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Abstract Sediment contamination by heavy metals can
result in significant damage to the ecological water envi-
ronment. Sediment dredging is a useful way to reduce the
adverse effects of heavy metal pollution in freshwater. The
dredging depth is a key parameter in environmental
dredging engineering. In this paper, we propose an inno-
vative method called the critical-risk-depth method for
calculating the environmental dredging depth that has been
specifically designed for removal of river sediments con-
taminated by heavy metals. To determine the critical risk
depth for dredging, the heavy metal concentrations at dif-
ferent sediment depths and their potential ecological risks
must be tested and evaluated. The first step of the method
involves analyzing sediments to determine the lateral and
vertical distribution of heavy metals. In the next step,
Hakanson’s potential ecological risk index is used to assess
the ecological risk of heavy metals at different sediment
depths. Finally, the recommended environmental dredging
depths are calculated based on the potential risk for change
in the vertical distribution and the given threshold level for
the potential critical risk from heavy metals. We carried out
a case study to determine the dredging depth for river
sediment in Pinghu. The sediment analysis results show
that the contents of Cd, Zn, and Pb are excessive when
compared with the local soil background levels. Because of

< Tao Ding
dingtao@cjlu.edu.cn

Department of Environmental Engineering, China Jiliang
University, Hangzhou, China

Zhejiang Tongji Vocation College of Science and
Technology, Hangzhou, China

the accumulation effect of heavy metals in sediments, the
heavy metal contents tend to decrease with sediment depth,
but this trend may change as a result of human activities
and other river dredging events. There is a high potential
ecological risk level from heavy metal pollution in sedi-
ments in the study area, and the recommended environ-
mental dredging depths of the ten rivers range from 35 to
100 cm.
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Introduction

Heavy metals can cause great damage to the ecological
environmental system because of their environmental per-
sistence, resistance to bacterial decomposition, their
potential for enrichment and amplification in aquatic
organisms, and their ability to destroy normal physiological
and metabolic activities of living organisms. To maintain a
healthy river environment, the content of heavy metals
should be strictly controlled (Raziuddin and Khan 1987,
Papagiannis et al. 2004; Ebrahimpour and Mushrifah 2010;
Paula et al. 2013). As a major sink of heavy metal pollu-
tants, sediment can release heavy metals to the overlying
water by diffusion and desorption in certain conditions, and
has become a secondary source of pollution in aquatic
systems (Vallee and Ullmer 1972; Wang et al. 2010). In
particular, once point source pollutants that drain into a
river are effectively controlled, sediment becomes a major
internal source of river water pollution (Pempkowiak et al.
1999). Sediment dredging is an effective means to
manipulate the endogenous pollution, which can effec-
tively reduce the concentration of heavy metals in
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sediments by removing the contaminated river sediment,
lower the concentration gradient at the soil and water
interface, and reduce the flux of heavy metals that can be
released from river sediments. Therefore, the sediment
depth is a very important measurement in attempts to
reduce the adverse effects from heavy metal pollution in
the river ecological environment. In fact, the sediment
dredging depth is the key parameter that has to be estab-
lished in environmental dredging engineering for the pur-
poses of improving water quality. While the dredging depth
needs to be sufficiently deep to achieve its purpose of
effectively removing pollutants from sediment, if the depth
is too deep, dredging may damage ecosystems that are
difficult to restore. Even though much effort, involving
numerous studies, has been expended in recent decades to
establish robust methods to remove pollutants from sedi-
ments by environmental dredging (Edwards et al. 1995;
Van et al. 2001; Spencer et al. 2006), there are still no
technical standards or norms to determine a reasonable
environmental dredging depth. It is widely accepted that
the environmental dredging depth should be determined by
analyzing the distribution of the target pollutants in the
sediment profile and determining their ecological risk, and
combining this information with the potential for release
from different dredging layers. In this paper, we therefore
propose the critical-risk-depth method that can be used to
determine a reasonable ecological dredging depth based on
analysis of the heavy metal distribution in sediment and
Hakanson’s potential ecological risk index. We applied this
method to rivers in Pinghu to determine the environmental
dredging depth of river sediment. The results from this
study will help develop strategies for river pollution control
and ecological dredging of rivers in Pinghu, and will also
provide reference information for other similar areas.

