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Abstract The Nansi Lake has been seriously affected by
long-term intensive industrial and urban activities. The
objectives of this study were to determine the content,
distribution, and ecological risk of arsenic and investigate
the geochemical relationships between arsenic forms and
sediment mineral phases of the Nansi Lake. Twenty sam-
ples of surface sediments were collected and analyzed for
arsenic contents and chemical forms. Results indicated that
total content of arsenic in the sediment samples averaged
13.45 mg/kg and ranged from 8.27 to 21.75 mg/kg. The
arsenic was mostly associated with iron oxides (67.3%),
followed by the association with the residual fraction
(19.2%). In addition, total content of arsenic was positively
correlated with the organic matter and iron contents in the
sediment. The molar ratios of iron oxide bound arsenic
content to iron content are lower than the maximal molar
ratios of arsenic to iron for natural hematite, magnetite, and
goethite. The total content of arsenic in the sediment sam-
ples was usually higher than threshold effect concentration
of 9.79 mg/kg, but lower than probable effect concentration

S. L. Wang - C. Y. Lin (X)

State Key Laboratory of Water Environment Simulation,
School of Environment, Beijing Normal University,
Beijing 100875, People’s Republic of China

e-mail: c.lin@bnu.edu.cn

X. Z. Cao
School of Geography and Tourism, Qufu Normal University,
Qufu 273165, People’s Republic of China

X. Zhong
School of Life Science, Qufu Normal University,
Qufu 273165, People’s Republic of China

of 33.0 mg/kg for arsenic in freshwater sediments. Adverse
effects or toxicity to the aquatic organisms, caused by
arsenic in the sediments of the Nansi Lake, will likely occur
at these levels of arsenic contamination.
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Introduction

Arsenic is widely recognized as one of the most toxic
chemical elements and is also considered to be the prime
naturally occurring carcinogen in the environment. Thus,
arsenic pollution in natural environment has become a
widely concerned problem all over the world (Smedley and
Kinniburgh 2002). Anthropogenic sources for arsenic
generally include metal mining and smelting, coal burning,
waste incineration, industrial and municipal wastewater,
and pesticides etc. (Chilvers and Peterson 1987). The
average content of arsenic is 5.0 mg/kg in world river
sediments (Martin and Whitfield 1983), while the content
in the uppermost contaminated sediments of the Wells G &
H wetland can be as high as 15,000 mg/kg (Blute et al.
2009). Arsenic in sediments may produce adverse effects
on aquatic organism, water column quality, and human
health via food chain. Therefore, arsenic contamination in
sediments has become a hot area of research.

In general, bioavailability, toxicity, and mobility of
heavy metals including arsenic in sediments are largely
influenced by its speciation (Wenzel et al. 2001; Karbassi
et al. 2006; Feng et al. 2009). Sequential chemical
extractions have the advantage of sufficient sensitivity to
quantify mg/kg concentrations of arsenic and apportion the
arsenic into pools based on chemical properties of the
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target binding phases (Keon et al. 2001). Thus, sequential
selective extraction procedures have been used to reveal
the distribution information of As in sediments (Gruebel
et al. 1988; Wenzel et al. 2001), though extraction schemes
have sometimes some disadvantages, such as operation
character, lack of selectivity of the reagents used, lack of
quality control, and the dependence of the results on the
procedure chosen (Filgueiras et al. 2002). The determina-
tion of the arsenic species is important for accurate
assessments of environmental impact and human health
risk.

The Nansi Lake (34°27'-35°20'N, 116°34'-—117°21'E)
is a typical shallow lake with an area of 1,266 km?® and
average depth of 1.46 m, including four lakes: the Nanyang
Lake, the Dushan Lake, the Zhaoyang Lake, and the
Weishan Lake. It is the largest freshwater lake in the
southwest of Shandong province and become one of
the largest buffering reservoirs in the East Route of China’s
South-North Water Transfer Project. After the building of a
dam in 1960s, Nansi Lake was divided into two parts: the
upper lake and lower lake. The upper lake including the
Nanyang Lake, the Dushan Lake, and the Zhaoyang Lake
drains an area of more than 1,000 km?. The lower lake
referring to the Weishan Lake drains an area of more than
200 km”.

