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Abstract: Sediment dredging is a common remediation tool for polluted water bodies. However,
the long-term effects of dredging on chromium (Cr) contamination remain unclear. This study was
conducted to evaluate the long-term effects of sediment dredging on Cr contamination in Lake
Taihu, six years after dredging was performed. In this study, high-resolution equilibrium dialysis
(HR-Peeper) and diffusive gradients in thin films (DGT) sampling techniques were used for sampling
total dissolved Cr and DGT-labile Cr(VI) at the sediment water interface. The results show that the
vertical averaged concentrations of total dissolved Cr in summer (112.6 ± 28.8 µg/L) and winter
(115.3 ± 29.9 µg/L) in the non-dredged site were above the fisheries water quality standard (AEPC,
2002). They were 38% lower in overlying water and 20% lower in sediment pore water in the dredged
site in winter, while in summer the reduction was not evident. The concentration of total dissolved
Cr in the dredged site was significantly higher in spring and autumn than those in the non-dredged
site, which was probably caused by the large rainfall and river discharge during the two seasons.
The vertically averaged concentrations of DGT-labile Cr(VI) in both the non-dredged and dredged
sites did not exceed the drinking water quality standard requirements (WHO, 1993). Modeling of
DGT-induced fluxes from sediment into overlying water showed a higher response time (Tc) and
lower adsorption rate (k1) and desorption rate (k−1) in the dredged site except in summer, indicating
that sediment dredging decreased Cr mobility in sediments. Overall, these results confirm that
sediment dredging decreased the risk of Cr contamination in winter in Lake Taihu.

Keywords: sediment dredging; chromium; diffusive gradients in thin films (DGT); high-resolution
equilibrium dialysis (HR-Peeper)

1. Introduction

Water pollution is a worldwide environmental problem that threatens sustainable
social development and human health [1,2]. Water contamination mainly includes heavy
metals/metalloids, persistent organic pollutants (POPs), and nutrients, with most of these
contaminants ultimately accumulating in sediments and becoming potential internal pollu-
tion sources [3]. Chromium (Cr) is a dominant heavy metal contaminant, which mainly
originates from industrial and urban sources [4]. Cr(VI) is highly toxic [5] and threatens the
security of some aquatic ecosystems. Thus, the removal of Cr from sediments is essential
for the long-term restoration of the aquatic environment.

Among the various techniques utilized for the remediation of sediments, sediment
dredging is one of the most commonly applied and effective methods for the removal
of contaminants from the sediment of aquatic environments [6]. Theoretically, sediment
dredging can alleviate Cr contamination, removing the source of internal pollution. Many
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studies have reported the successful control of Cr contamination in aquatic systems using
sediment dredging [7]. However, negative effects have also been reported. For example,
Jiang et al. [8] found that the weak acid extractable Cr was higher by 40–83% after dredging,
while De Jonge et al. [9] found that Cr from stable sulfide precipitates can be released due
to the strong oxidation conditions created during sediment dredging. Therefore, further
studies are required to comprehensively assess dredging effects in the field. Furthermore,
most relevant studies had been implemented over short time-periods, typically from weeks
to months, with few studies paying attention to long-term dredging efficacy.

Commonly, in natural environments, Cr exists in two forms: Cr(VI), which is highly
soluble and toxic, and Cr(III), which is hardly mobile and less toxic [4]. However, Cr(III)
may form stable and soluble chelated complexes with dissolved organic matter [10,11].
Therefore, judging the effects of dredging in terms of total sediment Cr concentrations
and using traditional speciation methods does not provide a comprehensive assessment.
When investigating redox-sensitive sediment constituents such as Cr, passive sampling
techniques are the most accurate methods for determining concentrations (USEPA, 2001).
Diffusive gradients in thin films (DGT) and High-resolution equilibrium dialysis (HR-
Peeper) are widely used for in situ high-resolution measurement of labile and dissolved
analytes in sediments, respectively [12,13]. The zirconium/zirconium oxide based DGT
has been found to exhibit high selectivity for Cr(VI) [14,15]. Therefore, the combined use
of HR-Peeper and DGT techniques could be most effective for evaluating the risk of Cr in
sediments and the long-term effects of dredging.

