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Abstract— To investigate the factors controlling lead (Pb) concentration
and identify the sources of Pb in Yellow Sea sediments along the
Korean coast, the concentration of Pb and Pb isotopes in 87 surface
and 6 core sediment samples were analyzed. The 1 M HCl leached
Pb concentrations had a similar geographic distribution to those of
fine-grained sediments, while the distribution of residual Pb
concentrations resembled that of coarse-grained sediments. Leached
Pb was presumed to be associated with manganese (Mn) oxide and
iron (Fe) oxy/hydroxide, while residual Pb was associated with
potassium (K)-feldspar, based on good linear relationships between
the leached Pb and the Fe/Mn concentrations, and the residual Pb
and K concentrations. Based on a ratio—ratio plot with three isotopes
("Pb/”*Pb and ***Pb/**Pb) and the geographic location of each
sediment, sediments were categorized into two groups of samples
as groupl and group2. Group 1 sediments, which were distributed
in Gyeonggi Bay and offshore (north of 36.5°N), were determined
to be a mixture of anthropogenic and natural Pb originating from
the Han River, based on a **Pb/***Pb against a Cs/Pby,, . mixing
plot of core and surface sediments. Group 2 sediments, which were
distributed in the south 0of 36.5°N, also showed a two endmembers
mixing relationship between materials from the Geum River and
offshore materials, which had very different Pb concentrations and
isotope ratios. Based on the isotopes and their concentrations in
core and surface sediments, this mixing relationship was interpreted
as materials from two geographically different origins being mixed,
rather than anthropogenic or natural mixing of materials with the
same origin. Therefore, the relative percentage of materials supplied
from the Geum River was calculated using a two endmembers
mixing model and estimated to be as much as about 50% at 35°N.
The spatial distribution of materials derived from the Geum River
represented that of fine-grained sediments originating from the
Geum River. It was concluded that Pb isotopes in sediments could
be used as a tracer in studies of the origin of fine-grained sediments
along the Korean Yellow Sea coast.

*Corresponding author. E-mail: mschoi@cnu.ac.kr
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1. Introduction

Coastal environments are important reservoirs for many
persistent contaminants, including metals, which might
accumulate in organisms and bottom sediments (Liu et al.
2011; Gao et al. 2014; Alyazichi et al. 2015). In marine
environments, metals are largely associated with particulate
matter (Gibbs 1973; Gerritse etal. 1998; Nagano et al. 2003;
Tarras-Wahlberg and Lane 2003). Sources of particulate
matter in coastal areas include local river discharges, suspended
particulate matter in the oceanic water column, and particles
derived from atmospheric deposition (Sindern et al. 2016).
Lead (Pb) is one of the most widely used metals in industrial
activities and accompanies economic development and
population growth (Cheng and Hu 2010). As a result, it has
become the most widely distributed toxic element in the
global environment and has thus received much public attention.
The identification of the sources, controlling factors, and
pathways of Pb are important for maintaining the coastal
environment.

Pb has four stable isotopes, ***Pb, **Pb, *’’Pb, and ***Pb.
While ***Pb is naturally present in the crust, the other three
isotopes are the stable daughter products of the radioactive
decay of **U, *°U, and **Th, respectively (Patterson 1955).
Because Pb isotope ratios might differ between sources and
the isotope ratio is relatively unaffected by physicochemical
fractionation processes, Pb isotopes have been used to identify
sources of Pb and to determine the transport pathways of Pb
using marine materials including seawater, aerosols, organisms,
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and sediments (Hamilton and Clifton 1979; Flegal et al. 1987
Hamelin et al. 1990; Labonne et al. 1998; Munksgaard et al.
1998; Hinrichs et al. 2002; Choi et al. 2007).

The Yellow Sea is an epicontinental shelf surrounded by
mainland China and the Korean Peninsula, which receives
billions of tons of particulate materials on an annual basis
from surrounding rivers (the Huanghe and Changjiang rivers,
as well as various Korean rivers; Lee and Chough 1989). In
addition to rivers, atmospheric inputs also supply annually
millions of tons of particulate materials to the Yellow Sea
(Gaoetal. 1992; Zhang et al. 1992). Choi et al. (2007) identified
Pb sources in river mouth sediments of Chinese and Korean
rivers and shelf sediments, based on Pb isotopes in the Yellow
Sea. Several subsequent studies of marine sediments, mainly
those undertaken along the Chinese coast of the Yellow Sea,
have reported increasing levels of anthropogenic Pb from
energy consumption, including vehicle emissions and coal
combustion in the Yangtze River estuary (Zhang et al. 2008;
Hao etal. 2008), the Yellow River estuary near the Bohai Sea
(Hu et al. 2015a), Liaodong Bay (Hu et al. 2015b), western
Xiamen Bay (Hu et al. 2013), and Quanzhou Bay (Yu et al.
2016).