The urban streams are often contaminated by effluents
and other wastes from industrial and domestic sources
(Phiri et al. 2005; Mohiuddin et al. 2010; Sekabira et al.
2010). There has been a rapid economic development in
the region around the Nansi Lake since 1970s and this
rapid industrialization and urbanization might lead to an
excessive release of pollutants into the Nansi Lake.
Generally, the untreated effluents from industrial and
municipal activities, the runoff from mining sites and
agricultural land, and the deposition of air pollutants all
contribute to the increase of heavy metal levels in the
sediments. According to the “Water pollution Preven-
tion Planning of the South-to-North Water Diversion
Project (east route) of Shandong Section”, water quality
of the lake should be better than the Grade III of the
“China surface water quality standard”. However, pre-
vious researches indicated that the sediments of the
Nansi Lake and its main inflow rivers were polluted by
heavy metals (Liu et al. 2007). Previous research only
sporadically focused on the total content of Arsenic (As)
in the sediments (Liu et al. 2007) and no literature
reports the chemical forms of As in the sediments of the
Nansi Lake.

Therefore, the major objectives of this study were to
characterize the contamination, chemical forms, and eco-
logical risk of As in the surface sediments of the Nansi
Lake and investigate geochemical relationships between
As forms and sediment mineral phases.

e
% @ Springer

Materials and methods
Sediment sampling

In this study, 20 samples of surface sediment were col-
lected (Fig. 1) from O to 10 cm depth in May 2008 (seven
samples in the Nanyang Lake, six samples in the Dushan
Lake, four samples in the Zhaoyang Lake, and three sam-
ples in the Weishan Lake) using cable operated sediment
samplers (Van Veen grabs, Eijkelkamp). Then, the samples
were placed in dark-colored polyethylene bags and taken to
the laboratory immediately after collection. All sediment
samples were freeze-dried (FD-1A, China), slightly cru-
shed, passed through a 2 mm sieve, and stored at 4°C in
glass bottles before analysis.

Analytical methods
General properties

The pH value of the sediment samples was measured in a
1:10 solid:liquid ratio suspension using a combination pH
electrode (Orion, USA). The amount of sediment organic
matter (OM) was determined by the potassium dichromate
dilution heat colorimetric method (Bao 1999). The grain
size distribution of the sediment samples was analyzed
using a Mastersizer 2000 Laser Size Analyzer (Malvern
Co., UK) and the percentages of clay (<2 pum), silt
(2-63 pum), and sand fractions (63-2,000 um) were calcu-
lated. Another aliquot of sediment sample was digested
with HNO3;-HF-HCI10O, and the concentrations of Al, Fe,
and Ca in the supernatant were measured by ICP-AES
(IRIS Intrepid II, Thermo Electron Co., USA).

The accuracy of the total Al, Fe, and Ca measurements
was checked by conducting an analysis of three reference
materials (GSS1, GSS2, GSS9) from Institute of Geo-
physical and Geochemical Exploration, Chinese Academy
of Geological Science. The average relative errors of Al,
Fe, and Ca measurements in the three reference materials
were —1.47 to 2.89, —0.10 to 2.78, and 1.35 to 2.24%,
respectively. The precision was evaluated by the variation
of coefficients (CV) of two replicates from four sediment
samples. Average CVs were 2.35, 2.02, and 1.64% for Al,
Fe, and Ca, respectively.

Total As and sequential extraction analysis of As

Another aliquot of sediment sample was digested with aqua
regia (1% KMnO,) and 1% oxalic acid. The As concen-
tration in the supernatant was measured by hydride
generation-atomic fluorescence spectroscopy (HG-AFS)
(HG-AFS230, Beijing Haiguang Instruments, Inc., China).
The accuracy of the total As (TAs) measurements was
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Fig. 1 Location map of
sampling sites in the Nansi Lake Sining
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checked by conducting an analysis of a certified reference
material (BCR-CRM 277b). The differences between the
certified and theoretical values were under the 10%.
Taking into account the anionic behavior of As in the
sediment samples, the five-step sequential extraction pro-
cedure described from Wenzel et al. (2001) was performed
using 1 g of dry sediment. The extraction procedures were
designed to separate specific environmental compartments
of As and other trace metals in the sediment samples
(Table 1). Non-specifically sorbed As (F1), specifically
sorbed As (F2), amorphous and poorly crystalline Fe
and Al hydrous oxides bound As (F3), and well-formed