Materials and methods
Description of study area

Pinghu has a river density of 4.29 km/km?” and is located in
the northeast of Zhejiang Province, China. The rivers are
part of the Taihu Lake system. Because the city is at the
end of the river system, industrial effluents containing
heavy metals from upstream and pollutant discharges from
the local area mean that the water quality of the rivers in
Pinghu are either classified as Grade V or worse than Grade
V. The monitoring data show that the main pollutants in the
rivers are CODyy,, NH3—-N, and TP, average concentrations
of which were 7.21, 2.31, and 0.38 mg/L, respectively, in
2014. Further, the average concentrations of Cu, Zn, Pb,
Cd, and Ni also indicate poor water quality. The specific
research area and the sampling sites are presented in Fig. 1.
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Sample collection and processing

In November 2013, 10 core-shaped sediment samples
between 40 and 100 cm long were collected from the
chosen sampling sites in 10 rivers using a two rotary pipe
sampler made of iron (Fig. 2). The diameter of the inner
pipe is 20 mm and the diameter of the outer pipe is 23 mm.
The length of the sediment collector is from 0 to 4000 mm.
Several extension pipes, each 1000 mm long, can be
screwed to the sampler depending on the water depth and
sediment depth at the sampling location. Samples are col-
lected by first rotating the inner pipe with the L-shaped
handle to ensure that the openings of the inner pipe and the
outer pipe are completely closed. Second, the sediment
sampler is lowered to the required vertical depth and then
the L-shaped handle of the inner pipe is rotated so that the
openings of inner pipe and the outer pipe are completely
open. At this point, the sediment will be fully compressed
into the sampler. Third, the L-shaped handle of the inner
pipe is turned to close the sampler after the lumen of the
inner pipe is filled with the sediment. Fourth, the sediment
sampler is lifted up and the L-shaped handle of the inner
pipe is rotated to ensure that the inner pipe and the outer
pipe are completely open, and the sediment samples are
collected at regular intervals (for example, an interval of
100 mm) depending on the specific requirements of the
research. The sediment core samples were divided into
10-cm sections from the surface to the bottom. In total, 86
samples were collected. The samples were first air dried for
several days, and then stones, animal remains, and other
debris were removed from the samples. The dried samples
were ground and passed through a 100-mesh sieve to
obtain a homogenous powder. The ground and sieved
samples were stored in airtight plastic bags inside a des-
iccator until analysis. Water samples were collected from
the 10 sampling sites in pre-cleaned plastic bottles and
stored in a refrigerator at 4 °C until laboratory analysis.

Sample analytical methods

The sample analysis process comprised two stages: the
sample pretreatment and the detection of heavy metals. The
sediment sample pretreatment and the water sample pre-
treatment were carried out following Chinese standard
methods, respectively (GB/T 17138 1997; GB/T 7475
1987). As outlined in standard method GB/T 17138 1997, a
weighed dried sediment sample (0.4 £ 0.0002 g) was
placed into a clean Teflon crucible and digested with 6 mL
hydrochloric acid [HCI (36 %)] at 100 °C on a hot plate
until 2 mL remained. When cooled, the remaining sample
was digested using a combination of 5 mL nitric acid
[HNOj3 (69 %)], 5 mL hydrofluoric acid [HF (48 %)], and
3 mL perchloric acid [HCIO4 (70 %)] at between 120 and
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Fig. 1 Study area and location
of sampling sites. S/ Sampling
site 1 in Songbeihe River; S2
Sampling site 2 in Duifengbang
River; §3 Sampling site 3 in
Xujiabang River; S4 Sampling
site 4 in Wushayan River; S5
Sampling site 5 in Huangjiahui
River; §6 Sampling site 6 in
Yixianggang River; S7
Sampling site 7 in Donggang
River; §8 Sampling site 8 in
Hanjiagiao River; §9 Sampling
site 9 in Tengjiagiao River; S10
Sampling site 10 in Changtang
River
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150 °C on a hot plate until it was nearly dry. Water sam-
ples were processed following the method outlined in GB/
T 7475 1987. One hundred microliters of water was put