Lake Taihu is the third-largest freshwater lake in China [16] and is situated in the
Yangtze River Delta, one of the most developed regions of China [17]. Lake Taihu plays an
important role in flood control, tourism and recreation, shipping, aquaculture, and water
supply, providing drinking water for several cities in the surrounding region [17]. However,
large volumes of pollutants have been discharged into the lake due to anthropogenic
activities related to industrial and economic development, resulting in deterioration of
water quality, eutrophication, and the increased occurrence of harmful cyanobacterial
blooms. Meiliang Bay is an important harbor of Lake Taihu and is the main freshwater
source for Wuxi City, despite suffering from severe levels of heavy metal contamination [18].
Environmental sediment dredging is generally aimed at removing surface sediments rich
in nitrogen, phosphorus, heavy metals/metalloids, and organic pollutants, in order to
improve the water ecological environment. The Water Resources Department of Jiangsu
Province issued “Notice on The Opinions on Accelerating the Implementation of The
Ecological Dredging Project in Taihu Lake” in 2008. Sediment dredging was implemented
in the Meiliang Bay of Lake Taihu from 2009 to 2011 with an average dredging depth
of 30 cm. The sampling site in this study was dredged in 2011 [19]. Removing high
concentration of heavy metals/metalloids sediments, such as Cr, especially bioavailable
Cr(VI), was one of the key goals of this ecological dredging project [4]. Therefore, we
conducted this study to investigate the long-term impact of sediment dredging on Cr
pollution in Meiliang Bay.

2. Materials and Methods
2.1. Study Site and Sampling

Meiliang Bay is located in the north of Lake Taihu with a surface area of about 100 km2

and an average depth of 2.3 m. The discharge of municipal wastewater and industrial
sewage into the bay has resulted in serious levels of water pollution, with studies reporting
the highest levels of heavy metal pollution in this area of Lake Taihu [20]. The sampling
sites selected in this study were located in two adjacent regions of Meiliang Bay. The
first site (31◦31′33” N, 120◦12′33” E) was dredged in 2011 with a pre-dredge water depth
of 2.6–3.2 m and post-dredge water depth of 2.8–4.5 m. The second site (31◦26′18” N,
120◦11′12” E) was not dredged prior to sample collection with water depth of 2.3–3.2 m.
Before dredging, the concentrations of total sediment Cr and physical characteristics were
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similar between the two sampling sites (Figure S1 and Table S1). The physical characteristics
of lake water in the two sampling sites after dredging are shown in Table S2.

Sediment cores were collected quarterly, in spring (April 2016), summer (July 2016),
autumn (October 2016), and winter (January 2017). At each sampling event, six sediment
cores were collected from both sampling sites, with a diameter of 9 cm and a length of
30 cm. Cores were returned to the laboratory and kept still for one night allowing any
disturbed and resuspended sediment to settle.

The HR-Peeper probe was constructed of Perspex plates (20 cm) with 30 equally
spaced 200 µL chambers, and the chambers were filled with deionized water and covered
with a 0.45 µm cellulose nitrate membrane. The ZrO-Chelex DGT probe was composed of a
ZrO-Chelex binding gel, an agarose diffusive gel, and a Durapore® PVDF filter membrane.
Total dissolved Cr and labile Cr(VI) were collected at a 4 mm vertical resolution using
HR-Peeper and ZrO-Chelex DGT probes, which were prepared as reported by Xu et al. [13]
and Wang et al. [15], respectively. The HR-Peeper collected overlying water and sediment
pore water samples. During the preparation of the HR-Peeper probe devices, the chambers
were first soaked in deionized water and then covered with Durapore® PVDF membranes.
Following this, a plastic window was fixed to the membrane and the probe was tightened
with screws. Then, the probe was placed in deionized water and aerated with N2 for
over 16 h prior to deployment. The DGT uptake of Cr(VI) is independent of solution pH
(4.15–9.58) [15]. The assembled DGT devices were also aerated with N2 for over 16 h.