Table 1 Steps in the selective sequential extraction procedure

crystalline Fe and Al hydrous oxides bound As (F4) were
sequentially and selectively extracted by (NH4),SOy,
NH,H,PO,, NH;-oxalate, and NHj-oxalate 4+ ascorbic
acid solutions, respectively (Table 1). The content of
residual As (F5) was determined by calculating the dif-
ference between the TAs content and the sum contents of
the reactive fractions described above. The suspensions in
each step were centrifuged at 10,000 rpm for 10 min at
room temperature using a Xiang Yi centrifuge. The
supernatants were filtered through a 0.45 pm membrane
and analyzed by HG-AFS. All reagents were analytical
grade. The precision of the sequential extraction method

Step Fraction

Extractant

Experimental conditions

Non-specifically sorbed As
Specifically sorbed As

Amorphous and poorly crystalline Fe and

Al hydrous oxides bound As

4 Well-crystallized Fe and Al hydrous oxides

bound As

0.05 M (NH,),SO,
0.05 M NH,H,PO,

0.2 M NHy-oxalate (pH 3.25) wash step: 0.2 M
NH;-oxalate

0.2 M NHy-oxalate + 0.1 M ascorbic acid (pH
3.25) wash step: 0.2 M NHy-oxalate

4 h shaking (20°C)
16 h shaking (20°C)

4 h shaking in the dark (20°C)
10 min shaking (20°C)

30 min shaking in water bath at 96°C
10 min shaking (20°C)
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was evaluated by the variation of coefficients (CV) of three
replicates from two sediment samples. Average CVs of As
were 6.9, 6.4, 5.8, and 5.3% for F1, F2, F3, and F4,
respectively.

Results and discussion

General properties of the sediments of Nansi Lake

A selection of general physical and chemical characteris-
tics of the sediments is shown in Table 2 and Fig. 2. The

pH values of the sediments were in the range 7.01-8.21,
showing an alkaline character in Nansi Lake. The amount

of OM ranged from 4.32 to 14.32% in the sediments of the
Nansi Lake. Mean contents of OM in the sediments of the
Nanyang, Dushan, Zhaoyang, and Weishan Lake were
9.57, 11.38, 7.36, and 5.01%, respectively. As Fig. 2
shown, higher OM content was observed at some sites
located in the Nanyang and Dushan Lake, especially in the
Dushan Lake. A long-term monitor indicated that annually
about 2,900 million tons of untreated domestic sewage and
industrial wastewater from the Jining, Zaozhuang, and
Heze cities discharged into the Nansi Lake through the 13
main inflow rivers flowing into the Nanyang Lake and
Dushan Lake and the contents of chemical oxygen demand
(COD) and biological oxygen demand (BOD) in these
rivers were higher than the Grade V of the “China surface

