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Abstract A total of 271 sediments samples from the
Zhalong Wetland were analyzed for concentration and
distribution of Hg, Cd, As, Cu, Pb, Zn, Cr, and Zn; their
speciation according to the modified European Community
Bureau of Reference sequential extraction procedures and
their ecological risk based on Lars Hakanson’s potential
ecological risk assessment and risk assessment code were
made. The results can be summarized as the followings: (1)
Concentrations of all metals measured were above soil
background values of Songnen Plain, and their spatial
distributions were distinctly different. The concentrations
of metals (except Pb) were high in the east, followed by the
north, and were relatively low in the core zone and south.
The concentration of Pb was high in the north, south, and
west, compared with low concentration in the core zone
and east. (2) The dominant proportion of Pb, Zn, and Cr
was in the residual fraction, suggesting that they were
environmental stable. The concentrations of Cu and As in
the reducible fraction, the concentration of Cd in the acid-
soluble fraction, and the concentration of Hg in the oxi-
dizable fraction were relatively high, indicating they had
greater environmental effects. (3) The evaluation of the
ecological risk showed that Cd, Hg, and As had relatively
high ecological risk index, especially the ecological risk of
Cd should be paid attention to. In general, the ecological
risk of the heavy metals and metalloid by zone was
experimental zone > buffering zone > ecological tourism
zone > core zone.
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Introduction

Among all the major impacts threatening ecosystems,
heavy metals and metalloid play a very important role (Fu
et al. 2009; Zhang et al. 2012). Because they are non-
degradability and bio-concentration and bio-magnify,
heavy metals and metalloid pose an ecological risk to
organisms and ecosystems (Lai et al. 2005; Townsend
et al. 2013). Sediments are a significant reservoir and
source of metals in the aquatic environment and mediate
transport and storage of hazardous metals (Guevara et al.
2005; Moriilo et al. 2004). The concentration of heavy
metals and metalloid in sediments from polluted aquatic
environments may be hundreds or even tens of thousands
of times greater than sediments from non-polluted aquatic
environments (Wang et al. 2002). Consequently, under-
standing the spatial distribution of heavy metals in sedi-
ments can provide the evidence of the anthropogenic
impacts and is critical for environmental management and
decision-making.

The toxicity and the mobility of heavy metals and
metalloid in sediments depend not only on the total
concentration, but also on their specific chemical form.
The speciation of heavy metals provides critically
important information for evaluating toxicity and eco-
logical risk to animals and human (Fan et al. 2008; Kwon
and Lee 2001). Different chemical species of heavy
metals have different activity, toxicity, and mobilization
(Cai et al. 2011; Lu et al. 2010; Zheng et al. 2013). The
changing environment can also result in the transforma-
tion of heavy metals between particulate forms and
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dissolved form (Teasdale et al. 2003; Yu and Hu 2008).
Consequently, study of the speciation of heavy metals has
become an important topic in aquatic research helping to
identify anthropogenic sources of pollution as well as
evaluation of potential ecological risk posed by heavy
metals.

The Zhalong Wetland is an important migrating and
breeding site for red-crowned cranes, and Ramsar Con-
vention listed the Zhalong Wetland as an important inter-
national wetland in 1992, essential for the protection and
breeding of rare waterfowl. However, irrigation projects
built around the wetland increased cultivation of arable
land, and overbrowsing in the wetland, along with indus-
trial and agricultural-contaminated water being discharged
into the wetland, has threatened the natural wetland. As a
result, the area of the wetland is decreasing, vegetation is
degenerating, and water contamination is increasing. The
environmental issues in the Zhalong Wetland require
additional study.

Several studies have evaluated the risk of heavy metals
in sediment (Su et al. 2011; Yi et al. 2011; Sekabira et al.
2010); however, they have mainly focus on evaluations
based on total concentration of heavy metals (Monken
1997; Byzitter et al. 2012). Few studies have evaluated risk
of heavy metals in sediments based on speciation (Lu and
Cheng 2011). The objectives of the current study were to
(1) determine the concentration of heavy metals and met-
alloid in sediments of the Zhalong Wetland, (2) evaluate
the distribution of heavy metals and metalloid in the wet-
land, (3) analyze speciation of heavy metals and metalloid
in sediments of the Wetland, and (4) assess ecological risk
of heavy metals and metalloid in the sediments.