In three of the six cores, an HR-Peeper probe and a ZrO-Chelex DGT probe were
inserted into each core to determine the concentration of total dissolved Cr and labile
Cr(VI) at the sediment water interface. The operational procedure for HR-Peeper and DGT
techniques were described in detail by Xu et al. [13]. The other three sediment cores were
cut with a cutting ring to form sections with a height of 1 cm. The 0–1, 3–4, and 9–10 cm
sediment sections were packed into sealed bags and freeze-dried. Then, the sediment
sections were ground and passed through a 200-mesh sieve for the determination of total
sediment Cr and Cr fractions in sediments. Cutting of sediment cores and grounding of
sediment sections were carried out in an anaerobic glove box (Erlab, Captair pyramid). Cr
concentrations were determined only on the fine fraction passing through a 200-mesh sieve.
The total sediment Cr content of sediments samples was extracted following the method of
Bettinelli et al. [21], while the European Community Bureau of Reference (BCR) method
was used to sequentially extract Cr fractions in sediments [22].

2.2. Sample Analyses

The exposure time of the HR-Peeper in the sediments was at least 48 h to ensure the
equilibrium status was achieved between the concentrations of dissolved substances in the
overlying water and pore water and the chamber water. After retrieval of the HR-Peeper
from the sediment cores, the surface of the filter membrane was cleaned sequentially using
wet filter papers and deionized water. To prevent oxidation of the pore water samples, two
plastic membranes were placed on the surfaces of the filter membranes on the two sides of
each probe. The overlying water and pore water samples were immediately collected using
a pipette with a volume of about 200 µL [13]. The ZrO-Chelex DGT probes were inserted
into the sediment cores and incubated for 24 h. Finally, the DGTs were carefully removed
out of the cores. For the DGT-labile element Cr(VI), the ZrO-Chelex binding gels were sliced
into 4 mm sections by using a cutter made of stacking ceramic blades. Each slice was placed
into a 2.0 mL centrifuge tube. The 0.2 M NaOH–0.5 M H2O2 solution was used to elute
Cr (VI) in the binding gel [15]. The Cr concentrations of all the samples were determined
by central laboratory of Jiangsu Academy of Agricultural Sciences using an inductively
coupled plasma source mass spectrometer (ICP-MS, NexION 300, PerkinElmer). In the
case of ICP-MS detection technique, the isotope (m/z 52) was applied to the measurement
because of interference (40Ar + 12C), and the collision cell/dynamic reaction cell technology
was applied (KED/helium (He)).
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2.3. Statistical Analyses

One-way analysis of variance (one-way ANOVA) was performed using SPSS v.22
software (IBM SPSS, Chicago, IL, USA). All figures were plotted using Origin Pro 2017
(OriginLab, Northampton, MA, USA).

The DGT-Induced Fluxes in Sediments (DIFS) model was used in this study, with the
main parameters calculated using Equations (1)–(4) as follows [23]:

R =
CDGT

Csol
(1)