Table 2 Properties of the

surface sediments of the Nansi Site pH OM (%) Al (%) Fe(%) Ca (%) Clay (%) Silt (%) Sand (%)
Lake (<2 pm) (2-63 pm)  (63-2,000 pm)
Nanyang Lake
1 7.93 10.35 6.45 3.48 7.35 22.64 60.84 11.23
2 7.66 12.83 7.08 3.55 6.00 14.56 68.95 6.82
3 7.87 9.02 6.51 3.57 7.04 21.35 70.19 4.51
4 7.79 8.94 6.42 3.42 8.03 12.24 72.57 6.51
5 7.93 9.68 6.90 3.20 10.04 17.84 66.82 5.94
6 8.03 7.09 6.39 3.96 14.05 23.68 72.19 1.43
7 7.85 9.06 7.26 341 12.02 18.82 71.22 3.65
Ave 7.87 9.57 6.72 3.51 9.22 18.73 68.97 5.73
Dushan Lake
8 7.82 11.23 6.40 3.18 14.98 21.27 66.80 3.95
9 7.60 10.82 5.31 3.60 14.86 16.35 75.48 4.02
10 7.01 14.32 5.21 4.30 11.03 19.95 73.81 2.35
11 7.53 12.51 4.49 4.06 8.13 17.95 74.15 1.82
12 7.95 10.02 4.80 3.44 7.07 23.26 71.98 3.56
13 7.87 9.35 5.73 3.66 4.97 25.36 67.82 3.58
Ave 7.63 11.38 5.32 3.71 10.17 20.69 71.67 3.21
Zhaoyang Lake
14 7.96 6.73 6.98 3.13 5.04 24.07 73.25 0.58
15 8.17 8.47 7.06 3.89 6.05 19.64 72.56 1.01
16 8.21 7.98 7.49 3.29 3.91 22.64 73.19 0.78
17 7.94 6.25 7.17 3.43 3.11 20.85 71.65 4.12
Ave 8.07 7.36 7.18 3.44 4.53 21.80 72.66 1.62
Weishan Lake
18 8.12 4.98 4.46 3.28 2.00 19.68 70.34 7.53
19 8.15 5.72 5.02 3.01 2.50 15.35 73.65 6.25
20 8.02 4.32 6.30 2.82 4.05 17.25 73.58 3.08
Ave 8.10 5.01 5.26 3.04 2.85 17.43 72.52 5.62
Nansi Lake
Ave 7.87 8.98 6.17 3.48 7.61 19.74 71.05 4.14
Ave average content, Std Std 0.27 2.65 0.97 0.36 4.03 3.47 342 2.66
standard deviation, CV CV% 345 2951 1573 1042  53.01 17.59 4.82 64.24
coefficient of variation, Max the Max 8.21 14.32 7.49 4.30 14.98 25.36 75.48 11.23
maximum value, Min the Min 701 432 446 282 200 1224 60.84 0.58

minimum value
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Fig. 2 Contents of OM, Al, Fe, Ca, and Clay in the surface sediments
of the Nansi Lake

water quality standard” (Zhang et al. 1999). Under natural
conditions, inorganic, and organic materials are carried and
deposited by water from the upper lake to the lower lake.
Therefore, the content of OM was higher in the upper lake
sediments than that of the lower lake sediments. In addi-
tion, faster development of aquaculture as well as richness
in aquatic plants in the Dushan Lake than other lakes might
also contribute to high OM contents in the Dushan Lake
sediments (Qu et al. 2001).

The content of Ca in the sediments of the Nansi Lake
was in the range 2.00-15.43%. From Fig. 2, it was
observed that the Ca contents of the sediments at the
sampling sites 4—11 were higher than that of other sites.
The average content of Ca of the sediments was the highest
in the Dushan Lake. The limestone is widespread in the
eastern mountain of the Dushan Lake, which might con-
tribute to the high content of Ca in the sediments nearby
the mountain (Lang 1983). The amounts of Al and Fe in the
sediments of the Nansi Lake ranged from 4.10 to 7.46%
and 2.74 to 4.13%, respectively (Table 2). Mean contents
of Al and Fe were 6.17 and 3.55, respectively. As shown in
Fig. 2, for all the sediments of the Nansi Lake, the Al and
Fe contents had no big change. The average contents of
clay in the sediments of the Nanyang Lake, Dushan Lake,
Zhaoyang Lake, and Weishan Lake were 18.73, 20.69,
21.80, and 17.43%, respectively, had no big difference
among four lakes, though it fluctuated at some sampling
sites (Fig. 2).

Total As in the surface sediments of Nansi Lake

The TAs content of the sediments ranged from 8.27 mg/kg
at site 20-21.75 mg/kg at site 10, with a mean value of
13.45 mg/kg (Table 3). Mean content of As in the Nany-
ang, Dushan, Zhaoyang, and Weishan Lake was 13.54,
16.86, 11.28, and 9.34 mg/kg, respectively. So the average
content of As of the sediment samples was much higher for
the Nanyang Lake and Dushan Lake than that for the

Zhaoyang Lake and Weishan Lake. The highest concen-
tration of As was observed at site 10 in Dushan Lake, and
the lowest concentration of As was found at site 20 in
Weishan Lake. It was observed that the Nansi Lake was
formed by bedload from flooding of the Yellow River
(Lang 1983), so the average content of As in the main river
sediments of Yellow River was used as the background
content in the present study and it was 7.50 mg/kg (Zhao
and Yan 1992). The mean content of As in worldwide river
sediments is 5.0 mg/kg (Martin and Whitfield 1983).
Hence, the surface sediments of the Nansi Lake contained
much higher As than the world wide river sediments and
the main river sediments of Yellow River. In addition, the
concentration of As of all sediment samples in the Nansi
Lake was also lower than the threshold values of the
Chinese soil environmental quality criteria (20 mg/kg)
(National Standard of PR China 1995) and the control
standards for pollutants in sludges from agricultural use
(75 mg/kg) (National Standard of PR China 1984),
respectively.

