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The activities of colloidal (10 kDae0.45 mm) and truly dissolved (<10 kDa) 210Po and 210Pb, dissolved
inorganic nutrients, and trace elements (Al, V, Co, Ni, Cu, Mo, Mn, and Fe) were measured in the artiﬁcial
and saline Lake Shihwa, South Korea in July 2011. The boundary between oxic and hypoxic layers,
indexed by NHþ
4 , Mn, and dissolved oxygen, was determined by the pycnocline formed at the depth of 2
e4 m. The total activities of 210Po and 210Pb in Lake Shihwa were in the range of 10.5e20.4 dpm 100 L1
and 6.4 to 9.8 dpm 100 L1, respectively. The proportions of the truly dissolved, colloidal, and particulate
phases were, respectively, 55 ± 6%, 29 ± 5%, and 16 ± 3% for 210Po, and 48 ± 6%, 29 ± 7%, and 23 ± 4% for
210
Pb. The activities of 210Po were 20e55% higher than those of 210Pb. The benthic ﬂux of 210Po is
determined on the basis of the 210Po mass balance model in the water column. Since the excess activities
of dissolved 210Po relative to 210Pb showed a positive correlation with the concentrations of trace elements (except for Al), the benthic ﬂuxes of the trace elements from bottom sediment were successfully
calculated using these relationships and the 210Po ﬂuxes. Our study highlights that 210Po can be used as a
powerful tracer for estimating trace element ﬂuxes from bottom sediment in a hypoxic environment.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The 210Po (half-life ¼ 138 days) is produced by beta decay of
Pb (half-life ¼ 22.3 years) via 210Bi (half-life ¼ 5 days). In general,
210
Po is deﬁcient relative to 210Pb in aquatic surface water, as 210Po
is effectively taken up by phytoplankton (Shannon et al., 1970;
Cherry et al., 1975; Harada and Tsunogai, 1988). Using the disequilibria of 210Poe210Pb in aquatic environments, many biogeochemical processes have been studied. For example, 210Po has been
used to trace the export of particulate organic carbon in the ocean
(Shimmield et al., 1995; Friedrich and Rutgers van der Loeff, 2002;
Murray et al., 2005; Stewart et al., 2010), the scavenging rate of
particles in the ocean (Cherry et al., 1975; Cochran et al., 1983;
Fowler and Knauer, 1986; Nozaki et al., 1997; Swarzenski et al.,
 et al., 2002), and the turnover rate of bio-reactive
1999; Masque
elements through colloids in the ocean (Kim and Kim, 2012).
Po is known to be enriched in sulfur-rich proteins (Monoshima
et al., 2001; Kim et al., 2005). Thus, large deﬁciencies of Po were
observed in the oligotrophic ocean as Po is transferred to upper
trophic levels through cyanobacteria (Kim, 2001). As such, the
210
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trend of Po enrichment in marine animals is similar to Se, a sulfur
group element, as has been shown for squids (Waska et al., 2008).
In an aquatic environment, an extremely large excess of 210Po has
been observed in the sulﬁde-rich groundwater of central Florida,
since the cycling of Po is closely tied to the microbial sulfur cycle
(Harada et al., 1989). Po often forms methylated species and is
signiﬁcantly enhanced in sulfur-enriched bacteria based on laboratory experiments (Hussain et al., 1995; LaRock et al., 1996;
Monoshima et al., 2001).
In general, 210Po is in excess relative to 210Pb in hypoxic water
environments and occurs as insoluble Po (IV) that can be reduced to
soluble Po (II), similar to Mn (Benoit and Hemond, 1990; Balistrieri
et al., 1995). As such, in association with the dissolution of Fe and
Mn oxides in the reducing bottom sediment, high excess Po was
observed in seasonally anoxic ponds: Pond B, in South Carolina,
USA (Kim et al., 2005) and Bickford Pond, in Massachusetts, USA
(Benoit and Hemond, 1990) and in permanently anoxic Jellyﬁsh
Lake, in Palau (Kim et al., 2005). Swarzenski et al. (1999) suggested
that the efﬁcient regeneration of 210Po by microbial activities could
result in excess 210Po in Framvaren fjord in Norway.
In hypoxic environments, higher levels of trace elements such as
Ni, Cr, Cd, Cu, Mo, U, and V are often reported, due to the dissolution
of redox sensitive elements such as Mn and Fe in the sedimentewater interface (Jacobs and Emerson, 1982; Calvert and Pedersen,
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1993; Rigaud et al., 2013). In this context, the ﬂuxes of trace elements from bottom sediment to the overlying water column have
been measured using the gradients of dissolved trace elements in
pore water (Sawlan and Murray, 1983; Lapp and Balzer, 1993;
Thamdrup and Canﬁeld, 1996) or using DGT (diffusive gradients
in thin ﬁlms) pistons based on the linear diffusive gradient in a thin
layer of acrylamide gel (Zhang et al., 2002; Fones et al., 2004; Gao
et al., 2006). In this study, we determined the ﬂuxes of trace elements from bottom sediment to the overlying water column using
210
Po as a tracer since they behavior similarly and the half-life of
210
Po is suitable for this estimation.
2. Materials and methods
2.1. Study area
Lake Shihwa, located in the west coast of South Korea, is an
enclosed saltwater lake with an area of ~61 km2 (Fig. 1). This lake
was artiﬁcially constructed by the entrapment of Yellow Sea water
in 1994 to provide freshwater to residential areas, industrial complexes, and farmlands. Lake Shihwa receives a large amount of
inorganic and organic matter and other pollutants from the nearby
municipal and industrial complexes through six major streams
(Park et al., 1997). After March 1998, the offshore water in Yellow
Sea and inner water in Lake Shihwa were allowed to exchange to
improve the water quality of this lake through 8 watergates. Afterward, the salinity in the surface layer of Lake Shihwa increased to
the range of 25e30, and the stratiﬁcation depending on the salinity
gradient has been weakened (Park et al., 2003). However, in summer, the lake water was strongly stratiﬁed by salinity due to fresh
water discharge by precipitation. In general, the water column of
this lake is separated into two layers: the brackish surface layer
with salinity in the range of 6e20 and the saline hypoxic bottom
layer with salinity in the range of 17e27 (Choi et al., 1997).
2.2. Sampling
Water samples were collected from three stations on July 28,
2011 (Fig. 1): the outer part of the lake near the watergate (St. A;