Kd =
Cs

Csol
=

F1

Csol
(2)

k−1 =
1

Tc(1 + KdPc)
(3)

k1 =
k−1

KdPc
(4)

where the input parameter of R was calculated as the ratio of DGT-labile Cr(VI) concen-
tration (CDGT, µg/L) to the soluble Cr concentration (Csol, µg/L) (Equation (1)). The Cr
distribution coefficient between the solid and dissolved phases (Kd, cm3/g) was calcu-
lated as the ratio of weak acid extractable Cr (F1, µg/L) to soluble Cr concentration (Csol)
(Equation (2)). In parameter estimation mode, an experimental DGT R value is passed
to the program. If the response time (Tc, s) is to be fitted, DIFS makes an initial guess,
computes a solution as just described, compares the predicted R with the experimental R in
the data file, and then refines the estimate of Tc. This process continues until the R values
agree within the tolerances, or until no further convergence is possible [23], referring to the
time required for the perturbed system to reach 63% of its equilibrium position. Then, the
desorption (k−1, /s) and adsorption (k1, /s) rate constants for Cr in the sediments were
calculated via Equations (3) and (4), respectively, where Pc (g/cm3) refers to the particle
concentration of sediments.

3. Results and Discussion
3.1. The Total Dissolved Cr and DGT-Labile Cr(VI) Concentration in Overlying Water and
Sediments in the Non-Dredged and Dredged Sites

Figures 1 and 2 show the vertical distributions and average concentrations of total
dissolved Cr and DGT-labile Cr(VI), respectively. The total dissolved Cr and DGT-labile
Cr(VI) concentrations in the overlying water and sediments fluctuated marginally with
depth, across a depth range of 8 to −100 mm, at a resolution of 4.0 mm. Therefore, an
average of different depths (vertically ranging from 8 to 0 mm for overlying water and
from 0 to −100 mm for sediment) was used to explore the impact of dredging on the total
dissolved Cr and DGT-labile Cr(VI) concentrations. The evident seasonal variability of the
total dissolved Cr and DGT-labile Cr(VI) is mainly owing to the seasonal cyanobacterial
blooms and Mn redox [24]. In summer, the high concentration of total dissolved Cr was
primarily caused by the complexation of Cr(III) with dissolved organic matter (DOM).
The DOC complexed with Cr(III) was mainly produced by the cyanobacterial blooms in
summer. In winter, the high concentrations of total dissolved Cr and DGT-labile Cr(VI) in
aerobic sediments were primarily caused by reoxidation of Cr(III) by Mn(III/IV) oxides, as
evidenced by the lowest concentrations of dissolved and DGT-labile Mn(II) [24].
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Figure 1. The vertical changes (a) and average (b) of total dissolved Cr concentration extracted by HR-Peeper in sediment
and overlying water (overlying water: from 8 to 0mm depth averaged; sediment pore water: 0 to −100 mm averaged).
Significant difference between the Cr concentrations of non-dredged and dredged sediments is indicated by * at 0.05 level
and ** at 0.01 level. The red line indicates the limiting concentration (100 µg/L) for the fisheries water quality standards
(AEPC, 2002).
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Figure 2. The vertical changes (a) and average (b) of DGT-labile Cr(VI) at sediment and overlying water (overlying water:
from 8 to 0 mm depth averaged; sediment pore water: from 0 to −100 mm averaged). Significant difference between
the DGT-labile Cr(VI) concentrations of non-dredged and dredged sediments is indicated by * at 0.05 level. The red line
indicates the limiting concentration (50 µg/L) for the drinking water quality standards for Cr(VI) (WHO, 1993)).
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In the overlying water, compared with the non-dredged site, the average amount
of total dissolved Cr in the dredged site was 84% higher in spring and 125% higher in
autumn, while 17% lower in summer and 38% lower in winter. The trend of variation
of total dissolved Cr in the sediments of dredged sites compared with the non-dredged
sites was consistent with the trend observed in the overlying water. The total dissolved Cr
concentration in sediments of the dredged site was 7% higher in spring and 63% higher
in autumn, while 5% lower in summer and 20% lower in winter, compared with the
non-dredged sediments.