Industries such as manufacture of pharmacy, fertilizer,
textile, and printing developed extremely quickly in the
Jining, Zaozhuang, and Heze cities, which might result in
the emission of As pollutants. It was reported that
9.34 x 10°, 7.41 x 105, and 1.98 x 10> tons of untreated
industrial wastewater were discharged into the Nansi Lake
from Jining, Zaozhuang, and Heze cities annually,
respectively (Zhang et al. 1999). A long-term monitor
indicated that 13 inflow rivers were all polluted by heavy
metals due to various industries (Liu et al. 2007). Thus,
industrial effluents were one important reason that resulted
in the relatively high As content in the sediments of the
Nansi Lake, especially in the upper lake.

The coal resources are very rich in the region around the
Nansi Lake. There are some big coal-fired power plants
such as Jining, Zoucheng, Jiaxiang, and Liyan power plants
nearby the Nansi Lake, and their total installed capacity is
more than 10 million kilowatts (Feng et al. 1999). Previous
research indicated that the average amount of As was
2.5 mg/kg in the coal of the mining districts nearby the
Nansi Lake (Liu et al. 2002), and more than 90% of them
was discharged into the environment (Feng et al. 1999). So,
the mining waste might be one of important pollution
sources of As for the sediments of the Nansi Lake.

In the Nansi Lake, water flows from the upper lake to
the lower lake. The sediments of the upper lake are affected
first by the effluents. After aggradation and decontamina-
tion in the upper lake, sediments in the lower lake are at a
corresponding low-grade contamination level. So the TAs
content of the sediments in the upper lake is higher than
that of the lower lake.

In this study, the content of TAs was positively corre-
lated to the OM and Fe contents, but not correlated to the

)
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Table 3 The basic statistical parameters of various As chemical forms in the surface sediments of the Nansi Lake

Site As concentrations (mg/kg) As proportions (%)
F1 F2 F3 F4 F5 TAs F1 F2 F3 F4 F5
Nanyang Lake
1 0.07 1.64 5.13 3.53 2.00 12.37 0.55 13.28 41.45 28.52 16.20
2 0.15 2.53 6.48 3.12 2.72 14.99 0.97 16.87 43.23 20.81 18.12
3 0.06 1.75 5.20 333 3.23 13.58 0.46 12.92 38.29 24.55 23.79
4 0.07 2.04 6.14 2.98 1.73 12.97 0.57 15.73 47.35 23.00 13.34
5 0.11 1.11 4.24 3.39 1.17 10.01 1.05 11.08 42.38 33.84 11.65
6 0.08 1.61 5.63 497 4.70 16.99 0.46 9.51 33.16 29.24 27.63
7 0.04 1.56 5.58 3.24 3.44 13.86 0.31 11.23 40.25 23.37 24.85
Ave 0.08 1.75 5.49 3.51 2.71 13.54 0.62 12.95 40.87 26.19 19.37
Dushan Lake
8 0.10 1.42 5.60 3.78 3.48 14.38 0.68 9.87 38.92 26.31 2422
9 0.13 2.34 6.51 4.20 2.17 15.35 0.85 15.23 42.43 27.33 14.15
10 0.09 1.98 9.50 6.89 3.30 21.75 0.44 9.09 43.66 31.66 15.16
11 0.13 2.90 7.58 4.54 3.78 18.92 0.67 15.33 40.04 23.98 19.99
12 0.06 292 6.47 3.79 3.54 16.79 0.36 17.38 38.56 22.58 21.11
13 0.11 1.54 5.17 3.93 3.19 13.95 0.78 11.06 37.08 28.20 22.88
Ave 0.10 2.18 6.80 4.52 3.25 16.86 0.63 12.99 40.12 26.68 19.59
Zhaoyang Lake
14 0.08 1.21 4.09 2.50 2.66 10.54 0.77 11.49 38.79 23.74 25.21
15 0.07 1.28 5.68 3.24 1.39 11.66 0.61 11.01 48.71 27.76 11.91
16 0.05 1.72 3.83 2.52 1.86 9.97 0.48 17.22 38.40 25.24 18.65
17 0.04 1.29 6.57 2.58 2.47 12.95 0.34 9.98 50.70 19.94 19.04
Ave 0.06 1.38 5.04 2.71 2.09 11.28 0.55 12.42 44.15 24.17 18.70
Weishan Lake
18 0.12 1.58 4.26 2.88 1.43 10.27 1.21 15.39 41.51 28.02 13.88
19 0.06 0.93 3.70 2.45 2.35 9.49 0.62 9.79 38.98 25.82 24.80
20 0.05 1.13 3.51 221 1.37 8.27 0.64 13.71 42.40 26.68 16.57
Ave 0.08 1.21 3.82 251 1.72 9.34 0.82 12.96 40.96 26.84 18.41
Nansi Lake
Ave 0.08 1.72 5.54 3.50 2.60 13.45 0.64 12.86 41.31 26.03 19.16
Std 0.03 0.57 1.46 1.08 0.97 3.40 0.24 2.80 4.12 3.46 4.96
CV % 38.91 33.17 26.26 30.80 37.18 25.27 37.66 21.80 9.96 13.30 25.87
Max 0.15 2.92 9.50 6.89 4.70 21.75 1.21 17.38 50.70 33.84 27.63
Min 0.04 0.93 3.51 221 1.17 8.27 0.31 9.09 33.16 19.94 11.65