325

total depth: 7.7 m), the middle part of the lake where water depth is
deepest (St. B; total depth: 13 m), and the inner part of the lake with
the inﬂow of rivers (St. C; total depth: 6 m). A submersible pump
system on board a ship was used for vertical water sampling.

Samples for the analyses of dissolved inorganic nutrients (NO
3 ,NO2 ,
3
þ
NH4 , Si(OH)4, and PO4 ) were collected through a disposable syringe glass ﬁber ﬁlter (Whatman, 0.7 mm, 25 mm) before collected in
125 mL HDPE bottle (Nalgene) and frozen (20  C) until analysis of
the nutrients. Samples for the analyses of trace elements (Al, V, Co,
Ni, Cu, Mo, Mn, and Fe) were collected in pre-cleaned polyethylene
bottles (1 L) which were soaked in 6M HNO3 and then rinsed with
de-ionized water. The bottles were double-bagged with clean plastic
zip-lock bags. The samples were ﬁltered through a membrane ﬁlter
(Millipore, 0.45 mm, mixed cellulose ester) and acidiﬁed to pH < 1
using ultra-pure HNO3 in a clean bench (class 100) (Jeong et al.,
2012). Samples (15 L) for the analyses of 210Po and 210Pb were
ﬁltered through a membrane ﬁlter (Millipore, 0.45 mm, mixed cellulose ester) to separate the total dissolved fraction and the particulate fraction. Thereafter, the total dissolved fraction (15 L) was
separated into the colloidal (10 kDae0.45 mm) and truly dissolved
(<10 kDa) fractions using a tangential ﬂow ﬁltration (TFF) system
(PLCGC, Pellicon) (Kim and Kim, 2012). Before and after use, the TFF
cartridge was cleaned sequentially as follows: 1M HCl (20 min), 10 L
of deionized water, 0.5M NaOH, and 10 L of deionized water
(Gueguen et al., 2002; Baskaran et al., 2003). The ﬂow rate of the
tangential circulation of the ﬂuid in the membrane was about
1 L min1 for the permeate, the truly dissolved fraction passing
through the TFF system (Kim and Kim, 2012).
2.3. Analytical methods
The temperature and salinity of the water samples were
measured using CTD (Ocean Seven 304, IDRONAUT). DO and pH
were measured in situ using a portable instrument (EUTECH instruments, PCD 650). Nutrients were measured using nutrient
auto-analyzers (Alliance Instruments, FUTURA IIþ) in the laboratory after the samples were thawed. The trace elements were
measured using an ICP-MS (Model: X-II, Thermo Inc., UK). Rhodium
(SCP, Canada) was used as the internal standard, and all the