Both the internal source of sediments and the external source of rivers could affect the
concentrations of total dissolved Cr at the sediment–water interface investigated in this
study. The sediment in shallow Lake Taihu was commonly and frequently resuspended and
redeposited, probably providing a generally homogeneous surface sediment and overlying
water [25]. Previous studies indicate the concentrations of Cr could significantly increase
in the suspended particulate matter with increases in wind speed and duration time in
Lake Taihu [26]. Besides, Cr was more likely to be adsorbed to suspended sediment in the
overlying water compared with other heavy metals/metalloids [27]. Compared with the
non-dredged site, the dredged site was nearer the developed city of Wuxi (Figure S2). With
the rapid development of local economy, approximately 5 × 108 m3 wastewater has been
discharged into the dredged lake zone by Liangxi River, which runs through the city (Taihu
Basin Authority of Ministry of Water Resources, http://www.tba.gov.cn/slbthlyglj/). Thus,
the concentration of total dissolved Cr of the dredged site was more affected by external
source compared with the non-dredged site.

Storm water runoff is recognized as the main mechanism of transportation of external
heavy metals into fluvial system [28]. The seasonal change in external Cr source could be
mainly affected by rainfall. Mn, Pb, Cr, and Ni were major contributors to high values of
the comprehensive pollution index of rivers after rain [29]. In autumn, the rainfall was
238.3 mm, which was 294.5% higher compared with the average year (Figure 3), even larger
than the rainfall in summer. The large increase of total dissolved Cr concentration (63%
in sediment and 125% in overlying water) in autumn in the dredged site could be caused
by this high amount and intensity of rainfall. When we sampled in spring, it had entered
the rainy season. The contribution of river discharge to the total dissolved Cr could not be
ignored, resulting in an increase of 7% in sediment and 84% in overlying water. In the flood
season of summer, the high concentration of total dissolved Cr was primarily caused by
the complexation of Cr(III) with dissolved organic matter which was mainly produced by
cyanobacterial blooms [24]. Both the dredged and non-dredged sites were suffering from
serious cyanobacterial blooms in summer [30]. Thus, there was not an evident difference
in the concentrations of total dissolved Cr between the two sites in summer. Winter is
the typical dry season (Figure 3), and the internal sediment source contribute more to
the concentration of total dissolved Cr. The beneficial effect of sediment dredging was
observed with a decrease (20% in sediment and 38% in overlying water) in winter. Sediment
dredging might also decrease the sediment release of Cr in the other seasons, while this
effect was masked by the increase of rainfall, especially in spring and autumn.

Compared with the non-dredged site, the concentration of total dissolved Cr in the
overlying water and sediment of the dredged site were both higher in spring and autumn,
while being lower in summer and winter (Figure 1). The total dissolved Cr concentrations
in overlying water in spring and autumn in both the non-dredged and dredged sites
were well below 100 µg/L, which is the limit value of the fisheries water quality standard
(AEPC, 2002) (Table 1). In the non-dredged site, the total dissolved Cr concentration in the
overlying water in summer (112.6 ± 28.8 µg/L) and winter (115.3 ± 29.9 µg/L) exceeded
the limit value of the fisheries water quality standard for total dissolved Cr (AEPC, 2002).
However, the total dissolved Cr concentration in overlying water in the dredged site was
71.0 ± 27.5 µg/L in winter (Figure 1), which was well below the 100 µg/L limit value.
This indicates that dredging could effectively reduce the risk posed by total dissolved Cr
pollution in the winter periods.

http://www.tba.gov.cn/slbthlyglj/
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Figure 3. The seasonal fluctuation in amount of rainfall (bars) and increase compared with average
year during the sampling time in this study (Taihu Basin Authority of Ministry of Water Resources,
http://www.tba.gov.cn/slbthlyglj/).

Table 1. The environmental quality standards for Cr.

Quality Standards Parameters Criterion Value

1 Total dissolved Cr 100 µg/L
2 Cr(VI) 50 µg/L
3 Total sediment Cr 150 mg/kg

Note: 1 refers to the fisheries water quality standards for total dissolved Cr set by the Administration of
Environmental Protection of China (AEPC, 2002); 2 refers to the drinking water quality standards for Cr(VI) set
by World Health Organization (WHO, 1993); and 3 refers to the marine sediment quality standards of grade II set
by State Oceanic Administration of China (SOA, 2002).