Al content in the sediments of Nansi Lake (Fig. 3). The
occurrence of high concentration of As with increasing
OM content is possibly due to the formation of organ-
arsenic complexes and the humic substances in the sedi-
ment and soil were known to be adsorbents for As (Pikaray
et al. 2005). Since, the TAs content was positively corre-
lated to the OM content, so organic matter plays a signif-
icant role in controlling As transport in the sediments of
the Nansi Lake. Moreover, the As in the OM fraction was
stable in the sediments because most of it cannot be
exchanged by phosphate anions (Filgueiras et al. 2002;
Smedley and Kinniburgh 2002). The regressions of the As
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content vs. the Fe and Al contents were discussed in the
following text.

Chemical partitioning of As in the surface sediments
of Nansi Lake

The As content in the F1, F2, F3, F4, and F5 fractions
ranged from 0.04 to 0.15, 0.93 to 2.92, 3.51 to 9.50, 2.21 to
6.89, and 1.17 to 4.70 mg/kg, respectively, with average
contents of 0.08, 1.72, 5.54, 3.50, and 2.60 mg/kg. The
proportions of As in F1, F2, F3, F4, and F5 were 0.64,
12.86, 41.32, 26.03, and 19.16%, respectively (Table 3;
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Fig. 3 Correlations between the content of As and the content of
OM, Fe, and Al in the surface sediments of the Nansi Lake: a As
versus OM, b As versus Fe, ¢ As versus Al

Fig. 4). The average As content in each fraction was in the
order of F3 > F4 > F5 > F2 > F1. The sum of F3, F4, and
F5 fractions comprised over 85% of the TAs content. Iron
oxide-bound As comprised more than 65% of the TAs.
Wenzel et al. (2001) found that average percentages of As
in the F1, F2, F3, F4, and F5 fractions in the 20 soil
samples were 0.3, 9.0, 39.8, 29.6, and 19.5%, respectively.
Haque et al. (2008) observed that the As in the F1, F2, F3,
F4, and F5 fractions comprised 1.1, 12.3, 29.0, 34.6, and
23.0% of TAs in the sediments of Aquia aquifer, MA,
USA, when the same extraction procedure as in this study
was used. Feng et al. (2009) found that about 74% of As in
the air-borne fine particle was in bioavailable form (soluble
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Fig. 4 Absolute partition patterns (a) and relative partition patters
(b) of As among sediment fractions in the sediments of the Nansi
Lake

and exchangeable fraction) in Guangzhou city. So the
minerals binding As in soils and sediments are mainly Fe
oxides. Moreover, the concentration of Fe oxide-bound As
in the sediments of the Nansi Lake generally increased with
TAs concentration, while other phases did not (Fig. 4).
Therefore, anthropogenic As might first bind to Fe oxy-
hydroxides in the sediments, especially to amorphous and
poorly crystalline Fe hydrous oxides.

