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Abstract: Sediments are an important sink for heavy metal pollutants on account of their strong
adsorption capacity. Elevated content of Cu was observed in the Chengdao area of the Yellow River
Delta, where the surface sediment is mainly silt and is prone to be liquefied under hydrodynamic
forces. The vertical transport of fine particles, along with pore water seepage, during the liquefaction
process could promote the migration and diffusion of Cu from the interior of sediment. The present
study involved a series of wave flume experiments to simulate the migration and diffusion of Cu from
the interior of sediment in the subaqueous Yellow River Delta area under wave actions. The results
indicated that sediment liquefaction significantly promoted the release of Cu from internal sediment
to overlying water. The variations of Cu concentrations in the overlying water were opposite to
the suspended sediment concentrations (SSCs). The sediment liquefaction caused high initial rises
of SSCs, but led to a rapid decline of dissolved Cu concentration at the initial period of sediment
liquefaction due to the adsorption by fine particles. Afterwards, the SSCs slightly increased and
then gradually decreased. Meanwhile, the dissolved Cu concentration generally kept increasing
under combined effects of intensively mix of sediment and overlying water, pore water seepage,
and desorption. The dissolved Cu concentration in the overlying water during sediment liquefaction
phase was 1.5–2.2 times that during the consolidation phase. Sediment liquefaction also caused
vertical diffusion of Cu in sediment and the diffusion depth was in accordance with the liquefaction
depth. The results of the present study may provide reference for the environmental management in
the study area.
Keywords: sediment liquefaction; heavy metal; migration; interior of sediment; the subaqueous
Yellow River Delta