Fig. 1 Location of Zhalong
Wetland and sampling site
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Materials and methods
Study area

The Zhalong Wetland is located in the Western Hei-
longjiang Province, China. The wetland forms at the ter-
minal end of the Wuyuer River and lies between
46°52' ~ 47°32" N latitude and 123°47 ~ 124°37'E
longitude. The wetland is a 2,100 km” and includes four
zones: experimental zone, buffering zone, ecological
tourism zone, and core zone. There are 10 townships and
40 villages in the wetland with a total population of
approximately 50,000.

Sample collection and processing

During July and August 2010, 271 surface sediment sam-
ples were randomly collected within the Zhalong Wetland
(Fig. 1). The upper 0-20 cm of the sediment was collected
with a stainless steel sediment sampler. The samples were
placed into clean polyethylene bags and transported to the
laboratory. All samples were air-dried at room temperature
and sieved through a 0.149 mm sieve.

Sample testing methods

For total heavy metals and metalloid analysis, 0.5 g of
each dry sediment sample was digested in a microwave
oven (Mars—5, CEM Company, USA) with a mixture
of acid (9 ml of 14.0 M HNO3, 3 ml of 11.7 M HCI,
2 ml of 23.0 M HF, and 2.5 ml of 8.8 M H,0,) (Hu and
Qian 2010). For the analysis of heavy metal and

Zhalong wetland functional zone
[ ] experimental zone

[ lbuffering zone

/77 core zone

[ ecological tourism zone
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metalloid species, the acid-soluble, oxidizable, reduc-
ible, and residual fractions were sequentially extracted
following European Community Bureau of Reference
(BCR) methods (Guevara-Riba et al. 2004; Arain et al.
2008; Malferrari et al. 2009). All samples were ana-
lyzed using an inductively coupled plasma mass spec-
trometer (ICP-MS) (Agilent Technologies Co. Ltd.,
USA). Quality control was assured by the analysis of
duplicate samples, method blanks, and standard refer-
ence materials. A duplicate and method blank were
analyzed with each batch of 10 samples, and precision
was generally <10 % relative standard deviation. The
standard reference material (ESS-1, obtained from
Chinese Environmental Monitoring Center) was used
for total element analysis. Cooper, Cr, and Zn values
had an accuracy within 5 % based on the mean values,
while the other elements (Cd, Hg, As, and Pb) had an
accuracy between 5 and 10 %. The ratios of cumulative
concentrations of the four fractions to the independent
total concentrations of Hg, Cd, As, Cu, Pb, Cr, and Zn
were 91, 96, 92, 105, 103, 98, and 101 %, respectively.
Lake sediment for extractable trace eclements
(GBW07436, obtained from the Chinese National
Research Center for Geoanalysis and Chinese National
Institute of Metrology) was used to verify the accuracy
of the sequential extraction method. The recovery rate
of each fraction of the heavy metals and metalloid was
between 86.6 and 110.1 %.

Statistics analysis

Statistical analyses were performed using SPSS for
Windows 11.0 software. The concentrations of the metals
were compared among regions (east, south, west, north,
and core) of the wetland using one-way ANOVA
(P < 0.05). Shapiro—Wilk test was used to evaluate
normality of the distribution of heavy metals and met-
alloid. Spatial distribution mapping of heavy metals and
metalloid parameters was created with ArcGIS 8.3 and
ArcView 3.2 software.

Ecological risk assessment

To assess the impacts of heavy metals and metalloid in
Zhalong Wetland, two different benchmark methods were
used. The first method was Hakanson’s potential ecological
risk index (HPERI, Hakanson 1980). The methodology is
based on the assumption that the sensitivity of the aquatic
system depends on its productivity. The HPERI was used
to assess the degree of heavy metal pollution in sediments,
based on the toxicity of heavy metals and the response of
the environment. The index was calculated using the fol-
lowing equations:

n
RI=)E (1)
i=1
E.=T.C, (2)
C}=C'/C, (3)

where C; the pollution coefficient of single metal; C': the
measured concentration of sample; Cfl: the background
concentration of sediments; 7': the biological toxicity
factor of different metals (the factors of Hg, Cd, As, Cu,
Pb, Cr, and Zn were 40, 30, 10, 5, 5, 2, and 1, respectively);
E!: the potential ecological risk factor of single metal; RI:
the potential ecological risk index of many metals
(Table 1).

Because there are no environmental quality criteria
established for river and lake sediments in China, it is
common to use regional soil background concentration as
evaluation criteria. In the current study, the regional
background values of metals in the soil on Songnen Plain
of Heilongjiang Province were used as a reference (Liu and
Zhao 1987).

