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Abstract

:

Salt release from dredger filling sediment is a significant threat to freshwater resources in coastal regions around the world. This study focuses on the estimation of the field-scale salt-release process from the low-permeability sediment–water interface under different hydrological and hydrodynamic conditions. In situ sampling tests and physical experiments were implemented to calculate hydrogeological parameters and monitor sediment and water salinity. Numerical modeling was used to calibrate the molecular diffusion coefficient, of which the correlation coefficient was over 0.9, and explore the salt-release process across the sediment–water interface in Yuehu Lake, China. Furthermore, we discuss the influence of hydrologic conditions in terms of the lake stage and hydrodynamic conditions with water-exchange on the process of salt exchange between the sediment and water based on numerical simulations. Our findings showed that water-exchange accelerated the process of salt release from the sediment and maintained a relatively low salinity in the surface water. The salt-release rate decreased gradually as the concentration gradient between the water and sediment decreased. A frequency of water-exchange of 90 d maintained a rapid salt-release rate with fewer water-exchange steps. The influence of the lake stage was weak on the salt-release process at low-permeability area and salt release was not impeded before the salt capacity of water reached the maximum value. When the water–sediment salinity reached equilibrium, the salt-release process between the water and sediment equilibrated as the supply from the lower layers equaled the release to the water at the interface. These results are important in regard to controlling surface water salinization in coastal reclamation areas.
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1. Introduction


The coastal reclamation soil from the seabed sediment has a high salinity of more than 10% [1]. Salt in the dredger filling sediment is gradually released due to the salinity gradient and its advection–dispersion across the sediment–water interface, which can cause deterioration of underground and surface freshwater [2,3]. However, as a landscape and an area of human living, it is necessary to control the salinity of freshwater resources in this area out of consideration of ecology [4]. Generally, the control index of freshwater salinity is 1 g/L for a human-living area [5]. Therefore, the prediction of salt release from sediment to water is important to control surface water salinization in coastal reclamation areas. The main influence factor on lake water quality is salt release from the dredging soil with high salinity at the bottom of lake, where the permeability of sediment soil is very small [6]. Due to these key issues, exploring the salt-release process across the sediment–water interface in dredger fill with low permeability and performing optimized engineering design to control the salt content of lake water present a scientific challenge.



Transport and accumulation of salt in the lake is related to the salt content of water, infiltration, vaporization, input or output of salt from the groundwater, and salt release from the surrounding soil, which can occur simultaneously [7,8,9]. In low-permeability areas, little rainfall infiltrates into the groundwater due to the low permeability of the soil, and a large proportion of rainfall flows and drains in the form of surface runoff [10]. Groundwater flow is low in low-permeability areas and is characterized by fine-grained sedimentary deposits such as clays [11]. Neuzil [12] studied the permeability of low-permeability sedimentary units dominated by clay and shales, comparing different experimental scales. It is difficult to measure permeability directly, so isotope measurements of pore water are used to estimate hydraulic conductivity [13,14,15,16,17]. Cey [18] studied the osmotic flow in clay by examining undisturbed clay samples to measure changes in hydraulic conductivity and to quantify the ability of clay samples to produce osmotic flow under a range of solute concentrations. They found that the permeability and seepage of clay is weak and the diffusion transport exerts a much greater force on solute transport than advection.



Liu [19] studied water flow becoming non-Darcian in clay or other low-permeability media and, as a result of non-Darcian flow behavior, the solute transport was found to be dominated by diffusion rather than advection. Accordingly, the main supply of salt to lakes is salt release from the surrounding soil with low permeability by molecular diffusion [19,20]. Under hydrostatic conditions, the factor which most influences molecular diffusion is the molecular diffusion coefficient [21]. Molecular diffusion is the dominant transport mechanism for contaminants in many saturated clay-controlled aquitards [19,20,21]. The molecular diffusion coefficient can be obtained by in situ and laboratory experiments [22,23]. Li and Gregory [22] experimentally determined the molecular diffusion coefficients of several ions in seawater and in deep-sea sediments by laboratory experiments and provided a reference for further research. Van Rees et al. [23] measured the molecular diffusion coefficients under three different conditions, which included reservoir-to-sediment diffusion, sediment-to-reservoir diffusion, and sediment-to-sediment diffusion. They suggested the molecular diffusion coefficient varied in different mediums of water and sediment. Verifying those experimental results by numerical simulation is an important stage required to enhance the accuracy of molecular diffusion coefficient values. Barone et al. [24] experimentally estimated the chloride diffusion coefficient by simulating one-dimensional diffusive transport, which showed that estimation of the molecular diffusion coefficient by numerical inversion was feasible. Scale effects may exist during parameter acquisition through in situ and laboratory experiments [25,26]. Hendry et al. [25] measured the molecular diffusion coefficient in a low-permeability geologic medium by in situ diffusion and laboratory determination and found that values estimated from in situ testing were lower than those measured in the laboratory, which was caused by greater porosity values in the laboratory samples.