However, there are no reports of Pb isotope levels in
Yellow Sea sediments from the Korean coast. It has been
speculated that Pb isotopes in sediments could be used to
discriminate between materials from the Han and Geum
Rivers (Choi et al. 2007). Since Pb isotopes in the sediments
from each river resembled those in local ores in the drainage
basin of each river, the areal extent of materials from the two
rivers would be determined by Pb isotopes. In addition, Pb
concentrations in the 1 M HCl leached fraction of sediments
varies depending on grain size and might be controlled by
the iron (Fe) oxy/hydroxide content (Kim et al. 2000; Choi
etal. 2007). Thus, it might be expected that Pb isotopes in the
1 M HCI leached fraction of sediments might indicate the
sources of fine-grained sediments, if Pb and fine-grained
particles behave similarly in this dynamic coastal area.

Therefore, this study attempted to identify the sources of
Pb in Yellow Sea sediments from the Korean coast using Pb
isotopes and the factors controlling Pb concentrations in
sediments.

2. Study Area

The Yellow Sea is an epicontinental shelf, with a mean
water depth of 55 m and a maximum depth of 100 m. There
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are many rivers draining the China mainland and Korean
Peninsular such as Chinese rivers (e.g. the Huanghe, Changjiang,
etc) and Korean rivers (e.g. the Han, the Geum, etc). Although
at present the Changjiang and the Huanghe rivers do not
directly empty sediments into the Yellow Sea, they were a major
source of sediment in the Yellow Sea during the Holocene
(Milliman et al. 1985a, 1987; Ren and Shi 1986; Yang 1989;
Alexanderetal. 1991a, 1991b; Martin etal. 1993). However, in
the eastern part of the Yellow Sea, because Korean rivers
discharge a smaller amount of sediment than Chinese rivers
(Schubel et al. 1984; Ren and Shi 1986), the long-range
transport of materials from Chinese rivers is likely to be
important for the Korean coast (Cho et al. 1999).

The eastern part of the Yellow Sea is characterized by
numerous islands bounded by tidal flats along the Korean
coast (Lee et al. 1988; Chough et al. 2000). Tides are typically
semi-diurnal (M2), with a tidal range of 4 to 8 m (Chough et
al. 2000), and tidal currents flow northward during flood
tides and mostly south to southwestward during ebb tides
(Park and Lee 1994; Lee and Chu 2001). These currents
form a clockwise gyre consisting of the Yellow Sea Warm
Current and the southward inflow of the Korea Coastal
Current (KCC). The KCC flows southward along 40-50 m
isobaths in the eastern Yellow Sea, greatly influencing sediment
transport along the Korean coast (Chough and Kim 1981;
Wells 1988; Lee and Chough 1989).

The distribution and origin of Yellow Sea sediments has
been reported in several studies (Yang et al. 2003, and references
therein). Coarse-grained transgressive sandy deposits formed
during the last postglacial rise in sea level and are distributed
throughout the northeastern Yellow Sea (Lee et al. 1988;
Chough et al. 2000), resulting in ubiquitous tidal sand ridges
in this region (Klein et al. 1982; Chough et al. 2000). Fine-
grained muddy deposits, referred to as southeastern Yellow
Sea mud (SEYSM), are distributed throughout the southeastern
Yellow Sea (Lee and Chough 1989; Gao et al. 1992; Park
and Khim 1992).

The Yellow Sea has suffered from the effects of rapid
industrialization and urbanization in its coastal regions (Kim et
al. 2000; Choi et al. 2007; Yuan et al. 2012; Zhang et al.
2012). Thus, environmental issues have arisen in relation to
the input of various pollutants to the marine environment
(Kim et al. 2000). On the Korean coast of the Yellow Sea,
huge dykes have been constructed at Saemangeum and
Shiwha, which have caused many environmental changes
and problems, such as red tides, the degradation of natural
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habitats, a decline in water quality, restricted water circulation,
tidal excursions, and sediment transport (Choi et al. 1997;
Yoo et al. 2002; Yih et al. 2005; Lee and Ryu 2008; Back et
al.2011; Lee and Lee 2012; Lee et al. 2014; Jeong and Yang
2015). Coal-fired power plants have also been constructed
in Boryeong, Dangjin, Taean, Seocheon, and Pyeongtak.

Therefore, the marine environment along the Korean coast
of the Yellow Sea has been affected by numerous anthropogenic
activities, and it has become essential to establish environmental
management plans that include the identification of pollutant
sources.

3. Materials and Methods

Eighty-seven surface sediment samples and six core sediments
were collected using a Van Veen grab sampler and a gravity
corer, respectively, during 2007-2009. Surface sediment
samples were frozen in vinyl bags until analysis. Core
sediments were sliced to a thickness of 1-2 cm and frozen.
Sediment samples were freeze-dried, powdered in an agate
mortar, and stored in plastic vials until analysis.