The second method was the Risk Assessment Code
(RAC) classification based on the percentage of metals in
the carbonate and exchangeable fractions (Singh et al.
2005). The classification is based on the strength of the
bond between metals and the different geochemical frac-
tions in sediments and the ability of metals to be released

Table 1 The grade of ecological risk coefficient, risk index, and classification of risk intensity

o Grade for ecological risk RI Grade for ecological risk
El <40 Low RI < 135 Low

40 < E’r < 80 Moderate 135 < RI < 265 Moderate

80 < E’, < 160 Considerable 265 < RI < 525 High

160 < E! <320 High RI > 525 Very high

El > 320 Very high - -

Assessment of heavy metal and metalloid pollution in surface sediments of the Zhalong Wetland by Hakanson’s potential ecological risk method

( Eland RI) (Cai et al. 2011)
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Table 2 Concentrations

and regional background value of heavy metals and metalloid in sediments (n = 271) of the Zhalong Wetland

(mg kg™

Hg Cd As Cu Pb Cr Zn
Minimum 0.01 0.022 2.99 9.99 16.43 24.1 254
Maximum 0.208 0.713 22.04 48.6 29.07 68.46 76.32
Mean 0.065 0.155 10.26 18.17 21.38 46.47 52.09
C.V. (%) 472 58.6 36.1 16.5 19.7 20.7 13.5
Background value” 0.031 0.073 9.14 17.78 20.23 42.46 52.05

4 C.V coefficient of variation

" The soil background value on Songnen Plain of Heilongjiang Province

Table 3 Maximum Hg, Cd, As, Cu, Pb, Cr, and Zn in sediments of Zhalong Wetland and other water bodies from the literature

Site Maximum concentration (mg kg_l) Reference

Hg Cd As Cu Pb Cr Zn
Zhalong Wetland, China 0.208 0.713 22.04 48.60 29.07 68.46 76.32 This study
Baiyangdian Wetland, China 0.06 0.90 24.8 35 30 84 112 Su et al. (2011)
Taihu Lake, China - - - 42.13 47.24 - 138.7 Chen et al. (2011)
Yellow River, China - - 50.0 110.0 80.0 130.0 210.0 Liu et al. (2009)
Hengshuihu Wetland, China 0.21 0.023 51.30 41.72 38.9 85.98 270.3 Zhang et al. (2009)
Vembanad Wetland, India - 0.73 - 49.43 54.42 - 211.3 Harikumar et al. (2009)
Thermaikos Gulf, N. Greece - - - 165 218 172 358 Christophoridis et al. (2009)
Gulf of Lions, Mediterranean Sea - 0.82 - 45.8 69.7 117.3 144.9 Roussiez et al. (2006)

The heavy metal of this study compared to the findings of other rivers, wetlands, and lakes

and enter into the food chain. The carbonate and
exchangeable fractions are considered to be weakly bonded
metals, which may equilibrate with the aqueous phase and
become more rapidly bioavailability (Hseu 2006; Yan et al.
2010). According to RAC, if the carbonate and
exchangeable fractions are lower than 1 %, there is no risk
for the aquatic system, low risk for a range of 1-10 %,
medium risk for a range of 11-30 %, and high risk for a
range of 31-50 %, and higher than 50 % is considered very
high risk (Yan et al. 2010).

Results and discussion

Concentrations of heavy metals and metalloid
in sediments

The concentrations of heavy metals and metalloids in
sediments of the Zhalong Wetland were very similar to
that of global shale heavy metals, with concentrations
following the order Zn > Cr > Cu > Pb > As > Cd >
Hg (Turekian and Wedepohl 1961). The mean concen-
trations of all metals measured in the Zhalong Wetland
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were above soil background values of the Songnen Plain
(Table 2). Concentrations of Hg and Cd were 2.1 times
above background concentrations. Compared to the find-
ings of other rivers, wetlands, and lakes (Table 3), con-
centrations of As, Cu, Pb, Cr, and Zn in sediments of the
Zhalong Wetland were relatively lower. The concentra-
tion of Hg was similar to Hengshuihu Wetland in China,
but 34.6 times that of Baiyangdian Wetland in China. The
concentration of Cd was similar to that of Vembanad
Wetland in India, Gulf of Lions in Mediterranean Sea,
and Baiyangdian Wetland in China, but 31 times that of
Hengshuihu Wetland in China. Hence, Hg and Cd should
gain enough attention in sediments of the Zhalong
Wetland.