The salt content of lake water is controlled by the salinity of the sediment below it [5,6]. Dynamic change of the salt content at different depths was affected by sediment salt release [27]. French et al. [27] predicted variations in the salt content of reservoir water caused by salt release from reservoir sediments. They assumed equality in freshwater flow entering the reservoir and outflow from the sediment. Studies on salt diffusion in low-permeability sediments were also conducted by field experiments. Johnson et al. [28] provided a field example to study the transport of diffusive contaminants in clay deposits. To study different scales of solute exchange between sediment and water, Portielje and Lijklema [29] conducted two methods for the determination of sediment–water-exchange of dissolved components by column experiments and numerical models for vertical transport of dissolved components in pore water. Their results showed the actual exchange capacity between sediment and water was higher than the capacity obtained by column experiments under pressure gradients caused by wind stress. To further study the mechanism of sediment–water solute exchange, Malusis et al. [30] studied steady-state solute diffusion through a semipermeable clay membrane, which considered chemico-osmotic coupling effects. Except for sediment–water-exchange, the process of exchange between saltwater and freshwater plays an important role in salt transport in water [31]. Heiss [31] demonstrated the mechanism of saltwater and freshwater mixing dynamics in a sandy beach aquifer using field and numerical modeling studies. They studied four primary forcing mechanisms that affected freshwater–saltwater dynamics in coastal aquifers.



Many numerical simulations of salt transport have been reported in the last few decades [32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Mero and Simon [32] developed a salinization model by introducing the concept of daily chloride balances as a basic step in the operation; this is a combined, multicell system for the generation of a simultaneous daily series of lake water, chloride inflows, and balances. This model has three main phases, namely, the water-balance phase, the chloride-balance phase, and the overall water- and chloride-balance phase. They successfully predicted chloride inflows into Lake Kinneret using this model. Building upon this foundation, Assouline [33] estimated the lake hydrologic budget terms using the simultaneous solution of water, heat, and salt balances mathematically. In regard to the process of salt release from sediment, Hrwitz [34] established a one-dimensional numerical model of transient salt transport of shallow brine beneath a freshwater lake, which incorporated advection, diffusion, and sediment compaction. The dynamic distribution of salt was well-fitted to the measured data. Usually, water salinity is controlled by both surface streams that flow to the lake and supply from the sediment [35,36,37]. Rimmer [35] established a general model for the mechanism of salinization in Lake Kinneret to explain the higher salinity in the lake than the water from the surface steam that flows into it; this higher salinity was caused by saline springs located at the bottom of the lake. Their study shows that changes in time of the solute mass of the lake could be described as a differential equation of a linear reservoir on an annual solute.



In summary, previous studies focused on the determination of diffusion parameters and the numerical simulation of the transport process of salinity in a low-permeability sediment–water interface. However, the design of an engineering option to control the salt content of lake water released from high-salinity soil in coastal reclamation areas remains a scientific challenge. In general, soaking treatment is used to reduce the salinity of sediment, but the efficiency of this treatment efficiency reduces with time as the salt in the sediment continues to release into the water [47,48]. In this study, on the basis of simulating the process of salt release from high-salinity sediment to freshwater, we firstly propose a water-exchange method, involving replacement of salt water with freshwater in the lake at a certain frequency, to accelerate the salt-release process, thereby ensuring that the water quality meets ecological needs. In order to determine an effective and resource-saving scheme, we design and compare several scenarios with different water-exchange periods and lake stages. We apply the proposed methodological framework to the Yuehu Lake area, which is a typical coastal reclamation area with low permeability and high-salinity dredger fill, and is also experiencing deterioration of newly accumulated lake freshwater by salt release from the bottom sediment. Firstly, a field experiment was conducted and a numerical model was established to obtain accurate molecular diffusion coefficients. By fitting simulation results with experimentally measured data, molecular diffusion coefficients of salt across the lake sediment–water interface were calibrated. Secondly, field-scale numerical model was further established to predict the influence of hydrologic and hydrodynamic conditions on salt release from sediments and the variation of water salinity in Yuehu Lake. Thirdly, five scenarios of lake water-exchange were compared to promote salt release and reduce the high salinity of the sediment and maintain low salinity in the water at the same time. The influence of the lake stage on the salt-release process was also considered in this study.




