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With the aim of revealing the potential ecological risk and distribution characteristics of heavy metals on the surface sediment at
the Shawan River section of Yelang Lake, the following three analyses were first performed: (1) analysis of grain-size composition
on sediment samples collected at seven different sites in the water-level-fluctuation zone (WLFZ); (2) analysis of bulk sediment
content of six heavy metals, namely, Cd, Cr, Pb, Mn, Zn, and Cu; and (3) the correlation analysis of grain-size composition and
heavy metal content in the sediment. Afterwards, the approach of Hakanson potential ecological risk index was employed to
analyze the risk of heavy metal pollution in sediments of seven WLFZ plots. /e outcomes indicate that (1) the mean sediment
grain size at each sampling site was generally >0.063mm, with gravel grains (>1mm) and sand grains (0.22–1mm) accounting for
the largest proportions; (2) the site-averaged mean sediment content of each of the six heavy metals was significantly higher than
their respective geochemical background contents in the sediment of Guizhou Province, and the grain-size dependence of the bulk
sediment content of heavy metals was not significant; (3) the distribution of Cr was relatively independent of other metals, which
was in contrast to notable positive correlations observed between other metals; and (4) in accordance with the approach of
Hakanson potential ecological risk index, for these heavy metals, their potential ecological risk reduced by the order of
Zn<Cr<Cu<Pb<Cd, with Cd having a mean potential risk index (Ei) of 566.13, suggestive of a very high level of potential
ecological risk, Zn, Cr, and Cu having a mild potential ecological risk, and Pb having moderate potential ecological risk. Cd largely
contributes to the comprehensive ecological risk index RI is the largest, thereby having important environmental implications.

1. Introduction

Water-level-fluctuation zone (WLFZ) is a transition zone
and a special ecological area between waters and terrestrial
ecosystems, where there is active transport and transfor-
mation of soil material and energy, characterized by frequent
human activities and ecological vulnerability [1]. Heavy
metals and other pollutants not only in WLFZ soil enter the
water column through dissolution, exchange, and diffusion
to cause changes in water quality but also in the water
column migrate to the WLFZ through adsorption and

precipitation to cause changes in the soil environment [2–5].
Heavy metals are enriched on the surface of sediment grains,
and the transformation and migration of heavy metals
utilizing the grains as the carriers are influenced via various
external environmental conditions in addition to anthro-
pogenic activities [6]. Sediment particle size is one of the
most significant factors influencing the adsorption capacity
of heavy metals in soil [7]./e size of sediment grain directly
influences the hydrodynamic properties, specific surface
area, adsorption or desorption capacity of sediment, and
consequently the heavy metal content in sediment [8].
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/erefore, insights into the grain-size distribution charac-
teristics of WLFZ soil, the relationship between heavy metal
distribution and soil grain-size distribution, and the pol-
lution level of the heavymetal, together with identification of
the pollution sources, are of great importance for the soil and
water environment protection in WLFZ.

Yelang Lake is the second-largest reservoir in Guizhou
Province, located in Puding County, China. Yelang Lake not
only serves as a water source for agricultural and industrial
activities but also has been used for water storage and
regulation, flood control, tourism, and climate regulation,
playing a vital role in the socioeconomic development of
Anshun City, Guizhou. Mining activities started around
Yelang Lake in 2007, and although they have been prohibited
by the government since 2014, heavy metal pollution is still
present on the surface sediment and shoreline soil of Yelang
Lake [9].

Extensive studies on the grain size of aqueous sediment
have been reported [10–12], mainly focusing on the size
composition and distribution of sediment gains, as well as
the effects of the grain size of aqueous sediment on the
bioavailability, adsorption, and distribution of heavy metals.
However, systematic studies on the relationship between the
sediment grain-size composition and heavy metals bulk
content (as a mass fraction) of WLFZ sediment are rare. In
this study, we determined the volume contents of six typical
heavy metals and the sediment grain-size composition,
analyzed the correlation between the total sediment content
of each heavy metal and the grain-size fractions of sediment,
and evaluated the influences of human activities against the
spatial distribution of sediment grain-size fractions and
heavy metals, thereby revealing the ecological risk of heavy
metals in sediment in WLFZ of Shawan Reach of Yelang
Lake. /e findings may provide scientific and technical
support for the comprehensive management and ecological
restoration of Yelang Lake.