It is well known that the major minerals binding As in
sediments were Fe oxides due to their greater abundance,
specific surface area, and stronger binding affinity. The
binding of As with Fe oxides was either via co-precipita-
tion that incorporates As into the mineral or amorphous
phase structures, or via adsorption onto surface sites (Fuller
et al. 1993), or via penetration into the lattice (Filgueiras
et al. 2002). The residual phase As is relatively stable
compared to the pH and redox sensitive Fe, Mn, or Al
oxyhydroxides bound As, which is thus not expected to be
one source of As in the watercolumn system. Therefore, the
relatively high content of the residual fraction might be
beneficial from an environmental risk perspective.

Regressions of the As concentration in the F3 fraction
(F3-As) versus Al and F3-As versus Fe were shown in
Fig. 5, and the results revealed that the F3-As was posi-
tively correlated to the Fe content in the sediments of the
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Fig. 5 Correlations between As concentration in the F3 fraction and
the content of Fe and Al in the sediments of the Nansi Lake: a As
conc. in F3 versus Fe, b As conc. in F3 versus Al

Nansi Lake, while the F3-As was not correlated to the Al
content.

From Fig. 5, it may be observed that Fe and Al are the
main metals of the natural As-binding phases and strongly
correlated to the fine-grained sediment fraction as well as
As. Fe and Al oxides have been often used as sorbents to
remove As from water and wastewater. Generally, the
determination coefficients of As versus Fe regressions were

higher than those of As versus Al (Table 4). Arsenic was
negatively correlated to Al in the sediments of Western
North Sea (Whalley et al. 1999) and the Nansi Lake. The
regression slopes of As versus Fe generally ranged from
1.90 to 15.4, while the slope for the sediments of the Nansi
Lake was 7.82. High regression slopes of As versus Fe
usually showed high anthropogenic input of As into sedi-
ments. The study areas mentioned in Table 4 were con-
taminated by heavy metals to different degree. For
example, the Dexing area studied by Teng et al. (2009) is a
famous foundation of nonferrous mineral resources in
China, and there are some giant deposits such as Cu-Mo,
Au-Ag, and Ag-Pb-Zn deposits in this area. The sediments
in the Humbr Estuary and Western North Sea were con-
taminated heavily by Fe waste and As (Whalley et al.
1999). The other areas mentioned in Table 4 were about
the sediments pollution survey of costal of the United
States (Daskalakis and O’Connor 1995; Summer et al.
1996; Schiff and Weisberg 1999).

Some previous detailed mineralogical studies demon-
strated the large As sorption capacity of hydrous ferric
oxide (HFO), which showed that the molar ratios of As to
Fe were 0.7 and 0.25 for coprecipitation and sorption
experiments, respectively (Fuller et al. 1993; Raven et al.
1998). Natural As-rich HFO precipitates can attain sorption
densities of up to 0.2 mole-As/mole-Fe (Pichler et al.
1999). However, Belzile and Tessier (1990) reported that
average molar ratios of As to Fe for the recent lacustrine
sediments were in the range 3.80 x 107> to 2.12 x 1072
Synthesized Schwermannite had a maximal molar ratio of
2.0 x 1072 (Asta et al. 2009). The maximal molar ratios of
As to Fe for natural hematite, magnetite, and goethite were
2.83 x 1074, 2.21 x 107*, and 4.45 x 10~ for As (IID),
respectively; while they were 8.82 x 10_4, 271 x 10_4,
and 5.34 x 107 for As (V) (Giménez et al. 2007). The

Table 4 Regression equations of As versus Fe or Al in unit of mg/kg in the sediments at various sites