In the overlying water, compared with the non-dredged site, the average amounts of
DGT-labile Cr(VI) in the dredged site was reduced by 2% in spring, while being 18% higher
in summer, 21% higher in autumn, and 12% higher in winter. Compared with those in the
non-dredged site, the DGT-labile Cr(VI) concentration in sediments of the dredged site
was 5% lower in spring and 24% lower in summer, while 13% higher in autumn and 12%
higher in winter. The concentrations of DGT-labile Cr(VI) in winter were highest in both
the non-dredged (25.6 ± 6.1 µg/L) and dredged (28.7 ± 7.3 µg/L) sites, compared with the
other seasons (Figure 2). Although winter measurements in the dredged sites were higher
than those in the non-dredged site, measured values were all less than 50 µg/L, which is
the limit value of the drinking water quality standards for Cr(VI) (WHO, 1993), indicating
that dredging has little effect on the risk posed by DGT-labile Cr(VI).

3.2. Total Sediment Cr Concentrations and Fractions in the Non-Dredged and Dredged Sediments

In the non-dredged and dredged sediments, concentrations of total sediment Cr varied
59.3–75.8 and 58.8–138.7 mg/kg, respectively (Figure 4). In both the non-dredged and
dredged sediments, the magnitude of all four Cr fractions was ranked in the following
order: weak acid extractable Cr < reducible Cr < oxidizable Cr < residual Cr. The weak acid
extractable Cr, reducible Cr, oxidizable Cr, and residual Cr fractions in the non-dredged
sediment varied 0.25–0.66, 1.65–2.28, 7.55–9.01, and 48.8–65.4 mg/kg, respectively. The con-
centrations of weak acid extractable Cr, reducible Cr, oxidizable Cr and residual Cr fractions
in the dredged sediments ranged 0.23–0.70, 1.93–3.61, 7.28–9.77, and 47.0–127.7 mg/kg,
respectively (Figure 4).

http://www.tba.gov.cn/slbthlyglj/


Water 2021, 13, 327 8 of 11

Water 2021, 13, 327 8 of 11 
 

 

3.2. Total Sediment Cr Concentrations and Fractions in the Non-Dredged and Dredged Sedi-

ments 

In the non-dredged and dredged sediments, concentrations of total sediment Cr var-

ied 59.3–75.8 and 58.8–138.7 mg/kg, respectively (Figure 4). In both the non-dredged and 

dredged sediments, the magnitude of all four Cr fractions was ranked in the following 

order: weak acid extractable Cr < reducible Cr < oxidizable Cr < residual Cr. The weak 

acid extractable Cr, reducible Cr, oxidizable Cr, and residual Cr fractions in the non-

dredged sediment varied 0.25–0.66, 1.65–2.28, 7.55–9.01, and 48.8–65.4 mg/kg, respec-

tively. The concentrations of weak acid extractable Cr, reducible Cr, oxidizable Cr and 

residual Cr fractions in the dredged sediments ranged 0.23–0.70, 1.93–3.61, 7.28–9.77, and 

47.0–127.7 mg/kg, respectively (Figure 4). 

 

Figure 4. Seasonal percentage of changes of weak acid-soluble, reducible, oxidizable, residual fractions, and total sediment 

Cr at 0–1, 3–4, and 9–10 cm sediment depths. Significant difference between the Cr concentrations of non-dredged and 

dredged sediments is indicated by * at 0.05 level. 