2. Materials and Methods

2.1. Research Area. Yelang Lake (105°48′E, 26°23′N) locates
in Puding County, about 35 km north of Anshun City in
southwest China, and it is the second-largest man-made
reservoir in Guizhou Province. It is the drinking water
source of approximately 2.5 million residents in Anshun
City, with an area of 19.5 square kilometers, a storage ca-
pacity of 420 million m3, and a total length of 42 km. In
October 2002, the Standing Committee of Guizhou Pro-
vincial People’s Congress promulgated the Regulations on
Water Resources and Environmental Protection of Yelang
Lake in Guizhou Province. As approved by the Guizhou
provincial government in March 2004, the primary pro-
tection zone of the drinking water source of Yelang Lake is
5.6 km2, and the secondary protection zone is 22.5 km2. /e
delineation plan of the quasiprotection zone of Yelang Lake
drinking water source was approved by the Anshun mu-
nicipal government on March 31, 2006, covering an area of
247.5 km2. /e Shawan River section locates in the sec-
ondary protection zone of Yelang Lake and is under a
subtropical humid monsoon climate with 1,378mm of

annual average precipitation and 17.9°C of annual mean
temperature. /e WLFZ of the Shawan River section of
Yelang Lake is sparse in vegetation and mostly has karst
topography, with a slope of approximately 6°, thin top-soil
layers, and little organic matter content.

2.2. Soil Sample Collection. To reduce the confounding ef-
fects of soil type and topography on the analysis results of
soil heavy metals, seven WLFZ sites (A–G) with similar
slopes, slope aspects, and land-use histories and under nearly
natural conditions were selected for sediment sampling in
December 2017 when Yelang Lake was in the dry season and
there was no rainstorm 20 days in prior to sampling,
considering the local inundation times. Site A was at the
boundary between the lake water surface and the WLFZ, site
B was in the WLFZ 10m far from the lake water surface, site
C was 20m away, site D was 30m away, site E was at a
distance of 40m, site F was 50m away, and site G was 60m
away, with an elevation difference of approximately 1m
between two adjacent sampling sites. No land-use activities
had occurred in these sites. Surface sediment samples
(0–10 cm) were collected in duplicate at each sampling site
using a grab sampler, placed in self-sealing bags, brought
back to the laboratory, and stored at 0–4°C before subse-
quent analysis.

2.3. Sample Processing and Analysis. For each sampling site,
the soil samples collected at the same depth were mixed
thoroughly, the impurities were removed, and the samples
were air-dried, vacuum freeze-dried, ground, and sieved into
fractions of grain size >1mm, 0.22–1mm, 0.125–0.22mm,
0.063–0.125mm, and <0.063mm.

/e sediment samples of WLFZ were dissolved into
PTFE tubes with nitric acid and hydrofluoric acid, sealed in
steel cylinders, and kept in a muffle furnace for one day at
180°C temperature. After the digestion solution was cooled,
the mixture was boiled on a hot plate until it was dry. /e
resulting residue was mixed with diluted nitric acid and
heated in an oil bath at 140°C for 4 h to ensure full disso-
lution, followed by diluting the resulting solution to 100mL.
ICP-MS (7700e, Agilent Technologies, MA, USA) was
employed to determine the concentration of heavy metals in
the diluted solution.

2.4. Quality Control for Sample Analysis. /e concentrations
of heavy metals were detected via standard materials, cali-
brated by every twenty samples. Data precision and accuracy
were determined with blank sample experiments, recovery
experiments, and parallel experiments.

2.5. Potential Ecological Risk IndexMethod. /e approach of
potential ecological risk index considers the heavy metals
content in sediments as well as their ecological and envi-
ronmental effects and toxicity levels and has been widely
adopted for the assessment of the sediment potential eco-
logical risk, with the grading criteria shown in Table 1. In this
method, the comprehensive potential ecological risk index
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(RI) of various heavy metals and the heavy metal potential
ecological risk index (Ei

r) can be expressed as follows:
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where ci
f represents the enrichment factor of heavy metal i;

ci
s represents the content of heavy metal i determined; ci

n

refers to the reference value needed for the calculation,
which is the maximum background content of heavy metal i
in the modern preindustrial normal sediment particles; and
Ti

r stands for the toxicity response factor of heavy metal i,
which reflects the sensitivity of the environment to heavy
metal pollution and the level of heavy metal i toxicity. /e
toxicity response coefficients and reference values of heavy
metals are revealed in Table 2, and the potential ecological
risk level of Hakanson is exhibited in Table 1.