Fig. 1. Map showing sampling stations in Lake Shihwa, South Korea, in July 2011.
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Fig. 2. Vertical proﬁles of temperature, salinity, pH, DO, DIP, DSi, NOx, NH4, and trace elements (Al, Mn, Fe, Co, Ni, V, and Cu) in Lake Shihwa, South Korea, in July 2011.
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Table 1
Activities (dpm/100 L) of total, total dissolved, truly dissolved, colloidal, and particulate phases of
Station

Depth (m)

Total
210

A

B

C

0
2
4
6
7.5
0
2
4
6
8
10
13
0
2
4
6

Total dissolved
(<0.45 mm)
210

Pb

6.7
6.4
7.3
8.7
8.6
9.8
8.8
9.3
8.6
8.1
7.8
8.9
9.3
7.2
7.5
7.8

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.6
0.6
0.6
0.5
0.3
0.5
0.5
0.5
0.6
0.5
0.6
0.7
0.6
0.6
0.6
0.6

210

Po

12.2
14.1
13.3
12.7
17.7
12.6
11.4
12.6
10.5
11.2
10.9
15.9
13.4
14.3
17.2
18.3

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.0
0.9
0.9
0.9
0.7
0.9
0.8
0.8
0.9
0.9
0.9
1.1
1.0
1.0
1.1
1.0

Pb

4.9
e
5.5
e
6.9
7.5
e
e
7.2
e
e
7.0
6.7
5.7
e
6.0

± 1.0
± 1.3
± 1.9
± 0.6

± 0.5

± 0.4
± 0.3
± 0.7
± 0.8

210

210

Pb and

210

Po in Lake Shihwa.
Colloidal
(10 kDae0.45 mm)

Particulate (>0.45 mm)

210

210

210

6.2 ± 0.7
e
8.0 ± 0.7
e
9.0 ± 0.9
6.4 ± 0.9
e
e
5.2 ± 0.7
e
e
8.3 ± 0.7
7.2 ± 0.8
9.0 ± 0.9
e
12.0 ± 0.9

1.3
e
1.6
e
2.1
3.7
e
e
3.4
e
e
3.0
2.7
2.3
e
2.2

Truly dissolved
(<10 kDa)
Po

10.2 ± 1.6
e
11.2 ± 0.9
e
15.3 ± 3.0
10.2 ± 1.2
e
e
8.9 ± 0.9
e
e
13.8 ± 0.9
10.6 ± 0.9
12.2 ± 1.2
e
16.3 ± 1.3