The coefficients of variation of Hg, Cd, As, Cu, Pb, Cr,
and Zn were 47.2, 58.6, 36.1, 16.5, 19.7, 20.7, and 13.5 %,
respectively (Table 2), all above 10 %. Especially for Hg
and Cd, the coefficients of variation (CV %) were over
40 %, indicating contamination that was probably caused
by anthropogenic sources (Chouba and Mzoughi 2013).
High concentrations (i.e., above background levels) cou-
pled with a high CV % suggest anthropogenic inputs of
metal elements (Manta et al. 2002).
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Fig. 2 Spatial distribution of heavy metals and metalloid in sediments of the Zhalong Wetland (n = 271)

Spatial distribution of heavy metals and metalloid
in sediments

The spatial distributions of heavy metals and metalloid in
sediments of the Zhalong Wetland were shown in Fig. 2.
Concentrations of the metals (except for Pb) were high in the
east, followed by the north (P < 0.05), and generally low in
the south region and core zone of the study area. Especially in
the east region, the concentrations of Hg, Cd, As, Cu, Cr, and
Zn were 0.208, 0.713, 22.04, 48.60, 68.46, and
76.32 mg kg, respectively, reaching the maximum value
in the whole region. The concentrations of Cd, Hg, As, and
Cu were 32.4, 20.8, 7.4, and 4.8 times the minimum value of
the whole area, respectively. The concentration of Pb was
high in the north, south, and west regions, compared with low
concentration in the east region and core zone (P < 0.05).
The spatial distribution of the metals, however, indi-
cated that it had been apparently affected by the sur-
rounding agriculture and industry (Mohiuddin et al. 2010;
Karbassi et al. 2006). In the north region of the study
area, the concentrations of metals (except for Pb) were
high. The main reason was that the agricultural-con-
taminated water from the upper of Wuyuer River and
counties around was discharged into the wetland. Due to
the low speed of flowing, great amount of heavy metals
and metalloid were subsided in the sediments. The

concentrations of heavy metals and metalloid in the east
were also high. It was because the industrial-contaminated
water of Lindian County was discharged into the wetland
directly or indirectly, such as sugar refinery, machinery
factory, and chemical plant. The spatial distribution of Pb
was mainly impacted by exhaust from vehicles and
tourism. Because new 301 national road in the north and
Binzhou railway in the south pass through the wetland,
the concentration of Pb was high in the north and south
regions, and the high in the east was affected by the
ecological tourism.

Speciation of heavy metals and metalloid in sediments

The modified BCR sequential extraction scheme indicated
that Pb, Zn, and Cr existed mainly in the residual fraction;
their mean percentages were 82, 92, and 88 %, respectively
(Table 4). The mean percentages of the acid-soluble frac-
tion of Pb, Zn, and Cr were lower than 5 %. The dominant
proportions of Cd were primary in the acid-soluble fraction
(37 %), the residual fraction (34 %), and the oxidizable
fraction (21 %). Different from Cd, Hg existed mainly in
the residual (62 %) and oxidizable (20 %) fractions, while
the acid-soluble (9 %) and oxidizable (9 %) fractions were
relatively low. In contrast, As and Cu existed mainly as the
residual and reducible fractions.

* @ Springer
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Table 4 Speciation compositions and average content of heavy metals and metalloid in sediments (n = 271) of the Zhalong Wetland

Heavy metal Speciation composition (wt%) Mean content® (mg kg™")
Fi F F3 Fi

Hg Range 0-28 2-16 6-55 21-86 0.059
Mean 9 9 20 62

Cd Range 0-66 2-14 4-31 25-83 0.149
Mean 37 8 21 34

As Range 0-16 6-51 3-16 32-82 9.45
Mean 7 21 6 66

Cu Range 1-8 0-55 0-19 43-85 19.2
Mean 4 18 7 71

Pb Range 0-9 2-19 0-21 66-94 22.2
Mean 4 6 8 82

Cr Range 0-9 1-8 0-18 72-97 45.6
Mean 3 4 5 88

Zn Range 0-6 0-11 1-12 75-98 52.5
Mean 1 3 4 92

* F,: the acid-soluble fraction (exchangeable and bound to carbonate); F: the reducible fraction (the bound to Fe/Me oxide); Fs: the oxidizable
fraction (the bound to organic matter and sulfide); F,: the residual fraction

® Mean content = mean concentration of (Fi + F, + F3 + Fy)

Table 5 General and individual indices of potential ecological risk in sediments (n = 271) of the Zhalong Wetland