3. Results and Analysis

3.1. Grain-Size Composition of Surface Sediment at Different
SamplingSites (Corresponding toDifferent InundationTimes).
/e composition of grain size for WLFZ sediment in the
Shawan River section of Yelang Lake is shown in Table 3. As
illustrated in Table 3, the grain size of sediment from seven
sampling sites was generally >0.063mm, indicating that the
surface sediment of theWLFZ of the Shawan River section of
Yelang Lake was dominated by larger grains. /e grain-size
fractions of the WLFZ sediment included gravel (>1mm),
sand (0.22–1mm), fine sand (0.125–0.22mm), and very fine
sand (0.063–0.125mm), jointly accounting for more than
95% of the total grains. In particular, gravel and sand jointly
accounted for the largest proportion (more than 75%),
followed by fine sand (8.22–13.90%), very fine sand
(4.77–10.45%), and silt (3.22–4.12%). /e present results
differed from the observation that the sediment grain size of
the WLFZ of /ree Gorges Reservoir is mainly in the range
of 0.02–0.002mm./is discrepancy may be attributed to the
fact that WLFZ sediments in different geographical areas
experience the drainage-inundation process to varying de-
grees, and such drying-wetting cycles have a significant effect
on sediment grain-size composition, which generally leads
to sediment grain-size parameters specific to the local
sedimentary conditions [13].

Although different grain-size fractions showed different
content trends with sampling sites, one-way ANOVA
revealed an extremely significant difference among all
sampling sites with regard to the sediment content of gravel
versus sand (P< 0.01) and significant differences among all
sampling sites in the sediment content of silt, very fine sand,

and fine sand (P< 0.05), suggesting that inundation time
had a significant effect on the spatial differentiation of
sediment grain composition in the WLFZ.

3.2. Distribution of the Sediment Content of Heavy Metals.
Figure 1 presents the sediment content of each of the six
heavy metals in various sampling points (corresponding to
different inundation times) in the WLFZ of the Shawan
River section of Yelang Lake as well as the site-averaged
mean sediment content. /e site-averaged mean sediment
content of each heavy metal was higher than the respective
geochemical background content in the sediment of Guiz-
hou Province. Specifically, the mean sediment content of Pb
reached 290.20 μg·g−1, a value 9.87 times more than the
background content. /is high content was mainly attrib-
uted to the inputs of Pb into the sediment from the leachate
of the Pb-Zn mine upstream of Yelang Lake. /e results also
showed serious Cr, Cu, Zn, and Mn pollution with mean
contents of 258.91, 119.60, 507.36, and 1,372.45 μg·g−1, re-
spectively; these values were 3.26, 4.05, 5.64, and 1.27 times
more than the background content, respectively. In par-
ticular, Cd pollution was the most serious, with its mean
content being 18.87 times more than the background
content. /ese findings indicate that due to the relatively
long history of upstream mining (dating to the last century)
of Yelang Lake, the WLFZ sediment had already been
contaminated in 2014 when upstream mining was pro-
hibited. Accordingly, the pollution from the Pb-Znmine still
poses a great threat to both the local biological system and
the human food chain.

One-way ANOVA revealed significant differences
among different WLFZ sampling sites in the sediment
content of Pb, Zn, and Cr (P < 0.05), but there are no re-
markable differences in the sediment content of Cu, Cd, and
Mn (P> 0.05). /is discrepancy may be attributed to the fact
that the Cu, Cd, and Mn in WLFZ principally comes from
the weathering of soil parent rock, which explained the
absence of significant impacts of inundation time on Mn,
Cd, and Cu sediment content. /e maximum sediment
content of Cu and Cd was found at sampling site F, while the
maximum Pb, Zn, Mn, and Cr contents were found at
sampling site B. Heavy metals are present in the soil in
various forms, and each form has a different migration
capacity. Heavy metals in exchangeable and carbonate-
bound states are weakly bound to the soil and are most easily
released, with great mobility. Heavy metals in Fe-Mn oxides

Table 1: /e classification of multiple heavy metal comprehensive potential ecological risk index (RI) and single heavy metal potential
ecological risk index (Ei

r).