extraction procedures of the trace elements were carried out in a
clean bench (Jeong et al., 2012). The reliability of measurement for
trace elements was checked by comparing with the certiﬁed
seawater samples (CASS-4 and NASS-5, National Research Council
of Canada). The results agreed within 10% with the certiﬁed value.
The analytical methods for measuring 210Po and 210Pb follow
those of Kim and Kim (2012). The water samples for 210Po and 210Pb
were spiked with 75 mg of the Fe3þ carrier, 1 dpm of 209Po spike, and
25 mg of the Pb2þ carrier. After stirring for 1 h for equilibration of the
spike and carriers, the samples were allowed to stand for overnight to
ensure complete equilibration. Ammonia hydroxide (NH4OH) was
added to the samples to reach a pH of 8, where Po and Pb coprecipitated with Fe(OH)3. The precipitate was allowed to settle for
another 6 h before siphoning off the supernatant. The residual
ﬁltered through Whatman 41 quantitative grade paper. The precipitate was dissolved in 0.5M HCl. The solution was moved to a Teﬂon
beaker. Concentrated HCl, HNO3, and HF were used to digest the
organic matter. The solution raised the heat to 90  C after adding 0.5 g
of ascorbic acid, and Po was spontaneously plated onto a silver disc.
The silver disk was then counted using passivated implanted planar
silicon (PIPS) detectors mounted in an alpha detector (Canberra). For
the determination of 210Pb, the remaining solution was evaporated,
dissolved in 5 mL of 9M HCl, and loaded on a preconditioned 9M HCl
anion exchange column (AG 1  8 resin, 100e200 mesh). The Pb was
ﬂowed down in the efﬂuent while Po was retained on the column.
The efﬂuent, containing Pb, was stored for more than 3 months for
210
Po in-growth from 210Pb. The chemical yield of Pb from the overall
procedure was determined by measuring the recovery of stable Pb
for an aliquot of the 210Pb solution.
3. Results and discussion
3.1. Distributions of chemical species
The temperature and salinity ranged from 21 to 28  C (average:
25 ± 3  C) and 17 to 30 (average: 25 ± 5), respectively, for the
0e13 m layer at all stations in July 2011 (Fig. 2). A hydrographic
boundary exists at the depths of 2e4 m between the low-salinity
surface water and high-salinity water, which forms a strong physical barrier. The pH, DO, and DO saturation ranged from 7.26 to 8.85
(avg.: 7.98 ± 0.56), 0.5e7.7 ml L1 (avg.: 3.4 ± 2.8 ml L1), and
10e145% (avg.: 70 ± 60%), respectively, at all stations (Fig. 2). The
pH, DO, and DO saturation decreased rapidly with depth. The rapid

210

Pb

3.6 ± 0.4
e
3.9 ± 0.3
e
4.9 ± 0.5
3.8 ± 0.5
e
e
s3.8 ± 0.4
e
e
4.0 ± 0.4
4.0 ± 0.3
3.4 ± 0.5
e
3.8 ± 0.5
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Po

Pb
± 0.9
± 1.3
± 0.5
± 0.4

± 0.3

± 0.2
± 0.3
± 0.5
± 0.6

210

Po

3.9
e
3.2
e
6.2
3.8
e
e
3.6
e
e
5.5
3.4
3.3
e
4.3

± 0.7
± 0.6
± 0.9
± 0.8

± 0.5

± 0.5
± 0.5
± 0.8
± 1.0

Pb

1.9
e
1.9
e
1.7
2.4
e
e
1.5
e
e
1.8
2.6
1.5
e
1.8

± 1.1
± 1.3
± 1.4
± 0.4

± 0.9

± 1.0
± 0.3
± 1.0
± 1.1

210

Po

2.0
e
2.2
e
2.4
2.4
e
e
1.7
e
e
2.1
2.8
2.0
e
2.0

± 1.1
± 0.5
± 1.1
± 0.8

± 0.9

± 1.0
± 0.8
± 1.1
± 0.7

decrease in DO and DO saturation indicates the occurrence of
hypoxic conditions in the deeper layer.
The concentrations of dissolved inorganic nutrients ranged
from 9 to 63 mM (avg.: 35 ± 19 mM) for DIN, 0.5e2.8 mM (avg.:
1.0 ± 0.7 mM) for DIP, and 12e66 mM (avg.: 33 ± 16 mM) for DSi at
all stations (Fig. 2). The concentrations of NHþ
4 , DIP, and DSi