2. Materials and Methods


The following paragraphs describe the study area, the in situ test and experiment, and the numerical model. The hydraulic conductivity of the dredger filling area was obtained via an in situ standpipe experiment and slug test. Moreover, an experiment was designed to fit the molecular diffusion coefficient cooperating with a numerical model. The main model, which was conducted to predict salt release from the sediment–water interface, is described in detail using a mathematical model and model input. Two model scenarios considering water-exchange and lake stage, respectively, are also described in this section.



2.1. Study Area


Yuehu Lake is located west of the East China Sea in Southeast China, latitude 28°35′~28°36′ N and longitude 121°32′~121°33′ E (Figure 1). The study area encompasses approximately 3.63 km2. The Yuehu Lake is surrounded by a dredger filling area and the lake water comprises mostly sea water.



The salinity of the surrounding lake soil is 12 g/kg. The salinity levels of the sediments at different depths are shown in Table 1, which were obtained from drill-hole sampling collected at the blue dots in Figure 1 and tested by laboratory experiments. Three samples (Z-1, Z-2, Z-3) were obtained at each depth and the mean value was assigned to the numerical model. The sediment is composed of silt clay with low permeability. Because of the low-permeability dikes between the dredger fill area and the sea cutoff, the hydraulic connection between them, and the small runoff of the study area (about 2 m3/d), the effect of seawater flow on the lake is small and was ignored in the simulation. A cutoff wall was also placed around the lake, which restricted salt exchange between the surrounding soils and the lake.




2.2. In Situ Tests and Experiments


An in situ standpipe experiment was used to obtain the vertical hydraulic conductivity (Kv) of the lake sediment. Twelve groups of experiments were conducted at Yuehu Lake and the results are shown in Table 2. The vertical hydraulic conductivity ranged from about 0.00063–0.00201 m/d. In addition, an in situ slug test was conducted to test horizontal hydraulic conductivity (Kh) and these results are shown in Table 3. The horizontal hydraulic conductivity ranged from about 0.0008–0.0024 m/d. The experiment sites covered the lake region and the dredger filling area, which are represented by the red balloon icons shown in Figure 1.



Both the standpipe experiments and slug tests lasted ten days. The mean values of the experimentally determined values were adopted as the hydraulic conductivity used in the numerical model. The vertical hydraulic conductivity was 1.26 × 10−3 m/d and the horizontal conductivity was 1.5 × 10−3 m/d. Both of these small values confirmed the low permeability of the soil in this area. The porosity of the soil can be calculated by the following equation:


  θ =  (  1 −    ρ d     ρ s     )  × 100 % ,  



(1)




where  θ  is the porosity of the soil (%),    ρ d    is the volume weight of the soil (N/cm3), and    ρ s    is the specific weight of the soil (null). Using the drill-hole samples from the sediment of lake, we tested the volume weight of the soil and the specific weight of the soil in the laboratory. We tested ten groups of samples and used the average value. The average porosity of the sediment was 0.3, based on laboratory testing. An experiment was designed to fit the molecular diffusion coefficient by fitting the experimental results using a numerical model calibration. The experimental apparatus is shown in Figure 2. The soil used in the experiment consisted of undisturbed samples collected from Yuehu Lake sediments. The lake bottom silt was placed in a big bucket 1.8 m in height with a 1.2 m diameter. The thickness of the lake bottom silt was 0.4 m, covered by 0.8 m of water. Three electrical conductivity sensors were installed in the bucket. S-1 was used to measure the electrical conductivity of the soil. It had a graphite electrode, which could be inserted into the soil directly. S-2 and S-3 measured the electrical conductivity of the solution through a titanium electrode. S-1 was located at the middle of the lake bottom silt, 0.2 m from the bucket bottom, S-2 was located at the interface of the silt and water, and S-3 was located in the middle of the water, 0.8 m from the bucket bottom. All sensors were connected to a data logger, which automatically recorded data. The water level was kept constant and interference of external force factors like wind influence were minimized by sealing the top of bucket to ensure salt was released from the sediment only via molecular diffusion, or as much as possible. The experiment lasted 900 h and the data were recorded hourly.