Degree of pollution Mild Moderate Strong Very strong Extremely strong
Potential ecological risk index of single heavy metals (Ei

r) <40 40–80 80–160 160–320 ≥320
Integrated potential ecological risk index of multiple heavy metals (RI) <150 150–300 300–600 ≥600 —

Table 2: Toxic response factors of heavy metals.

Item Zn Cu Cd Cr Pb
Toxic response factor 1 5 30 2 5
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easily dissolve and release under reducing conditions, while
organic bound heavy metals are easily released through
organic matter decomposition under oxidizing conditions
[14]. Zhong et al. [15] reported that the soil content of each
heavy metal form is jointly affected by soil pH, organic

matter, clay, silt, sand, cation exchange capacity (CEC),
FeOx content, and MnOx content. /erefore, the observed
differences among different sampling sites (corresponding to
different inundation times) in the sediment content of heavy
metals may be attributed to the different sediment properties
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Figure 1: Average content (μg·g−1) of the heavy metals in surface sediment from diverse sampling points.

Table 3: Sediment grain-size composition at different sampling sites (corresponding to different inundation times).

Sampling site
Proportion (%)

Gravel, >1mm Sand, 0.22–1mm Fine sand, 0.125–0.22mm Very fine sand grain, 0.063–0.125mm Silt, <0.063mm
G 33.21 41.26 11.00 10.45 4.09
F 35.06 38.95 13.13 9.64 3.22
E 39.30 39.98 12.20 8.65 4.12
D 35.16 41.72 13.90 5.24 3.97
C 49.70 31.31 10.74 4.62 3.63
B 49.14 34.44 8.22 4.77 3.42
A 45.54 31.56 11.36 8.06 3.46
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at these sites and thereby to different mobility of sediment
heavy metals in various forms. More research is needed to
gain deeper insights into the factors and mechanisms that
influence the sediment content of heavy metals.

3.3. Correlation Analysis of the Bulk Sediment Content of
Heavy Metals versus the Sediment Grain-Size Composition.
Table 4 presents the correlation between the percent content
of sediment grain-size fractions and the bulk sediment
content of heavy metals. No significant correlation was
observed, except for a significant negative correlation be-
tween the 0.063–0.125mm fraction and Zn, indicating that
for the content of heavy metal in WLFZ sediment at the
Shawan River section of Yelang Lake, the grain-size de-
pendence was not evident./is suggests that Cd, Cr, Pb, Mn,
Zn, and Cu in WLFZ sediment of the research area may be
derived from the same source(s).

3.4. Ecological Risk Assessment of Sediment Heavy Metals for
Different Sampling Sites. /e potential ecological risk index
of heavy metals in the 7 sampling points is illustrated in
Table 5. /e outcomes indicate that the average potential
ecological risk index of single heavy metals reduced with the
order of Zn<Cr<Cu< Pb<Cd, with large differences
among different heavy metals. In particular, Cd possessed
the highest potential risk among all heavy metals, with its Ei

r

reaching 747.10 at site F. Pb had a slightly lower Ei
r, in-

dicative of moderate ecological risk. In contrast, Cu, Cr, and
Zn had low ecological risk, especially Zn, for which the
lowest and highest Ei

r values among all sampling sites were
3.41 and 7.36, respectively.

/e integrated ecological risk index (RI) suggested that
the ecological risk of sediment had a periodic pattern.
Specifically, sampling sites F, E, C, and B had very strong
ecological risks, with mean RI values of 841.27, 773.35,

672.13, and 686.95, respectively, and sampling sites G, D, and
A had strong ecological risks, with mean RI values of 575.73,
535.33, and 451.55, respectively. In addition, a comparison of
single-metal potential risk indices revealed that Cd had the
largest contribution among all heavy metals to the RI and
thereby had important environmental implications.

Given the results above and the current local ecological
conditions of Yelang Lake, the high Cd sediment content was
mainly attributed to the continuous pollutant inputs into the
water from large amounts of untreated urban waste, con-
taminated soil, industrial wastewater, and domestic sewage,
as well as atmospheric deposits. Zn and Pb exhibited the
second-highest level of pollution, likely due to the existence
of large abandoned Pb-Zn mines at the upstream of Yelang
Lake. Large amounts of Zn and Pb in the untreated slag could
be released into the water bodies as a result of water flushing.