1. Introduction
Heavy metal pollution in soils or sediments is a serious problem for biota and has been extensively
studied worldwide because of its excellent ecological transference potential and manifest adverse
effects on ecosystems and human health [1,2]. Heavy metals in soils or sediments can be derived
through natural sources, such as weathering of rocks, or by pollution generated by human activities.
Many efforts have been done to distinguish between the natural background values and anthropogenic
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inputs, and to evaluate the possible enrichment of heavy metals due to human activities [3–8].
Sediments in rivers, estuaries, bays, and in the seabed of some offshore oil fields are often contaminated
by heavy metals on account of sewage discharge, surface runoff, and the industrial activities and oil
spillage of offshore oil fields [9–13]. It is widely recognized that sediments are an important sink for
most pollutants because of their strong adsorption capacity. The heavy metal pollutants discharged
into the marine water are easily adsorbed on the fine particles and organic matter, migrating and
settling into seafloor sediments [14,15]. These settled heavy metals might migrate into marine water
during sediment resuspension and cause harm to marine ecosystems.
Sediment resuspension can be caused by physical processes such as tidal, wind-driven currents,
and wind waves [16]. In a shallow water environment, waves have been found to dominate the sediment
resuspension process due to wave orbital shear stresses [17–20] or wave pumping of sediments [21].
Moreover, wave-induced pore pressure build-ups significantly promote the resuspension of sediment
particles [22] and sediment liquefaction under extreme wave loads will lead to massive resuspension
of particles, which is remarkably more than that under non-liquefaction conditions in quantity [23].
Meanwhile, a large quantity of fine particles, which have complex physicochemical properties,
resuspended from the interior of sediment into the overlying water along with pore water seepage
in the liquefaction process [24,25]. These factors would have a combined influence on the release of
heavy metals accumulated in sediments.
The Chengdao area of the Yellow River Delta has a complex sedimentary environment that formed
by the historical course variation of the Yellow River. The surface sediment in this area contains a
high silt content, which is prone to resuspension, even liquefaction, under wave loads [26]. Moreover,
elevated concentration of heavy metals, especially Cu, in sediment were reported in this area [11,13].
Under hydrodynamic disturbance, such as wind waves, the accumulated heavy metals in sediment
could release into the overlying water body along with the sediment resuspension process.
Many efforts have been done to investigate the release of heavy metals during sediment
resuspension processes. Numerical models coupling laboratory flume experiments were applied to
study the remobilization during resuspension events of contaminated sediments. Wang et al. [27]
explored the Cd release from sediment in Jinshan Lake during the post-dredging period by combining
field surveys, laboratory experiments, and numerical simulations, the magnitude of Cd release was
observed to be larger in high-water year and under higher bottom shear stress induced by the tidal flow.
The exchange kinetics of lead between water and contaminated sediments in reservoirs were explored
by a chemical speciation model, which was calibrated with laboratory resuspension experiments [28].
In-situ monitoring techniques are also extensively used in analyzing sediment resuspension and
pollutants release process. A scientific instrument platform carrying sensors that measured suspended
solids, current, wind velocity, and pressure was deployed to support the analysis of the mechanisms of
sediment resuspension [18]. A 49-day field observation data set including temperature, suspended
sediment concentration, chlorophyll concentration, and currents were collected by an in-situ monitoring
platform to analyze the impact of typhoon on the sediment dynamics [29]. High-frequency on-line
monitoring were performed to identify the daily variations of resuspension of heavy metals [30].
Laboratory flume experiments, which have advantages that the variables are controllable,
were also extensively applied in studies about heavy metals remobilization during sediment
resuspension, including particle entrainment simulator (PES) [31], annular flume [27,32,33], wave flume
experiments [34], etc.. Nevertheless, the simulation with PES or annular flume only considered the
hydrodynamic disturbance of surface sediment, and few studies focused on the heavy metal release
during wave-induced sediment liquefaction process [34].
In view of this, the objective of the present study was to investigate the remobilization of heavy
metal Cu under wave actions, especially during sediment liquefaction, through a series of controlled
wave flume experiments using the sandy silts collected from the Yellow River Delta. Two sequential
phases, i.e., consolidation phase and liquefaction phase, were included in the study to identify the
variation of the concentration of resuspended particles, and the concentration of Cu in the overlying
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2. Materials and Methods
2. Materials and Methods
2.1. Study Area
2.1. Study Area
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As shown in Figure 2, a capacitive wave gauge and a turbidimeter was fixed along the central
of the water flume to collect the wave height, wave period, and the turbidity in the overlying water
during the experiments, respectively. The turbidimeter (RBR, Canada) was fixed with a self-design
bracket on the top of the flume. Two turbidity probes of the turbidimeter were fixed at 5 cm and
20 cm above the sediment surface (Figure 3), which were the same as the water sampling points,
to record the variation of suspended sediment concentrations. Before the experiment, the turbidimeter
was calibrated with suspended sediment solutions configured at setting concentrations of 0.2, 0.4,
0.6, 0.8, 1.0, and 1.2 g/L. Turbidity data was collected once per second, and the suspended sediment
concentration in the overlying water was calculated as the average value of the 60 values collected
every minute. The sediment tank (0.6 m × 0.4 m × 0.3 m) is located in the middle of the flume bottom
and the right side of the tank is 1.6 m from the wave generator plate (Figure 2).
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standard seawater hereinafter) was used as overlying water in the wave flume and to mix the heavy
meatal solution with soil in the experiments.
A total of 567 g Cu (NO3)2·3H2O was dissolved into 8.5 kg of standard sea water to produce a
heavy metal solution, which was subsequently well mixed with 30.0 kg of sieved dry soil to form a
uniform polluted slurry with a water content of 30%. The slurry was sealed in darkness for seven
days to the ensure Cu reached a stable state. Clean slurry was prepared with sieved dry soil and
standard seawater. In order to eliminate the effect of wave orbital shear stress on the resuspension of
polluted sediment particles, the polluted slurry was designed to be covered by a layer of clean slurry.
The clean slurry was first backfilled into the soil tank until a depth of 20 cm. Then, a uniform 5 cm
thick layer of polluted slurry was deposited above the clean slurry. Another 5 cm thick layer of clean
slurry was finally laid on the top. Standard seawater was then gradually added into the wave flume
up to a depth of 50 cm above the soil surface (Figure 3).
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2.3.2. Wave Flume Experiment Processes
The wave flume experiment included three sequential stages, namely static diffusion stage
(Stage I), 7 cm wave height (Stage II), and 13.5 cm wave height (Stage III). Table 1 shows the wave
parameters and sampling intervals in the experiments.
Table 1. Wave parameters and sampling intervals in the wave flume experiments.
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2.3.2. Wave Flume Experiment Processes
The wave flume experiment included three sequential stages, namely static diffusion stage (Stage
I), 7 cm wave height (Stage II), and 13.5 cm wave height (Stage III). Table 1 shows the wave parameters
and sampling intervals in the experiments.
Table 1. Wave parameters and sampling intervals in the wave flume experiments.
Stages
Static diffusion
(Stage I)
7 cm wave height
(Stage II)
13.5 cm wave height
(Stage III)