2.3. Mathematical Model


The mathematical representation of the homogeneous and anisotropy groundwater flow model can be described as


   ∂  ∂ x    (   K h    ∂ h   ∂ x    )  +  ∂  ∂ y    (   K h    ∂ h   ∂ y    )  +  ∂  ∂ z    (   K v    ∂ h   ∂ z    )  − Q = 0 ,  



(2)




where    K h    is the horizontal hydraulic conductivity (m/d),    K v    is the vertical hydraulic conductivity (m/d), h is the water head (m), and Q is the volumetric flux per unit volume and represents sources or sinks of water (1/d). Equation (1), taken together with boundary and initial conditions, constitutes the groundwater flow model.



Solute (namely salt) transport in porous media is represented by the advection–dispersion equation between sediment and lake water and is given by the following mass conservation equation:


  div  (  θ D · ∇ C  )  − θ v · ∇ C =   ∂  (  θ C  )    ∂ t   ,  



(3)




where  θ  is the effective porosity (%),  D  is the molecular diffusion coefficient (m2/d),  v  is the actual average flow velocity (m/d),  C  is the salt concentration of the sediment or lake water (g/L), and  t  is time (d).



At the sediment and lake interface, the sediment and lake salt concentrations are usually considered equivalent. The governing equation is described by the following:


   (   C 1  v −  D 1  ∇  C 1   )  =  (   C 2  v −  D 2  ∇  C 2   )  ,  



(4)




where    C 1    and    C 2    are the salt concentrations of the sediment and lake water (g/L), and    D 1    and    D 2    are the molecular diffusion coefficients of salt in the sediment and lake water (m2/d).




2.4. Model Input


The governing equations of groundwater flow and salt transport (Equations (1) and (2)) were both solved numerically using the finite difference method based on commercial software (GMS 10.0). The MODFLOW and MT3DMS modules were used to simulate groundwater seepage and the salt-release process on the sediment–water interface, respectively.



The study area was divided into 20 cells in the x-direction and 80 cells in the y-direction; each cell was 34 × 67 m. Vertically, the study area was divided into 28 layers. The Yuehu Lake water was divided into 16 layers with vertical nodal spacing of 0.25 m. The thickness of the sediment considered in this simulation was 3 m, which was divided into 12 layers.



Boundary conditions of the study area were set as the Dirichlet boundary condition and we assumed that the water head was constant during the simulation period. The initial salt concentration of the lake water was 0.5 g/L. The initial salt concentrations of the sediment were 10 g/kg (0–1 m), 16 g/kg (1–1.5 m), and 14 g/kg (1.5–3 m); this was based on data from drill-hole sampling tests, as shown in Table 1. At the interface of the lake water and the sediment, the salt concentrations for both were considered the same.



Another model was built to fit the molecular diffusion coefficient, which simulated the experiment mentioned above. This model was considered to be one-dimensional because of the homogeneous isotropic soil used in the experiments, and the electrical conductivity sensors were set to the one-dimension form. A water column of 0.8 m was divided into 160 cells, each of which was 0.05 × 0.12 m and the sediment was divided into 80 cells. The hydraulic conductivity and average porosity of the sediment were the same as the Yuehu Lake model.




2.5. Model Scenarios


Salt-release rates usually decrease with time as the concentration gradient decreases between the lake water and sediment. To promote salt release from the sediment, a water-exchange method, involving the replacement of salt water in Yuehu Lake with freshwater, was adopted. Different water-exchange periods (30 d, 60 d, 90 d, 216 d, 360 d) were considered. In these simulations, the time spent in operation of water-exchange was ignored and the simulation period was 1080 days. The elevation of the lake stage was set to be stable and measured to be 2 m tall with an average lake water depth of 4 m.



Two different lake stages of 2.0 m and 1.0 m were set for the model prediction and the average corresponding lake water depths were 4.0 m and 3.0 m, respectively. The simulation period was 3600 d. To clearly observe the influence of the lake stage on the variation of the lake water salinity, no water-exchange scenario was adopted.





3. Results and Discussion


Model calibration is often also called history matching. When the ultimate goal of model calibration is not merely to calibrate a model, but rather to optimize unknown parameters in that model, the process is often called parameter estimation or parameter inversion. Salinity distribution at the end of the simulation period under water-exchange scenarios and lake stage scenarios are illustrated in this section.