The total sediment Cr concentration, which was mostly composed of residual Cr, was 

higher after dredging, except in winter, possibly due to the slow degradation of DOM 

enriched Cr in deeper sediments [31] and additional inputs [32] such as the decomposition 

of algae and sewage discharge. Due to the low bioavailability of residual Cr, the risk of Cr 

contamination did not increase with the increase in residual Cr or total sediment Cr. The 

ranges of weak acid extractable (0.25–0.66 mg/kg) and oxidizable Cr (7.55–9.01 mg/kg) 

fractions in the non-dredged sediment was similar to those (0.23–0.70 and 7.28–9.77 

mg/kg) in dredged sediments. Although the range of reducible Cr in the dredged sedi-

ment (1.93–3.61 mg/kg) was higher than in the non-dredged sediment (1.65–2.28 mg/kg), 

the total sediment Cr concentration was less than 150 mg/kg, which is the limit value for 

marine sediment quality standards of grade II (SOA, 2002). Overall, these findings indi-

cate that there is no significant risk presented by total sediment Cr concentrations or the 

four extracted Cr fractions due to dredging. 

Figure 4. Seasonal percentage of changes of weak acid-soluble, reducible, oxidizable, residual fractions, and total sediment
Cr at 0–1, 3–4, and 9–10 cm sediment depths. Significant difference between the Cr concentrations of non-dredged and
dredged sediments is indicated by * at 0.05 level.

The total sediment Cr concentration, which was mostly composed of residual Cr, was
higher after dredging, except in winter, possibly due to the slow degradation of DOM
enriched Cr in deeper sediments [31] and additional inputs [32] such as the decomposition
of algae and sewage discharge. Due to the low bioavailability of residual Cr, the risk of Cr
contamination did not increase with the increase in residual Cr or total sediment Cr. The
ranges of weak acid extractable (0.25–0.66 mg/kg) and oxidizable Cr (7.55–9.01 mg/kg)
fractions in the non-dredged sediment was similar to those (0.23–0.70 and 7.28–9.77 mg/kg)
in dredged sediments. Although the range of reducible Cr in the dredged sediment
(1.93–3.61 mg/kg) was higher than in the non-dredged sediment (1.65–2.28 mg/kg), the
total sediment Cr concentration was less than 150 mg/kg, which is the limit value for
marine sediment quality standards of grade II (SOA, 2002). Overall, these findings indicate
that there is no significant risk presented by total sediment Cr concentrations or the four
extracted Cr fractions due to dredging.

3.3. The Kinetics of Cr Mobilization

The sediment Cr at the depths of 0-1 and 3-4 cm was more ready to move into overlying
water than that at the depth of 9–10 cm. Therefore, the depths of 0–1 and 3–4 cm were
selected to analyze the kinetics of Cr mobilization in non-dredged and dredged sediments
using the DIFS model (Table 2). The R values calculated using Equation (1) were similar or
smaller in the dredged site (0.05–0.15) compared to those of the non-dredged site (0.06–0.33),
except in winter. The R values computed from the data in autumn and winter (0.12–0.50)
were larger than those in spring and summer (0.05–0.11). This result indicates that Cr was
more easily resupplied from the solid sediments in autumn and winter. A greater Kd value
depicts a higher ability to preserve Cr in the sediment solids [33]. The Kd values were
similar in the dredged site (3.46–9.09 cm3/g) and the non-dredged site (3.41–8.07 cm3/g)
except in autumn, reflecting similar sediment Cr retention capabilities overall. The values
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of response time Tc were similar or greater in the dredged site (0.05–1.00× 107 s) compared
with the non-dredged site (0.01–1.00 × 107 s), indicating that a similar or longer period
was needed before reaching equilibrium [34]. The k1 and k-1 values in the dredged site
(7.29 × 10−9 to 3.67/s and 2.36 × 10−8 to 7.31/s) were similar or smaller than those in the
non-dredged site (6.73 × 10−9 to 10.90/s and 2.28 × 10−8 to 29.75/s), indicating similar or
slower desorption and adsorption processes, while also being consistent with the observed
changes in Tc.

Table 2. Parameters of Cr from DIFS model at depths of 0–1 and 3–4 cm in the non-dredged and dredged sediments.