Wave
Height/cm

Wave
Period/s

Duration

Sampling Intervals

-

-

40 h

8h

7.0

2.3

180 min

13.5

1.2

180 min

every 10 min for the first
60 min and every 20 min
for the last 120 min

In Stage I, the overlying water was left still for 40 h and the sediments remained in a consolidation
state. Stages II and III were the wave action stages, with the wave actions lasted for 180 min in each stage.
In Stage I, water samples were collected every 8 h using self-design water sampling devices at 5 cm
and 20 cm above the center line of sediments, namely at water depths of 30 cm and 45 cm (Figure 3).
Each water sample was 50 mL in volume. Since the volume of water samples were relatively small,
standard seawater was not replenished into the wave flume. Three parallel samples were collected at
each sampling point. Nitric acid was added to the samples, which were stored at low temperatures
(4 ◦ C) for analysis of dissolved Cu concentrations. During Stages II and III, after the wave height was
steady, water samples were collected every 10 min for the first 60 min and every 20 min for the last
120 min. The sampling points and method were the same as that in Stage I.
At the end of each stage, a polyvinyl chloride (PVC) tube was inserted in the sediment at the
central position of the sediment tank to collect columnar samples of sediments (Figure 3). These
PVC tubes were remained in the sediment tank until the end of Stage III. All sediment columnar
samples were incised into 2 cm segments for the analysis of Cu concentrations at different depths of
the sediments.
2.4. Analytical Methods of Cu Concentrations in Water and Sediment Samples
The collected water samples were immediately filtered through 0.45 µm cellulose acetate membranes.
The filtrate was then digested by nitric acid followed by Inductively Coupled Plasma – Mass Spectrometry
(ICP-MS). The dissolved Cu in sediment samples was pretreated following the instructions in the
pretreatment guideline of heavy metals analysis in the marine sediments and organisms-Microwave
assisted acid digestion [35] followed by Fire Atomic Absorption Spectroscopy (FAAS).
2.5. Quality Control
All reagents used in the analysis were guaranteed reagents, and freshly prepared deionized water
was used in the analysis and to rinse all the sampling instruments. Detection limits of FAAS for Cu
was 0.0045 mg/L. To guarantee the data accuracy, a blank sample was set and all the samples were
determined in triplicate. Average values of these three tests were applied in the present study. Offshore
marine sediment (GBW07314) was used as the reference material in the analysis. The recovery rates of
heavy metals were above 90%.
3. Results
On account of the quality of samples for particulate Cu analysis in overlying water failed to meet
the minimum level for digestion analysis, only the dissolved Cu in the overlying water were discussed
in this paper.
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The curve of t = 0 min in Figure 4a represents the initial sediment surface after 40 h consolidation.
Fluid oscillation from left to right was observed in the surface layer of sediment immediately after the
7 cm height wave was loaded in the flume, indicating that sediment was liquefied. The liquefaction
interface presented an arc shape, and the sediment particles above the interface showed a periodic
oscillation along the interface with the same period as the wave, while the particles below the interface
stayed still. This phenomenon is considered as the criterion for determining the liquefaction of
sediment caused by waves [22]. After 30 min of wave action, the liquefaction depth reached its
maximum of about 17 cm. Then the liquefaction interface began to move upwards under continuous
wave action, and the range of liquefied sediments retracted until re-stabilization. Obvious coarsening
and stratification were observed along the edge of the oscillation area.
3.2. Variation of Suspended Sediments Concentrations (SSCs) in Overlying Water
The SSCs in the overlying water under wave actions in Stage II and Stage III were presented in
Figure 5. There was a rapid increase in the SSC after loading the 7 cm height wave, and the SSC reached
a relatively stable state after approximately 60 min of wave action. During Stage II, the SSC increased
significantly, the variation range was 0.118–0.643 g/L. While in Stage III, the SSC first increased slightly,
then gradually decreased, and the variation range was 0.357–0.656 g/L. The SSCs at 5 cm above the
sediment surface were higher than those at 20 cm above the sediment surface, this agreed well with
results in the study of Kong and Zhu [36], which found that SSC increased with water depth under