Site Regression equation R? P n References
East and Gulf of Mexico [As] = 3.25 x 107*[Fe] + 0.59 0.680 <0.05 360 Daskalakis and O’Connor (1995)
[As] = 1.68 x 107*[Al] — 0.54 0.520 <0.05 360 Daskalakis and O’Connor (1995)
Southern California coastal shelf [As] = 1.90 x 10~*[Fe] + 1.49 0.750 <0.0001 110 Schiff and Weisberg (1999)
Gulf of Mexico [As] = 0.91 x 107*[AI] + 1.19 0.830 <0.001 103 Summer et al. (1996)
Humber Estuary [As] = 8.09 x 10™*[Fe] + 6.81 0.747 <0.001 16 Whalley et al. (1999)
[As] = 5.32 x 107*[Al] + 9.00 0.750 <0.001 16 Whalley et al. (1999)
Western North Sea [As] = 15.40 x 1074[Fe] —4.12 0.541 <0.1 195 Whalley et al. (1999)
[As] = —1.19 x 107*[Al] + 16.78 0.003 - 195 Whalley et al. (1999)
Dogger Bank [As] = 7.31 x 107*[Fe] — 0.06 0.406 <0.001 258 Whalley et al. (1999)
[As] = 6.09 x 107*[Al] — 3.23 0.203 <0.001 258 Whalley et al. (1999)
Dexing area [As] = 2.16 x 107*[Al] + 2.42 0.317 <0.01 326 Teng et al. (2009)
Nansi Lake [As] = 7.82 x 10™*[Fe] — 13.78 0.700 <0.0001 20 This study
[As] = —1.30 x 107*[Al] + 21.50 0.139 <0.01 20 This study
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molar ratios of As to Fe in the surface sediments of the
Nansi Lake were in the range 2.19 x 10™*t0 3.64 x 107%,
with an average of 2.85 x 10™*, indicating that there is
still substantial potential for the adsorption of As.

Potential ecosystem risk assessment

Previous researches used geoaccumulation index, enrich-
ment factor, potential ecological risk index, pollution load
index, and sediment quality guidelines (SQGs) to assess the
heavy metal and metalloid pollution of sediments (Karbassi
et al. 2006; Mohiuddin et al. 2010; Sekabira et al. 2010). In
order to quantitatively assess As risk in the sediments of
the Nansi Lake, the As levels in the sediment were com-
pared with the SQGs of threshold effect concentration
(TEC) and probable effect concentration (PEC) (Mac-
Donald et al. 1996; Swartz 1999), threshold effect level
(TEL) and probable effect level (PEL) (Smith et al. 1996).
The TEC for As is 9.79 mg/kg and intends to identify
contaminant concentration below which harmful effects on
sediment-dwelling organisms were not expected (Mac-
Donald et al. 1996; Swartz 1999). The PEC for As is
33.0 mg/kg and intends to identify contaminant concen-
tration above which harmful effects on sediment-dwelling
organisms were expected to occur frequently (MacDonald
et al. 1996; Swartz 1999). The TEL for As is 5.9 mg/kg,
representing the concentration below which adverse effects
would rarely occur (Smith et al. 1996). The PEL for As is
17 mg/kg and represents the concentration above which
adverse effects would frequently occur (Smith et al. 1996).
The total concentrations of As ranged from 8.27 to
21.75 mg/kg (Table 3) in the sediments of the Nansi Lake,
which were usually higher than TEC and TEL but lower
than PEC and PEL, thus indicating adverse effects or
toxicity to the aquatic organisms, caused by As in the
sediments of the Nansi Lake, will likely occur at these
levels of As contamination. Therefore, it is necessary to
remediate the sediments of the Nansi Lake to reduce and
remove potential risk of As in the sediments.

Conclusion

The TAs content in the surface sediments of the Nansi
Lake was in the range 8.27-21.75 mg/kg, with an average
of 13.45 mg/kg. This content was higher than in the TEL,
and thus, it is likely that adverse effects caused by As
might occur in the sediments of the Nansi Lake. The
arsenic was mostly associated with Fe oxides, followed by
association with the residual fraction. The F3-As contents
were correlated to the Fe contents in the sediments. The
TAs content was positively correlated to the Fe and OM
contents in the sediments. The molar ratio of As to Fe was

lower than the maximal molar ratios of As to Fe for natural
hematite, magnetite, and goethite. Generally, the sedi-
ments of the Nansi Lake were contaminated by As and
needs to be remediated to maintain aquatic ecosystem
health.
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