3.5. Correlation Analysis between Heavy Metals. /e simi-
larity of geochemical conditions and the coexistence of
heavy metals in the pollution sources led to a certain degree
of correlation between the bulk sediment content of different
heavy metals [16]. Significant or extremely significant cor-
relations between heavy metals suggest that they are gen-
erally derived from the same source(s) or coexist to form
combined pollution [17]. Table 6 reflects the correlation
factors of the heavy metals in the WLFZ sediment at the
Shawan River section of Yelang Lake. /ere was a significant
positive correlation between Pb and Cu, Cd,Mn, and Zn, but
no significant correlation between Pb and Cr. Cr did not
have a significant correlation with any other heavy metal. Cd
was positively correlated with Zn but not with Mn and Cu.
/ere was an evident positive correlation between Cu and
Zn, and a very remarkable positive correlation between Cu
andMn./ere was an extremely obvious positive correlation
between Zn and Mn. Overall, except for Cr, which was

Table 4: Spearman correlation coefficients of bulk sediment content of heavy metals (as a mass fraction) with sediment grain-size fractions.

Pb Cr Cd Cu Zn Mn
>1mm 0.143 −0.607 0.036 −0.107 0.357 0.107
0.22–1mm −0.214 0.464 −0.500 0.214 −0.75 0.143
0.125–0.22mm −0.286 −0.357 0.071 0.679 −0.571 0.107
0.063–0.125mm −0.321 0.357 −0.429 −0.036 −0.821∗ −0.750
<0.063mm −0.357 −0.286 0.000 −0.286 −0.464 −0.071

Table 5:/emultiple heavy metals comprehensive potential ecological risk index (RI) and single heavy metal potential ecological risk index
(Ei

r) at distinct sampling sites.

Sampling site
Potential ecological risk index (Ei

r) Integrated potential ecological risk index (RI) Pollution level
Pb Cr Cd Cu Zn

G 30.83 8.35 517.74 15.40 3.41 575.73 Strong
F 55.87 7.36 747.10 25.23 5.71 841.27 Very strong
E 58.18 7.19 680.32 22.32 5.34 773.35 Very strong
D 46.85 5.30 454.84 22.78 5.56 535.33 Strong
C 40.64 5.53 604.84 16.37 4.75 672.13 Very strong
B 64.85 7.71 584.52 22.51 7.36 686.95 Very strong
A 48.83 4.19 373.55 17.62 7.36 451.55 Strong
Mean 49.43 6.52 566.13 20.32 5.64 648.04 Very strong

Journal of Chemistry 5



relatively independent of other heavy metals; most of the
heavy metals had significant or extremely significant positive
correlations with each other. In other words, most of the
heavy metals had a close interrelationship, which increased
the pollution risk of heavy metals in the region, namely
through the probability of several heavy metals combined
pollution simultaneously. However, the correlation results
among heavy metals in this study are generally inconsistent
with the reports on other WLFZs [18], which may be at-
tributed to the fact that correlations among heavy metals
depend not only on geochemical characteristics but also on
whether each heavy metal in the region is derived from the
same source(s).

4. Conclusion

/e surface sediment grain size of the WLFZ of the Shawan
River section of Yelang Lake was primarily >0.063mm and
was dominated by large grains. /e grain-size dependence
for the content of heavy metal in WLFZ sediment at the
Shawan River section of Yelang Lake was not significant./e
distributional properties of heavy metals in sediments were
studied, and the influence of sediment particle size com-
position on the distribution of heavy metals was analyzed in
this study. However, the behavior of heavy metals is
influenced by a variety of factors. It is necessary to explore
the effects of the structural composition and specific surface
area of sediment grain-size fractions on the distributional
properties of heavy metals in sediment.

/e site-averaged mean sediment content of each of the
six studied heavy metals in the WLFZ was obviously higher
than their respective geochemical background content. In
particular, Cd exhibited the most severe pollution and made
a dominant contribution to the RI, thereby having important
environmental implications. /ere were significant differ-
ences among different WLFZ sampling sites in the sediment
content of Pb, Zn, and Cr (P< 0.05) but no notable dif-
ferences in Mn, Cd, and Cu sediment content (P> 0.05)./e
surface sediments of the WLFZ of the research area were
strongly contaminated by heavy metals.

Except for Cr, which was relatively independent of other
heavy metals, most of the heavy metals had significant or
extremely significant positive correlations with each other.
In other words, most of the heavy metals had a close in-
terrelationship, which increased the pollution risk of heavy
metals in the region, namely the probability of several heavy
metals combined pollution simultaneously.
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