all sediments in each intertidal sector. The black circles

represent the exceeded concentrations compared to the values of the
SQGs for COD and AVS applied in Japan and the values of ERL for
metals proposed by NOAA in the USA

Fig. 5 Comparison of average concentrations for COD, AVS, and metals
(As, Cd, Cu, Hg, Pb, and Zn) between the intertidal sediments (this study)
and sublittoral sediments (NFRDI 2015) along the western and southern
coasts of Korea. The asterisk marks represent the statistically significant
differences (p < 0.05) between the data. The concentration unit of COD
and AVS is mg/g and those of metals is mg/kg
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useful and reliable tools for assessing sediment quality
and the values of ERL and ERM applied in this study
are the most commonly used SQGs throughout the world.
ERL and ERM values for each metal recommended by
NOAA are 8.2 and 70 mg/kg for As, 1.2 and 9.6 mg/kg
for Cd, 34 and 270 mg/kg for Cu, 0.15 and 0.71 mg/kg
for Hg, 46.7 and 218 mg/kg for Pb, and 150 and
410 mg/kg for Zn, respectively (Long et al. 1995;
Buchman 2008). Generally, metal concentrations less than
the ERL value indicate that adverse effects to benthic
organisms in sediment are rarely observed.

The average As concentrations in intertidal sectors
exceeded the ERL value at 25 intertidal sectors (34% of the
total intertidal sector) and these sectors were mainly

distributed along the northwestern and southeastern coasts
(Fig. 4c). However, the average concentrations of Cu and Zn
exceeded the ERL values at only 3 and 1 intertidal sectors
(S66, S68, and S71 for Cu and S71 for Zn), respectively,
and the average concentrations of Cd, Hg, and Pb did not
exceed the ERL values in all the intertidal sectors (Fig.
4d~h). Therefore, the intertidal sediments in the Korean coast
appear to be relatively more polluted by As compared to the
other metals.

In order to evaluate the degree of anthropogenic pollu-
tion for each metal in the intertidal sediments of Korea,
Igeo was also used as another assessment approach. The
evaluation standards of Igeo by Müller (1979) and the
calculated results for Igeo are represented in Table 2.

Table 1 Comparison of metal concentrations in intertidal sediments throughout the world

Region Metals (mg/kg) Reference

As Cd Cu Hg Pb Zn

China

Beihai Coast 0.6–34.1
(9.1)

0.06–0.82
(0.22)

4.0–32.8
(12.7)

0.01–0.22
(0.07)

1.9–72.9
(16.6)

35–119 (70) Xia et al.
(2008)

Bohai Bay NA 0.05–0.19
(0.12)

7.9–46.7
(24.0)

NA 18.8–39.1
(25.6)

34–123 (73) Gao and Li
(2012)

Jiaozhou Bay 1.0–15.6
(9.2)

0.04–2.36
(0.42)

5.5–120 (38.8) NA 17.8–326
(55.2)

15–348(107) Xu et al.
(2016)

Laizhou Bay 4.6–9.7 (7.1) 0.11–0.28
(0.19)

7.5–21.3(11.0) 0.02–0.06
(0.04)

9.6–17.7
(13.4)

38–74 (51) Zhang and Gao
(2015)

Qinhuangdao Coast NA 0.07–0.26
(0.14)

5.0–17.4 (7.9) NA 18.4–54.1
(27.6)

43–199 (82) Zhu et al.
(2016)

Quanzhou Bay NA 0.28–1.16
(0.64)

24.8–161
(60.8)

0.01–0.35
(0.11)

37.0–93.2
(67.0)

120–325
(187)

Yu et al.
(2016)

Europe

Bidasoa Estuary,
Spain

NA 0.40–1.50
(1.10)

36.0–221
(100)

NA 70.0–298
(150)

219–736
(410)

Saiz-Salinas et al.
(1996)

Black Water Estuary,
UK

NA 0.02–2.51
(0.34)

1.0–130 (24.0) < 0.1–1.21
(0.27)

4.0–231 (42.0) 21–293 (89) Emmerson et al.
(1997)

Medway Estuary,
UK

6.0–40.0
(14.0)

NA 14.0–343 (42) NA 15.0–1139
(67)

60–338
(138)

Spencer
(2002)

San Simon Bay,
Spain

2.5–17.0
(9.0)

NA 0.01–19.2
(6.5)

NA 29.6–1988
(566)

27–113 (54) Álvarez-Iglesias et al.
(2007)

Scheldt Estuary,
Belgium

NA 1.51–10.3
(4.82)

18.6–119
(63.4)

NA NA 144–611
(354)

Laing et al.
(2009)

Other countries

Dudh Creek,
India

NA NA 28.0–1038
(242)

NA 22.0–137
(46.0)

18–2673
(560)

Volvoikar and Nayak
(2015)

Gulf of Annaba,
Algeria

NA ND-2.62
(1.26)

ND-90.3
(41.4)

ND-0.10 (0.03) 10.0–187
(117)

75–302
(164)

Belabed et al.
(2013)

Moreton Bay,
Australia

2.7–18.5
(8.8)

0.02–0.80
(0.09)

2.9–30.1
(11.5)

NA 3.2–37.7
(10.7)