Depth Parameters
Spring Summer Autumn Winter

Non-
Dredged Dredged Nondredged Dredged Nondredged Dredged Nondredged Dredged

0–1 cm

In
put

R 0.11 0.07 0.06 0.06 0.33 0.12 0.24 0.50
Kd (cm3/g) 6.55 4.07 5.88 5.63 9.04 4.23 4.74 4.76

Out
put

Tc (s) 5.48 × 104 1.00 × 107 1.00 × 107 1.00 × 107 0.09 2.69 × 104 0.01 2.89
k1 (/s) 1.02 × 10−6 1.28 × 10−8 6.73 × 10−9 7.27 × 10−9 0.36 4.44 × 10−6 10.90 0.03

k−1 (/s) 3.83 × 10−6 2.99 × 10−8 2.28 × 10−8 2.36 × 10−8 1.88 1.08 × 10−5 29.75 0.09

3–4 cm

In
put

R 0.1 0.09 0.06 0.05 0.23 0.15 0.26 0.29
Kd (cm3/g) 8.07 9.09 4.03 4.06 12.65 6.81 3.41 3.46

Out
put

Tc (s) 1.14 × 105 3.29 × 105 1.00 × 107 1.00 × 107 1.21 1.26 × 104 0.04 0.05
k1 (/s) 3.33 × 10−7 9.32 × 10−8 1.3 × 10−8 1.28 × 10−8 0.01 4.11 × 10−6 4.34 3.67

k−1 (/s) 1.55 × 10−6 4.88 × 10−7 3.01 × 10−8 3.00 × 10−8 0.10 1.61 × 10−5 8.54 7.31

These results show a higher response time (Tc), lower adsorption rate (k1), and
desorption rate (k−1) in the dredged site except in summer, indicating that sediment
dredging decreased Cr mobility in sediments six years after dredging.

4. Conclusions

The current study focused on the long-term effects of dredging on Cr contamination
in sediments of Lake Taihu (China). Dredging successfully lowered the concentrations of
total dissolved Cr in winter, ensuring they were well below the limit value of the fisheries
water quality standard (AEPC, 2002), while in the non-dredged site their concentrations
were beyond the limit value in summer and winter. The concentration of total dissolved
Cr in the dredged site was significantly higher in spring (63.3 ± 17.7 µg/L) and autumn
(60.8 ± 16.2 µg/L), which were probably caused by the large rainfall and discharge during
the two seasons. The concentration of total dissolved Cr between the two sites was
not evidently different in summer, which might be caused by the similar intensity of
cyanobacterial blooms there. DGT-labile Cr(VI) and total sediment Cr levels were higher
after dredging. However, the higher risk posed by Cr contamination was negligible, with
the concentrations of DGT-labile Cr(VI) and total sediment Cr in sediments being well
below the limit values for the drinking water quality standard (WHO, 1993) and the marine
sediment quality standards of grade II (SOA, 2002), respectively. Dredging suppressed
the kinetic remobilization of Cr from solid sediments except in summer, prolonging the
equilibration period and reducing desorption and adsorption processes, as shown by the
higher Tc and lower k1 and k−1 values. Overall, these findings confirm that sediment
dredging decreased the risk of Cr contamination in winter in Lake Taihu six years after
sediment dredging.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/3/327/s1, Figure S1. The sampling site locations and the Cr concentrations in overlying water
and sediment in March 2010 (the Cr concentrations were referred to Jiang et al., 2012), Figure S2. Map
of Lake Taihu (left) and location of discharge pipes of Liangxi River, dredged sites, and un-dredged
sites (right), Table S1. The physicochemical characteristics of overlying water and sediment before
dredging in July 2010 (Fan et al., 2016), Table S2. The physicochemical characteristics of overlying
water after dredging in 2016, Table S3. The characteristics of conditions on sample sites after dredging
in 2016.
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