Choi et al. (2007)’s method was used to analyze the
concentrations of Fe, aluminum (Al), cesium (Cs), manganese
(Mn), and Pb in bulk sediments, as well as Pb isotopes and
Pb concentrations in the 1 M HCl leached fraction. In brief, a
0.2 g powdered sediment was placed into a 60 mL Teflon
digestion vessel (Savillex, Eden Prairie, MN, USA) and then
digested overnight with 4 mL mixed acids (HNO,:HCIO, =
3:1) on a hot plate at 170°C. After the digested solution was
fully dried, residual solids were digested with 4 mL mixed
acids (HF:HCIO, = 3:1) under the same conditions. The
digested solution was fully dried, and this step was repeated
twice. After evaporation, residual solids were reacted with
I mL HCIO, and 5 mL saturated boric acid to remove
residual fluorides and then extracted using 20 mL 1% HNO;
solution. To analyze leached metals, the 0.2 g powdered
sample was placed into 60 mL centrifuge tubes and reacted with
20 mL 1 M HCl in a horizontal shaker at room temperature
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Fig. 1. Map of the sampling sites. Surface (dots) and core (squares)
sampling site names are marked

for 24 h. After centrifugation, the supernatants were collected
and then diluted using 10 mL 1% HNO,. Residual Pb was
used to obtain leached Pb.

Metals in both the bulk digested sample and the 1 M HCI
leached fraction were measured by inductively coupled
plasma atomic emission spectrometry (ICP-AES; Optima
4300 DU, Perkin-Elmer Ltd., Waltham, MA, USA) and
inductively coupled plasma mass spectrometry (ICP-MS;

Table 1. Pb concentration and Pb isotope ratios for reference materials

Pb (mg/kg) *Pb/**Pb *®Pb/**Pb
NBS 981 (n=9) 0.91456 £ 0.0001 2.1662 +0.00002
Certified value 0.91464 + 0.0003 2.1681 +0.0008
MESS-3 (n=6) 18.25 0.8116 2.0227
stdev. 0.37 0.0001 0.0004
Certified value 21.1
% recovery 86
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X-5; Thermo Elemental Ltd., Winsford, UK) at the Korea
Basic Science Institute (KBSI). Instrumental drift and matrix
effects during measurement were corrected using a ***T1
internal standard. The *”’Pb/**Pb and **Pb/**Pb ratios in the
1 M HCl leached fraction were measured by multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-
MS; Neptune, ThermoFinnigan Ltd., UK.) in the KBSI after
spiking with TI (NIST SRM 997) to correct for instrumental
mass bias. The quality-control results are summarized in
Table 1.

4. Results

Spatial distribution of Al, Fe, Mn, CaCO,, C,,,, and Cs
concentrations in surface sediments

Grain size is one of most important factors controlling
trace metal concentrations in Korean coastal sediments (Loring
1990; Kim et al. 1998; Cho et al. 1999; Song etal. 2011, 2014).
Thelevels of some refractory metals, such as Al, Fe, magnesium,
lithium, and Cs have been used instead of grain size parameters
to explain grain size distribution, because their concentrations
are usually strongly correlated with the latter (Lim et al.
2007; Song et al. 2014). Cs has been used as a geochemical
normalizer of grain size along the southern coast of Korea
(Songetal. 2014). Thus, we used Cs concentration to investigate
the spatial distribution of grain size. In addition, the spatial
distributions of other geochemical substrates, such as clay
minerals (Al concentration), Fe-Mn oxy/hydroxides (Fe and
Mn concentrations), organic matter (C,,,), and CaCO; were
analyzed (Fig. 2) to determine the Pb distribution.

Cs concentrations ranged from 0.7 to 10.3 mg/kg (mean:
3.7+2.3 mg/kg). Generally, the Cs concentration was lower
north of 35.5°N than in the south, and it was also lower
in offshore than that in coastal areas north of 35.5°N. It
was lower in coastal areas than that in offshore in the south
(Fig. 2a). The spatial distribution of Cs concentration
was generally similar to that of grain size (Cs = 0.99 x
mean grain size — 0.24, *=0.70), with sand deposits in the
offshore area north of 35.5°N and fine-grained muddy
deposits in the offshore area in the south, which is referred to
as the SEYSM or Heuksan Mud Belt (HMB) (Lee and
Chough 1989).

Al and Fe concentrations varied from 2.0% to 9.9% (mean:
5.8%+1.7%), and from 0.3%t0 4.4% (mean: 2.1% =+ 1.1%),
respectively, showing a similar spatial distribution to the Cs
concentration (Fig. 2b and 2c).
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CaCO; concentrations varied from 0.05% to 22.5% (mean:
1.70 £ 3.6%). Relatively high concentrations (> 1%) were
found along the coastlines north of 35.5°N and in sediments
collected near islands in the south (Fig. 2d).

The C,,,concentration in sediments ranged from 0.01% to
1.3% (mean: 0.3 £ 0.2%). In the north of 35.5°N, relatively
lower concentrations were found at offshore sites than in
coastal area. But the opposite spatial distribution was apparent
in the south. Generally, the spatial distribution of C,,
concentration was similar to that of Cs (Fig. 2e) The Mn
concentration ranged from 94 to 9967 mg/kg (mean 664 +
1231.8 mg/kg), but most samples had a concentration lower
than 2000 mg/kg, excluding two anomalously enriched samples
(3-9, 3-12). For samples with a CaCO; content < 4%, Mn
concentrations were correlated linearly with the CaCO, content
(r=0.70) (Fig. 2f).