[BEs————— B B directly into a beaker with 6 mL hydrochloric acid [HCI1

(36 %)], and placed on a hot plate at 100 °C until nearly

dry. The digested solution of sediment and water was

[=.

) diluted with deionized water and filtered quantitatively into

i —W "

Fig. 2 The two rotary pipe sampler

a 50-mL volumetric flask. The metal concentrations (Cu,
Zn, Pb, Cd, and Ni) in all samples (sediment and water)
were determined by an atomic absorption spectrometer
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Table 1 The parameter settings

of AA-6300 for detecting Cu, Heavy metal Wavelength (nm) Slit width (nm) Lamp current (mA) Light way
Zn, Pb, Cd, and Ni Zn 213.9 0.7 8 BGC-D2
Cu 324.8 0.7 6 BGC-D2
Ni 232.0 0.2 12 BGC-D2
Pb 283.3 0.7 10 BGC-D2
Cd 228.8 0.7 8 BGC-D2
;[;ggllig%lfgrflf:at\rfitlr(;lr]estals in Sampling site River name Cu Zn Pb Cd Ni
surface sediment S Songbeihe River 12.43 128.39 46.31 472 54.71
S2 Duifengbang River 19.28 385.87 28.05 4.18 77.46
S3 Xujiabang River 10.14 985.96 195.12 7.01 76.24
S4 Wushayang River 18.71 572.01 194.76 4.27 69.10
S5 Huangjiahui River 16.71 133.88 43.28 5.22 78.62
S6 Yixianggang River 14.71 218.03 44.66 6.22 25.26
S7 Donggang River 21.85 217.42 67.93 6.03 27.17
S8 Hanjiagiao River 15.55 405.00 98.08 3.68 5.01
S9 Tengjiagiao River 18.42 260.52 14.90 6.22 68.85
S10 Changtang River 13.99 395.72 9.04 342 13.72
Mean 16.18 370.28 74.21 5.10 49.61
Background 40.80 110.00 38.20 0.21 41.10
(AA-6300, Shimadzu, Japan), using air/acetylene flame ci=ci/Cl, (1)
absorption spectrometry. Acetylene gas with a pressure of ) ) )
0.09 MPa was used. Air with a pressure of 0.4 MPa was E =T xC, (2)

used as the auxiliary gas. The parameter settings are listed
in Table 1.

Method for calculating the environmental dredging
depth

The method for calculating the environmental dredging
depth for removing heavy metal contamination comprises
two steps. First, the single potential ecological risk index
(E;') and the integrated potential ecological risk index (RI)
of heavy metals at different sediment depths are calculated.
Second, Egs. (4)—(7) are used to calculate the dredging
depth based on the vertical distribution of E; and RI,
respectively.

Assessment of potential ecological risk

The Potential Ecological Risk Index (Hakanson 1980),
developed by the Swedish scientist Hakanson to evaluate
the damage to the environment from heavy metals in sed-
iment, is used to assess the heavy metal pollution. It inte-
grates the concentrations of heavy metals, their toxic
responses and ecological factors, and shows the combined
effect of many types of heavy metals. The potential risk
index can be calculated as follows:
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RI:ZW:E;‘:XH:T;‘xC;, (3)
i=1 i=1

where C} is the contamination coefficient for a certain
heavy metal and Clis the measured value of the heavy
metal. C! is a reference value for heavy metals, and in this
study the local background value listed in Table 2 is used as
the reference value. E! is the potential ecological risk index
for heavy metal pollution from one metal. 7' is the toxic
response factor of heavy metals that indicates the hazards of
heavy metals on the human and aquatic ecosystems and
reflects the levels of heavy metal toxicity and ecological
sensitivity to the heavy metal pollution. RI represents the
potential ecological risk index of multiple heavy metals.