The SSCs in the overlying water under wave actions in Stage II and Stage III were presented in
Figure 5. There was a rapid increase in the SSC after loading the 7 cm height wave, and the SSC
reached a relatively stable state after approximately 60 min of wave action. During Stage II, the SSC
increased significantly, the variation range was 0.118−0.643 g/L. While in Stage III, the SSC first
increased slightly, then gradually decreased, and the variation range was 0.357−0.656 g/L. The SSCs
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liquefied under wave action, and the height of the sediment surface measured from the bottom of the
soil tank descended by another 2 cm at the end of this stage. During Stage III, under the 13.5 cm wave
action, the height of sediment surface was relatively stable and the it descended by approximately 1
cm comparing with that at the end of stage II. The Cu concentration in the columnar samples were
analyzed, and the vertical profiles of Cu contents in the sediment were presented in Figure 7.
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the dissolved Cu concentration reached a relatively stable state. The dissolved Cu concentration in
overlying water variation range of dissolved Cu in overlying water was 0.052–0.146 mg/L.
Figure 6. Variation of Cu concentration in water during different stages ((a): Stage I; (b): Stage II; (c):
In
Stage III, a rapid increase was observed in the dissolved Cu concentration after the wave was
Stage III).
loaded,
and the concentration kept increasing till the end of the experiment. The variation range was
0.107–0.188 mg/L.
3.4. Vertical Distribution and Change of Cu Concentration in Sediment
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Figure 7. Vertical profiles of Cu concentration in the columnar sediment samples at the end of each stage.
Figure 7. Vertical profiles of Cu concentration in the columnar sediment samples at the end of each
At
the end of Stage I, the Cu concentrations in the sediment at a depth of 5–10 cm, where the
stage.

polluted slurry was initially paved, were higher than other parts of the sediment, and the range of
Cu concentration was 32–4540 mg/kg. At the end of Stages II and stage III, the layers with higher Cu
concentration moved downward. The ranges of Cu concentration at the end of these two stages were
201–4060 mg/kg and 284–3450 mg/kg, respectively. As presented in Figure 7, Cu in the polluted layer
diffused into the upper and lower layers, and the amount of upward diffusion was larger than that of
downward diffusion.
4. Discussion
4.1. Variations of SSCs in the Overlying Water
During the initial period of the 7 cm height wave loading, the initial SSCs increased rapidly due to
wave disturbance. This was similar with the SSC variation in the wave flume experiment conducted by
Tzang et al. (2009). Under wave loads, the vertical distribution of pore pressure had depth gradients
with a maximum value at a certain depth in sediment [37,38]. Once the sediment liquefaction initiated,
pore pressure generally amplified in both shallow fluidized soil layers and near below the fluidized
layer [23]. Thus, fine particles and pore water at this depth transported upwards from the interior of
sediment under the “pumping” effect of pore water pressure [22,39], and caused higher initial rises of
SSCs. After 30 min of wave loads, the depth of liquefaction interface reached a maximum value and
began to move upwards (Figure 4a). Meanwhile, the SSCs increased slightly afterwards.