except for NOx (NO
3 þ NO2 ) increased sharply from the oxic
layer to the hypoxic bottom layer. In the case of trace elements,
the concentrations of V, Co, Ni, Cu, Mo, and Mn were higher in the
bottom layer, while those of Al were higher in the surface layer
(Fig. 2). The distribution pattern of Fe was unclear (Fig. 2). Thus,
the dissolution of Mn from bottom sediment seems to be associated with the higher concentrations of V, Co, Ni, Cu, and Mo in
the bottom layer.
The total activities of 210Po and 210Pb ranged from 10.5 to
20.4 dpm 100 L1 (avg.: 13.6 ± 2.4 dpm 100 L1) and 6.4 to
9.8 dpm 100 L1 (avg.: 8.2 ± 1.0 dpm 100 L1), respectively, at all
stations (Table 1 and Fig. 3). The total activities of 210Po were
20e55% higher than those of 210Pb. The total dissolved (truly
dissolved þ colloidal) activities of 210Pb were vertically constant,
while those of 210Po increased sharply from the surface to the
bottom layer (Fig. 3). Particulate 210Po and 210Pb showed almost
uniform activities over the entire depth (Fig. 3). Of the total activities, the truly dissolved phase constituted 50e66% (avg.: 55 ± 6%)
for 210Po and 38e57% (avg.: 48 ± 6%) for 210Pb; the colloidal phase
constituted 23e35% (avg.: 29 ± 5%) for 210Po and 19e39% (avg.:
29 ± 7%) for 210Pb; the particulate phase constituted 11e21% (avg.:
16 ± 3%) for 210Po and 17e28% (avg.: 23 ± 4%) for 210Pb. In the
hypoxic environment, the proportions of both 210Po and 210Pb were
most increased in the truly dissolved phase, less in the colloidal,
and least in the particulate phase. The colloidal proportions of the
total activities of 210Po and 210Pb in Lake Shihwa were relatively
lower than those (36% for 210Po and 48% for 210Pb) in open ocean
(Kim and Kim, 2012). However, these proportions of colloids for
210
Po and 210Pb in various environments are generally greater than
those (<10%) for 234Th (Moran and Buesseler, 1992; Huh and Prahl,
1995; Baskaran et al., 2003). This difference suggests that colloidal
matter plays an important role in the cycling of 210Po and 210Pb in
aquatic environments relative to Th. In addition, these colloidal
fractions (about 36% of the total dissolved phase) are similar to
those found for Cu (16e46%), Ni (0e18%), and Mn (22e54%) in
various estuaries (Whitehouse et al., 1990; Martin et al., 1995;
~ udo-Wilhelmy et al., 1996), despite the difference in oceanic
San

328

T.-H. Kim, G. Kim / Estuarine, Coastal and Shelf Science 151 (2014) 324e330

Fig. 3. Vertical proﬁles of total, truly dissolved (<10 kDa), colloidal (10 kDae0.45 mm), and particulate (>0.45 mm) activities of 210Po (open circles) and 210Pb (closed circles) in Lake
Shihwa, South Korea, in July 2011.

conditions. Thus, our study shows that the proportion of colloidal
trace elements in hypoxic environments is similar to other coastal
environments.

3.2.

210

Po tracer for estimating the benthic ﬂuxes of trace elements

The activities of 210Po (max. 18 dpm 100 L1) were much higher
than those of 210Pb, with the highest excess 210Po occurring in the
bottom layer (Fig. 3). In this study, it is hypothesized that 210Po in
organic matter in the bottom sediment is re-mineralized by bacterial activities, and the reduced Po (II) is then diffused into the
water column. Assuming a steady-state condition, excess 210Po
caused by atmospheric and river ﬂuxes is negligible relative to the
ﬂux from the bottom sediment. The excess Po found in this lake is
the value higher than the residence times of aerosols (210Po/210Pb
ratios <~0.8) in Seoul, near Lake Shihwa (Yan et al., 2012). Similarly,
if there is an input of the excess Po from the river, the excess Po
should be observed in the surface layer. However, the shape of the

proﬁles clearly indicates that the source of excess 210Po is from
bottom sediments by diffusion and/or advection (Fig. 3). Furthermore, in these well-stratiﬁed water columns of Lake Shihwa in
summer, the assumption that mixing is insigniﬁcant may be valid.
Therefore, we can calculate the benthic ﬂux of 210Po from bottom
sediment. The radioactive decay of 210Po in the water column
should be balanced by the ﬂux from the bottom sediment. The
benthic ﬂuxes (dpm m2 day1) of excess 210Po (FPo) are expressed
as follows:

FPo ¼ ðIPo  IPb Þ  l
where I is the depth-integrated inventories (dpm m2) of 210Po and
210
Pb, and l is the decay constant (day1) of 210Po. The mean
benthic ﬂux of excess total dissolved 210Po calculated in three stations is estimated to be about 2.2 ± 0.1 dpm m2 day1.
The distribution patterns of trace elements (except for Al and Fe)
in Lake Shihwa were similar to the excess proﬁle of the total dissolved 210Po, showing the highest concentrations in the bottom
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Fig. 4. Excess of the total dissolved