Calculation of the environmental dredging depth
The dredging depth, based on the potential ecological risk

index of heavy metal pollution from a single metal (E!),
can be calculated using Egs. (4) and (5).

hfnaxzmax{hé},i: 1,2,....n 4)
Ei(h) > Cy h < hi
Ei(h)=Cy h = h. (5)
Ei(h)<Cy h > hi
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Fig. 3 Vertical distributions of heavy metal concentrations in sediments. a S4 b S7

In the above equations, hf, 1is the environmental
dredging depth, Aj is the critical risk depth; E'(h) is the
potential ecological index of metal i at depth A in the
sediment, and C, is the controlled risk level of a single
heavy metal. In this study, Cy is 80, which indicates that
the level of risk is controlled below moderate.

The dredging depth based on the integrated potential
ecological risk index (RI) can be calculated using Egs. (6)

and (7).

W = ho (6)
RI(h) > Cy h<h
RI(h)=Cy h = hy, (7)
RI(h)<Cy h > h

where b is the environmental dredging depth, hy is the

critical risk depth, and RI(h) is the potential ecological risk
index of heavy metals at depth h. Cy is the potential risk
threshold level of heavy metals; in this study, C, is 600,
which indicates that it is below the severe level.

Result and discussion
Concentrations of heavy metals in sediment

Based on Eq. (1), the concentrations of heavy metals in
surface and different depths of sediments (Cﬁl) should be
measured. The concentrations of Cu, Zn, Pb, Cd, and Ni in
surface sediments are presented in Table 2. Wang et al.
(2007) studied the soil geochemical baseline and environ-
mental background values in Zhejiang Province. In this
study, we adopted the environmental background levels of

heavy metals from Wang et al. (2007) to evaluate the
pollution level. The concentrations of Cu were lower than
the background levels at all sampling sites, the concen-
trations of Pb and Ni were higher than the background
levels at some sampling sites, and the concentrations of Zn
and Cd were higher than the background levels at all
sampling sites. The standard exceedance rates of Zn, Pb,
Cd, and Ni are 100, 70, 100, and 60 %, respectively. The
maximum concentrations of Zn, Pb, Cd, and Ni were 7.96,
4.11, 33.03, and 0.91 times greater than the background
values, respectively, while the average concentrations of
Zn, Pb, Cd, and Ni were 2.37, 0.94, 23.76, and 0.21 times
greater than the background values, respectively. Out of all
the metals, pollution from Cd is the most serious. The
pollution levels decrease in the order Cd > Zn > Pb >
Ni > Cu. The average coefficients of variation (CV) of Cu,
Zn, Pb, Cd, and Ni are 0.17, 0.87, 0.85, 0.18, and 0.37,
respectively. The formula for the CVis CV = S,/L,, where
S, and L,, are the standard deviation and average value of
the concentrations of a heavy metal at all sampling sites.
The coefficients of variation are relatively small, indicating
that the heavy metals are uniformly distributed in the
sediments.