J. Mar. Sci. Eng. 2019, 7, 449

9 of 13

During Stage III, the sediment liquefaction interface essentially remained at a stable level. In this
stage, the structure of the sediment was continuously strengthened as a result of gravitational
consolidation and drainage of pore water in sediments, and the sediment particles became more
compact [25]. Thus, liquefaction was not observed in this post-liquefied sediment [40]. Since the upward
transport of fine particles from the liquefied soil layer gradually decreased and sediment deposition
rate was larger than the resuspension rate [39], the SSCs in the overlying water gradually reduced.
4.2. Dissolved Cu Concentration Variations in the Overlying Water
In Stage I (the consolidation stage), the dissolved Cu concentration in the overlying water gradually
increased. The dissolved Cu released from the sediments into overlying water through mainly two
pathways. One was static diffusion [41]. On account of the dissolved Cu concentration in the sediments
were much higher than that in the overlying water, the dissolved Cu was diffused into the overlying
water through pore water. The other pathway was consolidation drainage. As the pore spaces between
sediment particles were squeezed during consolidation, which induced the pore water seepage in
sediment, dissolved Cu in sediment migrated into the overlying water along with the seepage.
In Stage II, sediment liquefaction was observed, and the initial SSCs in the overlying water increased
rapidly (Figure 5a) in a short time after the wave load. However, the initial dissolved Cu concentration
rapidly declined (Figure 6b). This agreed well with a previous study reported that the heavy metals
concentrations in the overlying water and suspended sediments were negatively correlated [42]. The rapid
decline in the dissolved Cu concentration at the initial period of this stage may be related to the adsorption
process by the increased quality of suspended particles [34,43]. Moreover, as the change of hydrodynamic
condition of the overlying water, namely from a static state to a disturbed state, the dissolved Cu
above the sediment tank diffused into the surrounding water under wave disturbance. Afterwards,
the dissolved Cu concentration then began to increase and reached its peak at approximately 30 min,
which was corresponding to the sediment liquefaction process. The sediment and overlying water were
intensively mixed during the liquefaction process [34,43], which facilitated the release of Cu from the
sediment into the overlying water. The liquefaction interface gradually moved upwards under the
subsequent wave actions. Meanwhile, fine particles in the sediment were resuspended into the overlying
water during the liquefaction process [22]. These fine particles, which are relatively small in particle size
and have larger specific surface area, would strongly adsorb the dissolved Cu and lead to a decrease of
dissolved Cu concentration in the overlying water [44].
After 90 min of wave action, the SSCs in the overlying water remained relatively stable. However,
the dissolved Cu in the overlying water kept increasing, which might be induced by the following
reasons: (1) As the sediment liquefaction interface gradually moved upwards, the sediment structure
below the liquefaction layer was strengthened [25]. The sediment particles were compacted and the
pore water was squeezed out and caused seepage flow, along with which the dissolved Cu in sediment
diffused into the overlying water; (2) The pressure difference between the wave crest and trough also
caused the diffusion of Cu in the sediment into the overlying water along with the pore water [21,45].
In Stage III, the liquefied sediment layer was about 2–3 cm thick on the surface. During the
initial period of wave action, both the SSCs and the dissolved Cu concentration increased (Figures 5b
and 6c). The sediment particles settled on the surface were resuspended as a result of the increased
wave height. The strong disturbance in overlying water induced desorption of Cu that previously
adsorbed on particles [34]. This led to an increase in the dissolved Cu in the overlying water. After
60 min of wave action, an opposite change tendency of the SSCs and the dissolved Cu concentration
was observed, namely the SSCs in overlying water declined (Figure 5b), while the dissolved Cu
concentration had an increasing tendency (Figure 6c). The possible reasons for the increase of dissolved
Cu concentrations in the overlying water were as follows. First, the dissolved Cu diffused into the
overlying water along with the upwards pore water seepages from the sediment under the wave
loads [25], leading to a slow increase in the dissolved Cu concentration in water. Second, the sediment
particles that adsorbed Cu were resuspended into the overlying water and exposed in water disturbance
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arise from wave movements, which could resulted in desorption of the adsorbed Cu on sediment
particles [46], and in consequence increased the dissolved Cu concentration in the overlying water.
Moreover, re-suspension of the sediment caused the sediments at reduced state to be exposed in an
aerobic environment. The organically-bound Cu on the particles were released due to oxidization and