Spatial distribution of leached, residual, and total Pb
concentrations in surface sediments

Since a relatively high concentration of Pb can exist within
the crystal lattices of alumino-silicate minerals (e.g., potassium
[K]-feldspar) (Hinrichs et al. 2002), and has been reported in
the sandy Yellow Sea sediments (Kim et al. 2000; Choi et al.
2007), aleaching procedure using 1 M HCl solution at room
temperature was adopted. This leaching procedure has been
widely used because it can extract the environmentally labile
fraction in bulk sediments (Shirahata et al. 1980; Ng and
Patterson 1982; Hamelin etal. 1990; Kober etal. 1999; Sutherland
2002), and had little effect on the alumino-silicate lattice.

The Pb concentration was measured in both the leached
and residual fractions as in Choi et al. (2007). The spatial
distribution of leached Pb (Pb,,.q), residual Pb (Pb,,,), and
the total Pb (Pb,) concentration are shown in Fig. 3.

The Pb,,.,.q concentrations ranged from 3.8 to 28.8 mg/kg
(mean: 11.3 + 5.3 mg/kg), with higher concentrations in coastal
areas than offshore north of 35.5°N, while the opposite
pattern was apparent in the south, which was similar to the
spatial distribution of Cs. The lowest Pb concentrations were
found at offshore sites north of 35.5°N, where widespread sand
deposits were present (Dong et al. 1989; Gao et al. 1996). A
relatively high Pb,.,.q concentration was found in coastal
areas in Gyeonggi Bay and from Chunsu Bay to the Geum
River mouth. In addition, the highest Pb,,,..; concentrations
were found at offshore sites in the south.

The Pb, concentration varied from 2.6 to 18.1 mg/kg
(mean: 11.1 + 3.6 mg/kg), with a lower concentration south
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Fig. 2. Spartial distribution of Cs (mg/kg), Al (%), Fe (%), CaCO; (%), C,,, (%), and Mn (mg/kg) concentrations in surface sediments

of 35.5°N than north of it and the opposite spatial distribution
to that of the Pb,,,.q and Cs concentrations.

Because the spatial distributions of the leached and Pb,
concentrations mirrored each other, the Pb, concentration
varied within a small range (14.6-33 mg/kg, mean: 22.5 £
3.7 mg/kg), and was relatively high at sites with a high Pb,.,q..q
concentration (coastal areas in the north and offshore areas
in the south) and at sites with high Pb,, concentrations

(offshore areas in the north). Thus, the grain size dependence
of the Pb, concentration, such as that expressed for Mn,
strontium, and barium, could not be identified in sediments
in the study area (Lee et al. 1992; Kim et al. 1998).

Spatial distribution of stable Pb isotopes in the 1 M HCI

leached fraction
The spatial distributions of the *’Pb/**Pb and ***Pb/***Pb
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ratios in the 1 M HCl leached fraction are shown in Fig. 3;

Pbres7 CS b COl'g’

Al, and Fe concentrations in the north-south

they ranged from 0.8439 to 0.8554 (mean: 0.8494 +0.0027)
and 2.1002t02.1265 (mean: 2.1125+0.0069), respectively.
The highest values were found at the northernmost sites, and
they decreased toward the south (Fig. 3). The characteristic
features of the spatial distribution can be summarized as
follows. There was greater spatial variation in the Pby,, .4

A Springer

direction than in the east—west direction, which indicates
that there was little grain size dependence in the isotope ratios.
The gradient of the isotope ratio was not consistent with that
of'the Pb,,.,.s concentration, which indicates that there were
mixing relationships among sources with different isotope
ratios and Pby,,..q concentrations. Finally, the Pb isotope ratios
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in sediments at the Geum River mouth had intermediate
values compared to those in the northernmost and southernmost
areas.

Depth profiles of Pb isotopes, Cs concentration, and leached
and total Pb concentration

The vertical profiles of b4, Pb;, and Cs concentrations
and Pb isotope ratios in six core sediments are shown in
Fig. 4. In the YC2 core, which was collected in Gyeonggi
Bay, metal concentrations varied from 8.5 to 12.9 mg/kg (mean:
10.6 + 1.4 mg/kg) for Pb,g,eheq> 20.6 to 22.1 mg/kg (mean:
21.4 + 0.5 mg/kg) for Pb,, and 4.3 to 5.9 (mean: 5.1 + 0.5 mg/
kg) for Cs. Although no upward increase in Pb,, . and Pb,
concentrations was observed, 2’Pb/**Pb and ***Pb/***Pb ratios
increased from 0.8463 to 0.8528 and 2.1161 to 2.1227,

respectively, from 20 cm to the surface.

In the YCS5 core, which was collected in Asan Bay, metal
concentrations varied from 6 to 9.8 mg/kg (mean: 8.2 + 1.4 mg/
kg) for Pb,.,pea» 16.2 to 18 mg/kg (mean: 16.9 £ 0.5 mg/kg)
for Pb,, and 2.7 to 4 mg/kg (mean: 3.4 £ 0.5 mg/kg) for Cs.
Pb, and Pb,,...s concentrations showed little variability, but
the *’Pb/**°Pb and **Pb/**Pb ratios were generally high at the
surface and low at depth.