The heavy metal concentrations at different sediment
depths were used to produce 10 vertical depth distribution
profiles of heavy metals at the 10 sampling sites. We
chose sampling sites S4 and S7 as examples. The vertical
distributions of heavy metals in the sediments of S4 and
S7 are shown in Fig. 3. The concentrations of Cu, Zn, Pb,
Cd, and Ni decrease as the depth increases. In the upper
layer, the concentrations show a lot of variation, while the
variation in the concentrations decreases rapidly with
depth. In the lower layers, the concentrations do not
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Fig. 4 Comparison of heavy metal contents in surface sediments and overlying water. a Cu b Zn
Table 3 The potential ecological risk assessment for heavy metals in sediment of sampling sites
Sampling sites E! RI

Cu Zn Pb Cd Ni

Max Avg Max Avg Max Avg Max Avg Max Avg Max Avg
S1 1.98 1.66 8.89 3.00 21.60 11.49 872.27 655.69 14.67 7.18 897.34 697.68
S2 3.73 2.88 4.10 2.25 23.26 9.21 1042.30 652.33 9.42 7.54 1098.37 690.95
S3 2.40 1.34 8.96 5.71 53.01 30.76 1020.29 722.69 9.86 7.93 1100.13 807.12
S4 243 2.18 5.20 3.51 25.49 17.32 829.25 592.48 10.00 6.91 886.17 646.63
S5 2.31 1.94 2.26 1.75 11.95 6.35 915.17 831.80 9.56 5.08 955.78 858.36
S6 2.08 1.96 2.14 2.00 15.18 5.07 958.73 893.02 4.01 3.14 997.98 913.38
S7 3.06 2.57 243 2.19 40.82 18.23 992.69 893.45 8.38 5.01 1062.52 944.69
S8 2.50 1.86 4.32 3.66 57.03 17.17 613.10 527.69 25.59 6.12 638.67 579.80
S9 2.57 1.81 4.41 3.79 15.19 4.29 906.06 560.63 8.38 3.97 931.34 582.74
S10 2.01 1.85 5.11 3.69 26.82 8.76 817.29 535.72 10.46 3.07 851.00 564.92

change much, and gradually become steady. However,
because of the influence of human industrial activities and
river regulation, there are various irregular patterns in the
vertical distribution of the heavy metals. For example, the
heavy metal concentrations in river sediment increase
suddenly in the middle layer. Therefore, the vertical dis-
tribution of heavy metals in river sediment reflects the
polluting conditions and the river regulations at different
times.

Correlation coefficients between Cu, Zn, and Cd con-
centrations in surface sediments and those in the overlying
water are 0.425, 0.032, and —0.481, respectively, indicat-
ing significant relationships between the concentrations of
Cu and Cd in surface sediments and the overlying water.
Cu in surface sediments and in the overlying water at each
sampling site is compared in Fig. 4a, which shows that
higher Cu concentrations sometimes occur simultaneously
in sediment and water. This infers that, when the
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concentrations of Cu in sediment exceed a certain thresh-
old, Cu will be released from sediment to water under
appropriate circumstances (such as pH and temperature).
However, Zn concentrations in sediment and water are not
correlated, as shown in Fig. 4b, which suggests that the
heavy metal content in water is determined not only by
sediment, but is also influenced by other factors, such as
flora and fauna, microorganisms, organic matter, and pH.

Potential ecological risk of heavy metals
in sediments

Results of calculations of the single potential ecological risk
index (E') and the integrated potential ecological risk index
(RI) based on Eqs. (2) and (3) are presented in Table 3. The
maximum and average values of E' and RI at each sampling
sites are represented by ‘max’ and ‘avg’ in Table 3,
respectively. When E' <40, 40 < E' <80, 80 < El <
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160, 160 < E' < 320, and E' > 320, the degree of eco-
logical risk (Eﬁ) of heavy metals is low, moderate, higher,
high, and serious, respectively. When RI < 150,
150 < RI <300, 300 <RI <600, and RI > 600, the
potential ecological risk (RI) of heavy metals is low, mod-
erate, severe, and serious, respectively (Hakanson 1980).