degradation of organic matter, and thus increased the concentration of dissolved Cu in the overlying
water. In addition, the re-adsorption of dissolved Cu by iron manganese oxide was weakened on
account of the combination of dissolved Cu and dissolved organic matter, which also increased the
concentration of dissolved Cu in water.
4.3. Cu Concentration Profile in the Sediment after Each Wave Load
At the end of Stage I, there was little change in the Cu concentrations in the sediment. As presented
in Figure 7, slight increase of Cu content was observed in the sediment above the polluted layer, while a
relatively larger increase was found below the polluted layer. Since there was a concentration gradient
between the polluted slurry and the clean slurry, Cu in the polluted layer diffused into the surrounding
layers through pore water [41]. Furthermore, the downward diffusion amount was larger under the
effect of gravity.
After wave actions in Stage II, liquefaction occurred in the seafloor sediments. Within the
liquefaction range, sediment particles and pore water mixed intensively, leading to a clear migration
and diffusion of Cu in sediments. As presented in Figure 7, Cu in the polluted layer diffused into the
surrounding sediment at the end of Stage II, and the upward diffusion amount of Cu in the polluted
layer was larger than the downward diffusion amount.
At the end of Stage III, the position of high concentration of Cu in the sediment moved downward
comparing to that at the end of Stage II. Since fine particles were separated from the soil skeleton
during the sediment liquefaction, the particles below the liquefaction interface became coarser [40],
which largen the spaces between sediment particles. This intensified downward permeation of Cu into
deeper sediments.
The maximum liquefaction depth of the sediment was approximately 17 cm and increased
concentration of Cu was also observed near this depth. This was attributed to the vertical diffusion of
Cu in sediments on account of the intensive mix of sediment particles and pore water.
5. Conclusions
Sediment in the subaqueous Yellow River Delta, classified as sandy silt, is prone to liquefaction
under wave actions. Experimental investigations of the release of dissolved metals from the interior
of sediment due to wave-induced sediment liquefaction has shown that variation trends of SSCs
and dissolved Cu concentration in the overlying water were different. Moreover, the mechanisms of
migration and diffusion of dissolved Cu in static diffusion stage and liquefaction stage were analyzed.
In the static diffusion stage, the dissolved Cu concentration increased slightly due to the static
diffusion and the consolidation and drainage of seafloor sediments. In the liquefaction stage, the arc
shaped liquefaction interface moved downward during the initial period of wave loads and reached
the maximum depth of about 17 cm after 30 min of 7 cm height wave actions. During the rest period of
wave actions, the liquefaction interface gradually moved upward and then remained at a relatively
stable depth. The dissolved Cu concentration declined at the initial period of liquefaction due to
the adsorption by the increased quality of suspended particles, which are fine sandy silts with large
specific surface area. On account of the intensively mix of sediment and overlying water during the
liquefaction process, the dissolved Cu concentration increased to a peak value as the liquefaction
interface reached its maximum depth. Sediment liquefaction greatly facilitated Cu release from interior
of sediments to the overlying water. The concentrations of dissolved Cu in the overlying water during
the liquefaction phase were much higher than that in the consolidation phase. Moreover, the dissolved
Cu concentrations kept increasing as the wave height increased under the comprehensive function
of many factors, including the diffusion of dissolved Cu with pore water seepage, desorption of the
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adsorbed Cu on sediment particles, and weakened re-adsorption of dissolved Cu due to its combination
with dissolved organic matter.
The migration and diffusion of Cu in the sediment were also intensified during the liquefaction
phase. In the initial process of sediment liquefaction, the upward diffusion quantity of Cu was
significantly higher than the downward diffusion quantity. As the liquefaction interface gradually
became stable, the downward diffusion quantity increased due to the change of skeleton of sediment
below the liquefaction interface. Overall, the diffusion range of Cu in sediment was generally consistent
with the liquefaction range, indicating that the sediment liquefaction expanded the range of heavy
metal pollution in sediment.
Heavy metal release amount due to sediment resuspension or liquefaction was found to be
significant and should be considered in the long-term management of contaminated sediments in the
study area. Control measures, such as pollutant discharge management and site remediation, may be
performed to reduce the release quantity of contaminants. The understanding of heavy metal release
mechanisms from liquefied sediments and its impact on the coastal environment could be improved
by further laboratory and filed studies.
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