210
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Po versus trace elements (Al, Mn, Fe, Co, Ni, V, and Cu) in Lake Shihwa, South Korea, in July 2011.

layer and in the inner lake site (St. C) (Figs. 2 and 3). These trends
are associated with the reduction of Mn in the bottom sediment
and subsequent diffusion into the overlying water column, similar
to Po. As such, the excess of total dissolved 210Po showed a significant positive correlation with the concentrations of trace elements
in the study sites (Fig. 4). Thus, the benthic ﬂuxes of trace elements
can be calculated from the excess 210Po ﬂuxes and the slope of the
regression line between the concentrations of trace elements and
activities of excess total dissolved 210Po.
The average benthic ﬂuxes of trace elements were calculated to
be (in units of nmol m2 day1) 360 ± 20 for V, 60300 ± 2600 for
Mn, 2800 ± 120 for Fe, 60 ± 2 for Co, 1120 ± 50 for Ni, 830 ± 40 for
Cu, and 860 ± 40 for Mo. Since the source of Al in Lake Shihwa
seems to be atmospheric dust rather than bottom sediment, the
benthic ﬂux of Al cannot be determined in this study. The benthic
ﬂuxes of Mn and Co in Lake Shihwa were similar to those
(63,000 nmol m2 day1 for Mn and 42 nmol m2 day1 for Co) in
hypoxic conditions off the Belgian coast, calculated from vertical
gradients of pore water (Gao et al., 2009). However, the benthic ﬂux
of Fe in Lake Shihwa was two orders of magnitude lower than that
off the Belgian coast (Gao et al., 2009), perhaps because Fe oxides
were not reduced in Lake Shihwa.
The benthic ﬂuxes of Ni and Cu were similar to those
(2590 nmol m2 day1 for Ni and 1120 nmol m2 day1 for Cu) in
Conwy estuary, North Wales (Elderﬁeld and Hepworth, 1975) and
relatively higher than those (5e860 nmol m2 day1 for Ni and
0e215 nmol m2 day1 for Cu) in Esthwaite Basin, UK (Zhang et al.,
1995) and in Vigo Ria, Spain (Santos-Echeandia et al., 2009). Kim
et al. (2009) reported that the concentrations of heavy metals
(i.e., Cr, Ni, Cu, Zn, and Cd) in the surface sediment of Lake Shihwa
increased from 1997 to 2005 due to heightened, recent releases of
industrial contaminants into Lake Shihwa. The concentrations of Ni
and Cu exceeded NOAA's Effects Range Median (ERM) limit in the
inner part of the lake. Lourino-Cabana et al. (2012) suggested that
mineralization through anaerobic metabolism under hypoxic conditions enabled Ni and Cu to be released from sediment into
overlying waters. Thus, higher benthic ﬂuxes of Ni and Cu in hypoxic Lake Shihwa seem to be due to eddy diffusion of high concentrations of Ni and Cu from bottom sediment.

4. Conclusions
The bottom layer in Lake Shihwa became hypoxic due to a
strong pycnocline, as indicated by the vertical proﬁles of NHþ
4 , Mn,
and DO. The proportion of 210Po in the colloidal phase to the total
dissolved phase was estimated to be about 36% in Lake Shihwa,
indicating similar patterns for other trace elements. As shown for
the trace elements (Mn, V, Co, Ni, and Cu), the activities of the
excess 210Po relative to 210Pb increase toward the bottom water due
to the effective regeneration of these elements from bottom water,
in association with the dissolution of Mn oxides in this hypoxic
water. The benthic ﬂuxes of trace elements were successfully estimated, for the ﬁrst time, using the benthic ﬂux of the excess 210Po
and the slope of the regression between trace elements and the
excess 210Po. The utility of 210Po as a unique and useful tracer for the
estimation of the benthic ﬂuxes of trace elements may be easy and
convenient in comparison with the existing methods (e.g., the
gradients of dissolved trace elements and DGT). Thus, our results
suggest that 210Po can be potentially excellent tracers for studying
cycling of trace elements in hypoxic environments.
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