In the YC11 core, which was collected at the Geum River
mouth, metal concentrations varied from 10.8 to 21.6 mg/kg
(mean: 16.1 + 3.8 mg/kg) for Pb,, e 27.2 to 41.3 mg/kg
(mean: 33.8 £ 5 mg/kg) for Pb,, and 4.2 to 5.2 mg/kg (mean:
4.6 £ 0.3 mg/kg) for Cs. The Pb, and Pb,,,.q concentrations
decreased gradually toward the surface, while the isotope
ratios decreased slightly toward the surface.
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In the YC13 core, which was collected in the coastal area
in Buan, metal concentrations varied from 6.2 to 19.3 mg/kg
(mean: 12.9+ 5.3 mg/kg) for Pb,., .4, 18.81025.6 mg/kg (mean:
22.3+£2.8 mg/kg) for Pb,, and 2.6 to 7.8 mg/kg (mean: 5.5 +
1.8 mg/kg) for Cs. The Pby,.,.q and Pb, concentrations increased
abruptly at a depth of 30 cm, following the increase in the Cs
concentration, indicating a change in grain size. In addition,
isotope ratios changed at a depth of 30 cm.

In the YGC12 core, which was collected in the coastal
area off Mokpo, metal concentrations varied from 14.8 to
17.1 mg/kg (mean: 16.2 + 0.7 mg/kg) for Pb, ¢, 20.1 to 24.1
mg/kg (mean: 22.5 £ 1.3 mg/kg) for Pb, and 6.9 to 8.8 mg/kg
(mean: 7.9 + 0.5 mg/kg) for Cs. The *’Pb/**Pb and **Pb/
*Pb ratios varied slightly in the range of 0.8440 to 0.8456
(mean: 0.8445 +0.0004) and 2.1024 to0 2.1037 (mean: 2.1032 +
0.0004), respectively.

In the YGC16 core, which was collected from a site near
to the YGC12 core, metal concentrations varied from 11.4
to 14 mg/kg (mean: 12.9 £ 0.9 mg/kg) for Pb,.,epeas 17.9 to
23.1 (mean: 20.7 £ 2 mg/kg) for Pb,, and 5.8 to 7.4 (mean:
6.7 + 0.6 mg/kg) for Cs. The *’Pb/***Pb and **Pb/**°Pb ratios
varied slightly in the range of 0.8423 to 0.8437 (mean:
0.8429 + 0.0004) and 2.0981 to 2.1014 (mean: 2.0997 +
0.0009), respectively.

5. Discussion

Factors controlling Pb concentrations in surface sediments
From the spatial variation in leached and P, concentrations in
the study area, it was apparent that each species responded in
an opposite manner to its grain size. Thus, the concentration
of'three fractions of Pb were directly comparable with the Cs
concentration, indicating the distribution of grain size (Fig.
5a). The Pb,,..q concentration was positively correlated
with the Cs concentration, while the Pb,, concentration and
Cs concentration were negatively correlated; thus, the Pb,
concentration had little dependence on the Cs concentration.
Although environmentally labile Pb would be hosted by a
Fe/Mn oxy/hydroxide in an oxic environment (Kim et al.
2000), or in sulfides in a polluted or organic-rich environment,
and anoxic sediments (Calvert 1976), the presence of Fe/Mn
oxy/hydroxide is more likely important to the distribution of
labile Pb than that of sulfides because of the high tidal
activity in the Yellow Sea coastal region. In addition, the Pb,
concentrations found in this study were lower than those in
polluted regions such as Shiwha Lake and Incheon Harbor
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(Ahn et al. 1995; Jung et al. 1996; Choi et al. 1999).

Fe and Mn, because of their abundance in rocks and their
low solubility over the range of seawater pH values, tend to
form the most important oxide, oxy/hydroxide, and hydroxide
minerals in sediments (Koon et al. 1980). In addition, Pb is
quite reactive and adsorbs onto particulate materials, particularly
to Fe-Mn oxy/hydroxide (Carpenter et al. 1975; Bargar et al.
1997; Ewais et al. 2000; Dong et al. 2003; Négrel and Petelet-
Giraud 2012). Because this study did not acquire the leached

Fe concentration, the Pb,,..q concentration was compared

leache:
to the excess Fe concentration obtained from the following
equation (Fig. 5b): Fe ., (%) =Fe, (%0) — (Fe/Al)gyestvatue n s suay
Al (%).

Because the Pb,,, . concentration was strongly correlated
with excess Fe (except for the four samples marked by dotted
circles in Fig. 5b), it might be suggested that Pb,,.,.q was
preferentially adsorbed onto the Fe oxy/hydroxide (Kim et al.
2000). Based on the relationships between Mn and Pb,, .4
concentrations shown in Fig. 5c, the four excluded samples in
Fig. 5b have an anomalously high Mn concentration, ranging
from 1,300 to 9,967 mg/kg. Because Mn also has a strong
tendency to scavenge metals, it might be concluded that the
Pb,.,hea cONcentration was controlled by not only Fe oxy/
hydroxide but also Mn oxide.