E! RI
Hg Cd As Cu Pb Cr Zn
Minimum 12.9 9.0 33 2.8 4.1 1.1 0.6 76.9
Maximum 268.4 293.0 24.1 13.7 7.2 32 1.5 473.5
Mean 83.3 63.8 11.2 5.1 53 22 1.0 171.9

In general, the mean percentage of the acid-soluble
fraction of heavy metals and metalloid in sediments of the
Zhalong Wetland followed the order: Cd > Hg > As >
Cu =Pb > Cr>7Zn The reducible, oxidizable, and
residual fractions followed the order: As > Cu > Hg > Cd
> Pb > Cr > Zn; Cd > Hg > Pb > Cu > As > Cr > Zn;
and Zn > Cr > Pb > Cu > As > Hg > Cd, respectively.

The speciation distribution of the metals in sediments of
the Zhalong Wetland indicated that different metals had
different speciation in the same site, and the same metal
had different speciation at different sites as well. The
reason was that the speciation of metals was influenced not
only by its geochemistry characteristics but also by the
human activities and the physical and chemical features of
the sediments (Feng et al. 2009; Wang et al. 2012).

As found by other study (Wang et al. 2011), the per-
centage of the acid-soluble fraction of Cd in the Zhalong
Wetland was high. The reason could be related to its
adsorption behavior in sediments, its strong chemistry
activity, and human activities as well. This fraction easily
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transferred, and its biological validity and toxicity are the
strongest among the four fractions.

In the reducible fraction, the percentages of As and Cu
were high among all the metals, ranging 6-51 % (mean
21 %) and 0-47 % (mean 18 %), respectively. The
reducible fraction of heavy metals was quite sensitive to
oxidation-reduction potential (ORP) (Dang and Jeffrey
2006). The low ORP in sediments of the Zhalong Wetland
indicated that it was in a weak reduction environment. As
and Cu in the reducible fraction would be easily released
under deoxidization and pose as second pollution on water,
which should be gained enough attention.

In the oxidizable fraction, the percentages of Hg and
Cd were high. They mainly distribute in southwest of the
core zone, where the concentration of organic matter in
sediments was high. It indicated that the organic matter
and sulfide in the sediments had a strong adsorbing
capacity of Hg and Cd. On the other hand, Pb, Cr, and Zn
mainly existed as the residual fraction, indicating that a
big part of those metals was bounded in the crystal lattice
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Fig. 3 Spatial distribution of RI, Er—Hg, and Er—Cd in sediments of the Zhonglong Wetland (n = 271)

of mineral, and their potential bio-toxicity were relatively
small.

Assessment of heavy metal and metalloid pollution
in sediments by Hakanson’s potential ecological risk

The mean of ecological factors ( Ei) for As, Pb, Cu, Zn,
and Cr, was 11.2, 53, 5.1, 1.0, and 2.2, respectively
(Table 5), indicating low ecological risk (i.e., <40)
according to the evaluated standards for analyzing the
potential ecological risk. The mean Eifor Hg was 83.3
(range 12.9-268.4), indicating considerable potential for
ecological risk, while the mean for Cd was 63.8 (range
9.0-293.0), indicating moderate ecological risk. The
sequence of the potential ecological risk posed by the
metals was Hg > Cd > As > Pb > Cu > Cr > Zn. The
average potential ecological risk indices (RI) of the Zha-
long Wetland was 171.9 (range 76.9-473.5), suggesting
moderate ecological risk.

Because Hg and Cd indicated risk, both were chosen as
the basis for a single potential ecological risk index of
heavy metals. The spatial distribution of Hg and Cd as a
single potential ecological risk index and heavy metal
general potential ecological risk indices (RI) in surface
sediments of the Zhalong Wetland had distinct spatial
distribution (Fig. 3).

The potential ecological risk index (RI) had similar
spatial distribution with that of E‘for Cd (Er-Cd) and E'for
Hg (Er—Hg). The potential risk Er-Hg, Er—Cd, and the RI
mainly occurred in the experimental and buffering zones of
the Zhalong Wetland, especially the eastern part of these
two zones indicated high ecological risk area. In addition, a
small part of the core zone had potential ecological risk as
well.

Assessment of heavy metal and metalloid pollution
in sediments by using RAC

The RAC classification results indicated that the percent-
ages of the exchangeable and carbonate fractions of Cu, Pb,
Cr, and Zn were between 1-8, 0-9, 0-9, and 0-6 %,
respectively, lower than 10 %, indicating no or low risk.
The percentages of the exchangeable and carbonate frac-
tions of Hg, Cd, and As were 0-28, 0-66, and 0-16 %,
respectively; their maximum value were all above 10 %,
indicating medium or greater risk.