All of the potential ecological risk indexes (E') for Cd
exceeded 320 (Table 3), and fall into the serious risk cat-
egory. The E; values for Cu, Zn, and Ni are less than 40,
and indicate low risk. The E! of Pb is between 10 and 60,
which indicates low to moderate risk. The potential eco-
logical risk values (E!) decrease in the order:
Cd > Pb > Ni > Zn > Cu. RI values are between 500 and
1000 (Table 3), which indicates that the integrated poten-
tial ecological risk at all of the 10 sampling sites is either
severe or serious. The average contribution proportions of
E! of Cu, Zn, Pb, Cd, and Ni to RI are 0.28, 0.43, 1.77,
94.23, and 0.77 %, respectively, out of which Cd con-
tributes the most. This shows that Cd is the element with
the potential to cause most ecological damage and there-
fore Cd concentrations are the main factor to consider in
sediment dredging.

Calculation of the environmental dredging depth

There are obvious accumulation effects of Cu, Zn, Pb, Cd,
and Ni (Fig. 3), which indicate that river sediments in
Pinghu have been polluted by heavy metals. The aim of
dredging is to decrease the amount of heavy metals in river
sediment and to reduce the flux of heavy metal release into
the overlying water. The key issue in sediment dredging
therefore is how to determine a reasonable dredging depth.
The dredging depth of river sediments in the study area can
be determined easily and quickly using the critical-risk-
depth method proposed in this study.

potential ecological risk
0 20 40 60 80 400 600 800

/
T T T T T T T T ‘I 74 T !

T
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A E Cd

-
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—<4—RI

depth(cm)

Fig. 5 Changes in E! and RI with depth at S10

Table 4 Environmental dredging depths of the 10 rivers in the
research area

Sampling Environmental dredging A0 Recommended

sites depth based on EL H, ~ (cm) dredging depth(cm)
(cm)
Cu Zn Pb Cd Ni

S1 0o 0 O 90 0 90 90

S2 o 0 0 100 0 98 98-100

S3 o 0 0 80 0 80 80

S4 o 0 O 70 0 70 70

S5 0o 0 O 80 0 80 80

S6 0o 0 O 40 0 35 35-40

S7 0o 0 O 70 0 70 70

S8 0o 0 0 90 0 82 82-90

S9 0o 0 0 70 0 70 70

S10 0o 0 0 70 0 47 47-70

An example of the method for calculating the dredging
depth at S10 is shown in Fig. 5. As shown in Fig. 5, h{ . is
70 cm and k2 is 47 cm. The dredging depths for the 10
rivers are listed in Table 4, which shows that the dredging
depth to regulate heavy metal polluted sediment in the

research area ranges from 35 to 100 cm.

Conclusion

This paper reports the development and application of the
critical-risk-depth method for calculating the environmen-
tal dredging depth to effectively remove river sediments
that are contaminated with heavy metals. This method is
based on the pollution level of heavy metals and the
potential ecological risk at different sediment depths. We
applied the method to the 10 rivers in Pinghu, Zhejiang
Province, China, to describe and demonstrate the compu-
tational processes of the critical-risk-depth method. The
results indicate that the sediment in the 10 rivers is severely
polluted by heavy metals. The average concentrations of
Cu, Zn, Pb, Cd, and Ni in the surface sediments are 16.18,
370.28, 74.21, 5.10, and 49.61 mg kg_l, respectively, all
of which exceed the local soil background levels. Com-
parison shows that pollution from Cd and Zn is more
severe than the pollution from the other metals, with
average concentrations that are 23.76 and 2.37 times higher
than the background levels, respectively. Heavy metal
concentrations decrease with sediment depth; however, the
concentration change patterns fluctuate because of various
human activities and river regulations through different
periods of time. There is a high potential ecological risk
from heavy metals in the sediments. The risk from Pb is
slight/medium, while the risks from Cu, Zn, and Ni are
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slight. In contrast, the risk from Cd is extremely high.
Therefore, Cd is the element from which there is most
ecological risk and is the key element that will control
sediment dredging. The recommended environmental
dredging depths of the 10 rivers range from 35 to 100 cm.
This study demonstrates that the critical-risk-depth method
can provide useful guidance for river dredging for envi-
ronmental protection.
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