Next, the Pb,
concentration after being normalized against the Cs concentration
(Fig. 5d), because K can be hosted in a very different grain-

concentration was compared to the K

size fraction (Calvert 1976). The linear relationship between
the Pb,,, and K concentrations suggests that the Pb,., was
also hosted in a lattice of K-containing minerals, such as K-
feldspar (Kim et al. 2000).

Identification of endmembers and mixing relationships

To identify the sources of Pb in sediments, mixing relationships
and possible endmembers were estimated from the isotope
ratios in both surface and core sediments by comparing the
ratios with possible source-related materials (Fig. 6a). The
possible source-related materials were surface sediments at
the mouths of the Han and Geum rivers, offshore core sediments
(S2,F07), surface sediments, and suspended materials at the
mouths of two Chinese rivers, Huanghe and Changjiang
(Choi et al. 2007). Atmospheric particulate matter (APM)
from major cities in China and Korea might also be possible
sources, and therefore the average Pb isotope ratios of
aerosols collected in Beijing, Tianjian, Shanghai, and Seoul
(Choi et al. 2007) were compared.



Tracing the Origin of Pb using Stable Pb lsofopes

185

40

. Pblelched (a)
_
o)
=
)
E
-}
-
0 ] [ 1
0 2 4 6 8 10
Cs (mg/kg)
30
] (©
25— o
[
i L ]
0 20 y
2y
= ] . ®39)
g e Sele?
t 15—:,-*- . e31%
£ So3 il
3 'a KIS
B 10 g .é'g-'lrf_l
o
S8
L)
0 : . : .
0 4000 8000

Mn (mg/kg)

12000

30

(b) .

Pbleac}md (mg/kg)

Excess Fe (%)

Pb,,, /Cs (mg/kg)

K/Cs

Fig. 5. The interrelationships between Pb species and Cs concentration (a), between Pb,,,.q and excess Fe (b) and Mn (c), and between

Pb,., and the K/Cs ratio (d)

Pb isotope ratios in river mouth sediments from Korean
(Han and Geum) and Chinese (Huanghe and Changjiang)
rivers were distinctly different, enabling the discrimination
of sediments, because most of the Pb,.,q in river mouth
sediments originated from local ores in each drainage basin
(Choi et al. 2007, Fig. 6a). In addition, Pb isotopes in river
mouth sediments could be distinguished from APM from
the major cities of China and Korea. When Pb isotopes in
surface and core sediments were compared in the possible
source-related materials, it was found that all of the sediment
samples contained more thorogenic Pb isotopes (higher slope
in Fig. 6a) than samples from Chinese rivers. The highest
isotope ratios were consistently found in the Han and Geum
river mouth sediments, and the lowest values were found in
core FO7 from the souther offshore core sediments (Fig. 6a).

In addition, Pb isotope ratios in the deep (40—65 cm) samples
of cores YC2 and YC5 were consistent with endmember
confining sediments collected at Gyeonggi Bay and the other
endmembers of the Han River mouth sediments (within the
rectangular area in Fig. 6a). Thus, the samples, including
surface and core sediments, could be categorized into two
groups, which could be distinguished geographically, one
north of 36.5°N and the other south of 36.5°N. Therefore,
this result indicated that two mixing series existed.

The first group consisted of samples with the two
endmembers of the Han River mouth sediments (0.8545 +
0.0014 and 2.1239 + 0.0031 for *’’Pb/***Pb and ***Pb/***Pb,
respectively) and the deep sediments of cores YC2 and YC5
(0.8476 + 0.0023 and 2.1178 + 0.0037 for *’Pb/*Pb and
*%Pb/*%Pb, respectively), which were distributed within
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Gyeonggi Bay. The second group included mixed sediments
with the two endmembers of the Geum River mouth sediments
(0.8517+0.0013 and 2.1167 £ 0.0017 for *’Pb/***Pb and ***Pb/
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*Pb, respectively) and southern offshore core sediments
(F07) (0.8435 £ 0.0004 and 2.0946 =+ 0.0007 for **’Pb/***Pb
and ***Pb/**°Pb, respectively), which were distributed south
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of 36.5°N.