3.1. Parameter Inversion


Before the numerical simulation, a standard curve of salinity vs. electrical conductivity was obtained via laboratory experiments at 25 °C. This experiment used the same sensors as the experiment which fit the molecular diffusion coefficient. Because the relationship between salt concentration and electrical conductivity differs with salt concentration ranges, standard curves were drawn for the two salt concentration ranges (0–5 g/L and 5–20 g/L); both of these are shown in Figure 3.



The numerical model was calibrated based on monitoring experimental data to fit the molecular diffusion coefficient. Figure 4 shows the measured and calculated salinity variation profiles at various times. The experimental data were calibrated to 25 °C, and the electrical conductivity data were transformed into a salt concentration by fitting the conductivity data onto the standard salinity vs. electrical conductivity curve.



The missing data between 330–367 h was caused by a data logger malfunction. The fitting effect of the calculated and measured values was judged by root mean squared error (RMSE) and correlation coefficient (R) during this simulation. The fitting effect negatively correlated with the root mean squared error (RMSE) and positivity correlated with the correlation coefficient (R). The RMSEs of measured data and simulated results at the water, interface, and sediment were 0.03848 g/kg, 0.07018 g/kg, and 0.07999 g/kg, respectively, with correlation coefficients of 0.98794, 0.93318, and 0.97964 respectively. The low RMSE values and high R values indicated a good fit. The simulated salt concentrations at different depths matched the transient calibration salinity target. The measured data in the sediment–water interface was higher than the simulated value observed the early stage of the simulation but became consistent as the salt concentration stabilized. Based on the inversion of the experiment through simulation, the molecular diffusion coefficients of salt used in this study were obtained (1.39 × 10−9 m2/s in sediment and 4.17 × 10−9 m2/s in water). Li and Gregory [8] measured the diffusion coefficients of different ions in seawater at an infinite dilution; the diffusion coefficient of the chloride ion is 2.03 × 10−9 m2/s.




3.2. Model Validation


The current project adopted the 90 d water-exchange scenario. Measured data of salinity at different depth in Yuehu Lake during the water-exchange period (the 90th and 180th day) were used to validate the numerical model. The comparison between the simulated and measured values showing the model validation results are listed in Table 4.



The RMSEs of the measured data and simulated results were 0.13491 g/L and 0.09316 g/L at the end of the first and second water-exchange periods, respectively, with correlation coefficients of 0.99892 and 0.99838, respectively, which indicated a good fit. Measured data from 0.5 m to 1 m were unchanged compared with the initial value, which showed that the influence scope of the salt release from sediment was less than 0.5 m. The measured data were a little smaller than the simulation results, which may be the reason why miscibility of lake water exists in reality. The low RMSE values and high R indicated that our model could be used to predict salt release from sediment under a water-exchange scenario.




3.3. Salinity Distribution under Water-Exchange Scenarios


Figure 5 shows the salinity distribution in the water and sediment surfaces of the section shown in Figure 1 at the end of simulation period under six water-exchange scenarios for Yuehu Lake. These results indicated that more frequent water-exchange maintained a lower salt concentration near the sediment–water interface. At the same time, more frequent water-exchange also promoted salt release from the sediment. The simulation results suggested that a 30 d water-exchange scenario had the greatest impact on expediting salt release from the sediment, whereas no water-exchange scenario had the highest sediment surface salt concentration at the end of the simulation period. Water-exchange effectively reduced the salt concentration at the sediment surface and controlled surface water salinization.




3.4. Salinity Distribution under Lake Stage Scenarios


Figure 6 shows the salt concentration distribution for the lake stages of 2.0 m and 1.0 m at the end of the simulation period. The salt capacity of water is related to salt solubility, therefore, salt release is impeded when the salt capacity of the water is maximized and the concentration gradient is too small to advance additional salt release. The salt concentration distributions for the lake stages of 2.0 m and 1.0 m were nearly identical, meaning that salt release from the sediment was not impeded and the salt capacity of the lake water was not maximized during the simulation period. For low-permeability areas like this one, the efficiency of sediment salt release related primarily to the water/sediment concentration gradient. Water thickness had little influence on sediment salt release before the salt capacity of the water was maximized. Salt release from sediments is a long, slow process in low-permeability areas.




3.5. Effect of Period of Water-Exchange


Water-exchange effectively accelerates the process of salt release from sediment and replaces salt water with freshwater in a timely fashion. The variation in the salt concentration change rate shows the exchange rate between the sediment and water.