11–110 (48) Morelli and Gasparon
(2014)

Korean Coast 0.0–27.4
(7.4)

0.00–1.37
(0.09)

0.18–104
(13.8)

ND-0.24 (0.01) 0.04–85.4
(24.1)

1–331 (73) This study

*ND, not detected; NA, not analyzed
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The average Igeo values for sediment of each intertidal
sector were 1.61 (− 3.02–0.24) for As, − 0.84 (− 2.56–
1.66) for Cd, − 1.74 (− 3.02–0.24) for Cu, − 3.41 (−
6.12–0.22) for Hg, − 0.45 (− 3.43–0.60) for Pb, and −
0.81 (− 2.31–0.94) for Zn, respectively. Based on the av-
erage of the Igeo values, the pollution levels of metals in
the intertidal sediments of Korea decreased in the order of
As > Pb > Zn > Cd > Cu > Hg. The Igeo values for Cd, Cu,
Hg, Pb, and Zn were less than 0 (class 0) in nearly all of
the intertidal sectors except some sectors along the south-
eastern coast, while Igeo values for As ranged from 1 to 3
(class 2 and 3) in all the intertidal sectors. This implies
that the intertidal sediments of Korea are practically un-
polluted in regard to Cd, Cu, Hg, Pb, and Zn and are
moderately polluted in regard to As.

Although SQGs and Igeo has commonly been used as as-
sessment tools for evaluating the pollution level of individual
metallic elements in sediment, these approaches do not repre-
sent the contamination level of the metal considering the con-
centrations of all metals in sediment. Therefore, PLI and ERI
were applied to assess the overall pollution effect and potential
ecological risk of the measured six metals in the intertidal

sediments of Korea. The values of PLI in the sediments of
each intertidal sector ranged from 0.41 to 2.60 (mean 0.84).
Generally, a value of PLI greater than 1 can be interpreted as
polluted. The highest value of PLI was found at S71 and PLI
values in 18 intertidal sectors (S4, S5, S8, and S21 along the
northwestern coast, S32 in mid-western coast, S47 in south-
western coast, and S60~S66 and S68~S72 along the south-
western coast) were greater than 1. In particular, intertidal
sectors with PLI values greater than 1 were mainly distributed
along the southeastern coast where numerous anthropogenic
sources are located (Fig. 6a).

The values of ERI in the sediment of each intertidal sector
ranged from 45 to 262 (mean 94). The values of ERI are
commonly classified into five categories to assess the degree
of potential ecological risk for metals, in which ERI < 100
indicates low risk, ERI = 100–150 indicates moderate risk,
ERI = 150–200 indicates considerable risk, ERI = 200–300
indicates very high risk, and ERI > 300 indicates disastrous
risk. The highest value of ERI was found at S71, as was that
of PLI. ERI values at 6 intertidal sectors (S63, S65, S68, S69,
S70, and S71 along the southeastern coast) were greater than
150 (Fig. 6b). Based on the overall results of PLI and ERI,

Table 2 Classification of geoaccumulation index (Müller 1979) and the number of Igeo classes for the average concentrations ofmetals in the sediments
of each intertidal sector (N = 74)

Igeo value Igeo class Designation of sediment quality Number of Igeo

As Cd Cu Hg Pb Zn

> 5 6 Very strongly polluted 0 0 0 0 0 0

4–5 5 Strongly/very strongly polluted 0 0 0 0 0 0

3–4 4 Strongly polluted 0 0 0 0 0 0

2–3 3 Moderately/strongly polluted 20 0 0 0 0 0

1–2 2 Moderately polluted 46 1 0 0 0 0

0–1 1 Practically unpolluted/moderately polluted 8 6 2 0 7 7

< 0 0 Practically unpolluted 0 67 72 74 67 67

Average of Igeo 1.61 − 0.84 − 1.74 − 3.41 − 0.45 − 0.81

Fig. 6 Horizontal distributions of
PLI (a) and ERI (b) values
calculated using the average
concentrations of metals for all of
the sediments in each intertidal
sector, Korea
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Korean intertidal sediments were unpolluted and had low- or
moderate-risk conditions for the measured six metals except
for some intertidal sectors along the southeastern coast.

Conclusion

A study on the spatial distributions and pollution levels for
COD, AVS, and metals in Korean intertidal sediments was
conducted. The concentrations of COD, AVS, and metals in
the intertidal sediments were much higher along the north-
western and southeastern coasts of Korea where metropolitan
areas, industrial complexes, and large-scale farms are concen-
trated. This implies that organic matter and metals in Korean
intertidal sediments are significantly influenced by anthropo-
genic sources in the coastal zone. On the basis of the overall
assessment results of SQGs, Igeo, PLI and ERI, most Korean
intertidal sediments were unpolluted for all of the metals ex-
cept As, and had low ecological risk condition. However,
some intertidal sediments along the southeastern coast showed
a relatively high metal pollution level and ecological risk con-
dition. The high metal concentrations in the intertidal sedi-
ments of this region could have an adverse effect on benthic
organisms. Thus, to improve the intertidal sediment quality
along the southeastern coast of Korea that has a high pollution
level in terms of metals, a management policy for land-based
pollution sources and a restoration plan for polluted intertidal
sediments are necessary in the future.
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