These mixing series might have been created by the mixing
of two endmembers, consisting of an admixture of anthropogenic
and natural origin or the mixing of Pb sources from different
geographic regions. In the case of group 1 sediments, Pb in
surface sediments was considered a mixture of current Han
River sediments (combined anthropogenic and natural origin)
and deep (40—65 cm) sediments (natural origin) presumed to
have been deposited in the past. Based on the relationship
between **Pb/**Pb and Cs/Pb,,;,.;, Which is another indicator
of a mixing relationship (Choi et al. 2007), the mixing of
present and past sediments could be confirmed because Cs/
Pb,..cheq 1N the upper sediments was higher than in sediments
deposited in the past in both cores YC2 and YC5 (Figs. 4 and
6b) and the ***Pb/**°Pb ratios in the upper sediments of these
cores were close to those in sediments from the mouth of the
Han River. In this plot, sandy sediments (Cs <2 mg/kg) were
excluded because the trend between the Pby, .4 concentration
and Cs could differ depending on grain size. Therefore, it is
possible that all of the group 1 sediments originated from the
Han River, with mixtures of past and present deposits being
uncontaminated and contaminated with regard to Pb,
respectively, and distributed north of 36.5°N, including
Gyeonggi Bay and the offshore area. Because Pb isotopes in
the group 2 sediments were confined between those of the
Geum River sediments and offshore core sediments, it is
possible that Pb in surface sediments south of 36.5°N was
derived from the two sources. In addition, the relationship
between isotope ratios and Cs/Pb,,,.q for all surface and
core sediments in the south indicated a mixing between Pb
with anthropogenic and natural origins, as evidenced by the
similar variation in the Pb isotope ratio and Cs/Pb,,q (Fig.
6¢). In this plot, four samples with high concentrations of
Mn (Fig. 5b and 5¢) were excluded. Therefore, natural Pb
originating from the Geum River was deposited in the
southernmost offshore sediments, and then anthropogenic
Pb from the same river was deposited more recently, and similar
geographic gradients of isotope ratio and Pb concentration
were obtained. If this hypothesis is accepted, the evidence
would be present in the core sediments. The **’Pb/***Pb and
2%Pb/**Pb ratios were 0.8516+ 0.0006 and 2.1164 +0.0011
for C1 (n=11),0.8509 = 0.0007 and 2.1141 £ 0.0017 for YC11
(n=7),0.8458+0.0016 and 2.1068 +0.0017 for YC13 (n=9),
0.8445 +0.0004 and 2.1032 £ 0.0004 for YGC12 (n= 10),
0.8429+0.0004 and 2.0997 £ 0.0009 for YGC16 (n=8), and
0.844940.0003 and 2.1005+0.0011 for S2 (n=38). Although the

Pb isotope ratios were significantly different among cores,
there was little variability within each core (length: 45-65 cm),
and there was a gradual decrease in the mean isotope ratio of
each core toward the south and offshore areas (Figs. 4 and 6c¢).
Thus, no mixing relationship between Pb with anthropogenic
and natural origins, such as those observed in the north, was
identified in the south because anthropogenic sources from
the Geum River could not be distinguished from natural
sources even in cores (YC11 and C1) near the Geum River,
and the range and mean values of isotope ratios and Cs/
Pb,hea 1 core sediments gradually decreased from the
Geum River to the southern offshore area. Therefore, the
mixing relationship in group 2 sediments could be interpreted as
the mixing of two different sources with a high Pb isotope
ratio and Pb concentration (the Geum River), and a low ratio
and concentration (offshore), and not a mixing of anthropogenic
and natural sources.

Tracers of fine-grained sediment sources in the southwestern
Yellow Sea

The origin of fine-grained sediments has been widely
investigated to study the marine environment and to trace
the transport pathways of pollutants (Aoki 1976; Windom
1976; Karlin 1980; Hume and Nelson 1986). In the Yellow
Sea, many studies have focused on the origin of mud deposits,
such as the central Yellow Sea mud, the old Huanghe Delta
mud, the northern Yellow Sea mud, and the HMB (DeMaster
et al. 1985; Alexander et al. 1991b; Jin and Chough 1998;
Cho etal. 1999; Park et al. 2000; Lee and Chu 2001; Yang et al.
2004; Lim et al. 2013, 2015; Um et al. 2015). Geochemical
tracers such as rare earth elements (REEs), major and trace
metals, and clay mineralogy have been used to identify the
sources and mixing features of several sources. This study
suggests a new fine-particle tracer, the Pb isotope ratio
(”Pb/**Pb and **Pb/***Pb), for use in the identification of
sources for mud deposits in the southwestern Yellow Sea.
Because the Pb,,,,.q concentration increased depending on
the Pb content of fine-grained sediments and was associated
with Fe oxy/hydroxide (which is fairly immobile in oxic/
dynamic oceanographic conditions, such as in the Yellow
Sea), and Pbisotope ratios were little affected by physicochemical
fractionation processes, Pb isotopes can be used as a fine-
particle tracer as well as to determine the sources and pathways
of Pb (Bollhofer and Rosman 2000, 2001; Veysseyre et al.
2001). Although Pb sources were not always consistent with
the behavior of fine particles, most river-borne Pb should be
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associated with fine particles once they leave the estuarine/
coastal area. Therefore, Pb,,, ;. in coastal and offshore sediments
was transported and deposited through its association with
fine-grained particles. In addition, Pb isotopes could differ
between different anthropogenic sources, even within the
same geographic source, such as the group 1 sediments in
this study. However, when Pb isotopes in the leached fraction
of sediments indicate a mixing relationship among different
geographic sources, such as the group 2 sediments in this
study, Pb isotopes could be used as a source tracer of fine-
grained sediments.

Because two sources (i.e., two endmembers) were identified
and all of the samples in group 2 sediments were a mixture
of materials from two sources, the relative contribution from
each endmember could be estimated using the following
simple binary mixing equation:

FG % (208Pb/206Pb)G 4 FO % (208Pb/206Pb)0 — (208Pb/206Pb)M

where Fg is the percentage of materials from the Geum
River, Fy, is the percentage of materials from offshore, and
("Pb/*Pb) g0 is the isotope ratio of each endmember (G,
0) and mixture (M).