Because Hg, Cd, and As indicated risk, they were
chosen as the core for RAC. The percentages of the
exchangeable and carbonate fractions of Hg, Cd, and As
had distinct spatial distribution (Fig. 4). The percentage
of the exchangeable and carbonate fractions of Hg and
As was higher than 10 %, but lower than 30 % in the
northern and eastern part of the study area, indicating
medium risk, while in other part of the study area, the
number was lower than 10 %, indicating no or low risk.
The mean percentage of the exchangeable and carbonate
fractions of Cd in the whole wetland was greater than
10 % (indicating medium risk), while in the eastern part,
it ranged between 19 and 66 % (mean = 37 %), indi-
cating high risk. In a small region of the eastern area,
the mean percentage of exchangeable and carbonate
fractions of Cd was greater than 50 %, indicating very
high risk.

Both Hakanson’s ecological risk method and RAC
were used to evaluate the ecological risk of heavy metals
in the sediments. We found the same results that the
grades for ecological risk (Cu, Pb, Zn, and Cr) were in
low level using these two different methods, which had
no impact on benthic life. However, the potential eco-
logical risk indices of Hg, Cd, and As were high,

W @ Springer



122

Int. J. Environ. Sci. Technol. (2015) 12:115-124

F1-Hg (%)

0-438
48-6.6
66-74
74-76
76-77
77-8
mmg-87
Emg8.7-105
BN 10.5- 154
154 -27.9

F1-Cd (%) F1-As (%)
2-64 0-23
6.4-8.8 23-39
8.8-10.2 3.9-5.1
10.2 - 11 51-6
11-12.4 6-6.6
12.4-14.8 66-7.5

== 14.8-19.2 m75-87

. 19.2-27 mEg7-103

27 - 41 mm10.3-12.6

41 - 66 -126-15.7

Fig. 4 Spatial distribution of the percentage of the exchangeable and carbonate fractions of Hg, Cd, and As (F;-Hg, F,-Cd, F;-As) (n = 271)

especially for Hg and Cd. Under Hakanson’s ecological
risk method, the grade for ecological risk of Hg was
moderate in the core zone and considerable or high in the
northern and eastern part of the buffering zone and
experimental zone. While under RAC, the grade for
ecological risk for Hg was moderate in the northern and
eastern part of the buffering zone and experimental zone,
because Hg was mainly abundant in the residential frac-
tion, suggesting that they may have less potential eco-
logical pollutions to the water environment. The potential
ecological risk index of Cd was similar to the two
methods. It was high in the eastern part of the experi-
mental zone and buffering zone, which posed great
impact on benthic life. These areas should be treated as
the major heavy metal pollution prevention sites. A small
portion of the ecological tourism zone and core zone had
potential ecological risk as well, which should be paid
enough attention by the local authorities. In general, the
ecological risks of the heavy metals by the different zones
were as follows: experimental zone > buffering zone >
ecological tourism zone > core zone.

Conclusion

The mean concentrations of all metals measured were
above soil background values of the Songnen Plain.
Especially for Hg and Cd, their concentrations were 2.1
times above soil background concentrations. The concen-
trations of the metals (except for Pb) were generally low in
the south region and the core zone of the study area, and
high in the north and east regions. The concentration of Pb
was high in the north, south, and west regions, compared
with low concentration in the east region and the core zone.

The modified BCR sequential extraction scheme indi-
cated that Pb, Zn, and Cr existed mainly in the residual
fraction, indicating that a big part of those metals were
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bounded in the crystal lattice of mineral and their potential
bio-toxicity were relatively small. The concentration of Cd
in the acid-soluble fraction was high, indicating that it had
greater toxicity and mobility. Except for their main residual
fraction, the concentrations of Hg in oxidizable fraction,
and As and Cu in reducible fraction, were relatively high as
well, indicating they had greater environmental effects than
Pb, Zn, and Cr.

The grades for ecological risk (Cu, Pb, Zn, and Cr) were
in low level, using these two different methods, indicating
they had no impact on benthic life. The evaluation of the
ecological risk showed that Cd, Hg, and As had relatively
high ecological risk index. Especially for Cd, it was
determined to be the main contamination indicators.
Therefore, Cd may be the most important threat for the
environment in the Zhalong Wetland, which should be paid
enough attention by the local authorities.
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