Figure 7 shows the spatial distribution of the relative
contribution of materials from the Geum River. Pure materials
(> 80%) were distributed northward from the river mouth,
including Chunsu Bay and the offshore area. This did not mean
that most sediments from the Geum River were transported
northward, but it did indicate that there were no other sources.
The relative contribution of the Geum River-borne materials
decreased southward according to the distance from the Geum
River, with the 50% contour line found at about 35.2°N (not
shown). Although materials originating from the Geum River
have been transported northward based on the grain size
distribution (Cho et al. 1993) and the movement of a less saline
water mass (Shin etal. 2002), direct evidence of the presence of
the Geum River materials using a tracer of fine-grained
sediments has not been previously reported. The decrease in
the percentage contribution toward the south indicates that
some materials from other sources were mixed with those
from the Geum River. Interestingly, south of 35°N, the
contribution of the Geum River-borne materials was higher
offshore than in coastal areas and the 40% contour line ran in
anortheast—southwest direction, not an east—west direction.
The lowest (about 20%) relative contribution of the Geum
River borne materials was observed around the coastal area
near Mokpo, because Pb isotope ratios in this coastal area
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Fig. 7. Spatial distribution of the relative percentage of materials
originating from the Geum River estimated using a two
endmembers mixing equation for the mixing of two sources
(the Geum River and offshore). The area boundary for
group | sediments is shown, and mixtures of materials
originating from the Han and Geum rivers are presented
as a gray ellipse

were similar to those in an offshore core (F07). Thus, it is
possible that fine-grained sediments from the Geum River
were transported in the offshore direction south of 35°N and
deposited at the HMB. Furthermore, there have been several
reports that fine-grained sediments from offshore sources are
supplied from the south to the north, and that HMB deposits
consist of materials from two sources, i.e., the Geum River
and Chinese rivers (Alexander et al. 1991b; Park et al. 2000;
Um et al. 2015). However, the relative percentage of fine-
grained sediments from the Geum River in the offshore area
was about 50%, much higher than the percentages (4.2—
15.7%; Um et al. 2015) estimated using an REE fractionation
tracer, which might be caused by a difference in the analyzed
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materials, which were bulk in this study but a <15 pm fraction
in Umetal. (2015). Although it has been reported in several
studies that the HMB consists of materials derived from two
sources, the origin of fine-grained sediments in the coastal
area near Mokpo has not been reported. This study suggests
that materials from offshore areas were transported to the
coastal area, although the possibility that they were derived
from the Youngsan River cannot be ignored, because Pb
isotope data for materials from the Youngsan River were not
acquired.

6. Conclusions

The Pb concentration and Pb isotopes in the 1 M HCI
leached fraction of surface and core Yellow Sea sediments
collected along the Korean coast were investigated to identify
the Pb source and the factors controlling the Pb concentration
in sediments. The Pb,,.; concentrations had a similar
geographic distribution as fine-grained sediments, while the
Pb
of coarse-grained sediments. Based on the relationships

concentration had a similar spatial distribution as that

between the Pb,.,,.q and Fe/Mn concentration, Pb,,.,.; was
presumed to be associated with Mn oxide as well as Fe oxy/
hydroxide. Because the Pb,. and K concentrations were
correlated, it is possible that Pb could be hosted in a lattice of
K-containing minerals such as K-feldspar.

The Pb isotope ratios in all core and surface sediments in
the study area were confined within four possible endmembers
in a ratio—ratio plot of three isotopes (*’’Pb/***Pb and **Pb/
*%Pb) and were categorized into two mixing groups. One
group contained the Han River mouth sediments and past
deposits found at 40—65 cm in core sediments (YC2 and
YCS5), while the other group contained sediments confined
by two endmembers (the Geum River mouth and offshore
sediments). They were geographically divided into areas
north (group 1) and south (group 2) of 36.5°N. For group 1
sediments, because ***Pb/*Pb and Cs/Pb., ., Were inversely
correlated, it could be interpreted that Pb in the sediments of this
group consisted of a mixture between natural and anthropogenic
sources from the same origin, i.e., the Han River. This suggests
that a large anthropogenic Pb input from metropolitan cities
would be expected. Group 2 sediments were spatially distributed
south 0f 36.5°N and consisted of two endmembers, i.¢., the
Geum River and offshore core sediments (FO7). However,
because all five cores had a vertically identical Pb isotope
distribution and their values gradually decreased from north

to south, the mixing relationship could be interpreted as
sediments that were mixtures from two different geographic
sources. One source had a high Pb isotope ratio and Pb
concentration (the Geum River) and a low ratio and
concentration (offshore), unlike group 1 sediments. Based
on the two endmembers mixing model, the relative contribution
of materials from the Geum River was estimated, and this
indicated that Pb isotopes could be a tracer of fine-grained
sediments in the Yellow Sea along the Korean coast.
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