Figure 7 shows the average salt concentration profile of the sediment at 0.75 m, 1 m, and 1.5 m at the interface and water at 1 m of the interface under no water-exchange scenario. As shown in the figure, the average salt concentration of the lake water increased with increasing depth; the rate of increase gradually slowed as a function of distance from the interface. The average lake water salt concentration at the interface increased rapidly in the first 100 d and represented a 500% increase of the initial concentration. The average sediment salt concentration tended to decrease, with the average sediment salt concentration at the interface approximately 72% lower than the initial concentration. The salt concentration of the sediment below 1.5 m was almost unchanged during the simulation period because of the long distance from the interface and the small concentration gradient with adjacent layers. The average concentration of the sediment at 0.75 m increased initially but decreased with time because of the supply from the lower layer (1–1.5 m) with a higher salt concentration, thereby showing that molecular diffusion was also obvious in the sediment. The average salt concentration of the sediment at 1.5 m increased slightly and tended to be stable, which showed that salt release from the top layer (1–1.5 m) could be both upward and downward.



Figure 8 proves that the salt concentration change rate in the water layer (0–0.25 m) decreased gradually with time. The variation of water salinity was primarily driven by the molecular diffusion of salt from the sediment, and the release rate of the sediment slowed down as the water salinity increased. On the 360th day, the change rate stabilized, illustrating that the salt concentrations on both sides of the interface reached similar concentrations and the system equilibrated. A lower salt concentration in water maintained a relatively high concentration gradient with the sediment and kept salt release at a high-speed state, so water-exchange scenarios were considered.



Figure 9 shows the average salt concentration at the sediment surface at 30 d, 60 d, 90 d, 216 d, and 360 d and no water-exchange scenario. The effect of salt release of these five water-exchange scenarios was better than no water-exchange scenario. The average salt concentration at the sediment surface was 3.10 g/kg after 1080 days with the no water-exchange scenario, while the sediment salinities were 1.52 g/kg, 1.58 g/kg, 1.64 g/kg, 1.84 g/kg, and 2.07 g/kg for the five water-exchange scenarios, respectively. The effect of salt release significantly improved, which achieved the purpose of sediment salinity reduction to control surface water salinization. The average salt concentrations of water-exchange at 30 d, 60 d, and 90 d were approximately 50% lower than the no water-exchange scenario at the end of the simulation period. The nodes in the figure represent the water-exchange time and the number of nodes corresponds to the number of water-exchange steps under each scenario. In all of the water-exchange scenarios, the salinity of the sediment decreased. The ending salt concentrations after the 30 d and 360 d water-exchange scenarios were 1.52 g/kg and 2.07 g/kg, respectively; the salt concentrations for the other water-exchange scenarios were between those two values. In the first three scenarios (30 d, 60 d, and 90 d), the variation lines of salt concentration were smooth. In these three changing water periods, the water salinity stayed at a relative low value during the entire simulation period, and the salt-release rate was relatively fast because of the high concentration gradient between the water and sediment, so there were no obvious changes on the graph corresponding to water-exchange. On the contrary, catastrophe points occurred when the water-exchange scenario was 216 d and 360 d; these clear changes were caused by a sudden increase in the salt-release rate during water-exchange, before which the concentration gradient between the water and sediment decreased and remained at a low level. Around the 90th day, there was a marked decline in the sediment salt-release rate which was due to the relatively high salt concentration in the lake water. Water-exchanges of 30 d, 60 d, and 90 d maintained high salt-release rates in the sediment. Though changing the water every 30 d was the best, it was only 3% and 7% better than 60 d and 90 d respectively. More frequent water-exchanges could achieve the best effect, but this advantage is small compared to relatively low frequencies, which could also maintain a fast rate of salt release. The results showed that a water-exchange period of 90 d maintained a relatively fast salt-release rate and conserved water resources due to fewer water-exchange steps.




3.6. Effect of Lake Stage


Figure 10 shows the change rate in salt concentration at the sediment surface with no water-exchange but with different lake stages. Though the two scenarios had different lake stages, the salt concentration differences in the sediment were nearly identical with slight differences, which caused the salt concentration change rates under the two scenarios to be almost the same and appear as overlapped lines in Figure 10. The salt concentration change rate became stable around the 500th day, before which the salt released relatively quickly, then gradually stabilized to 3 g/kg. The average salt concentration of the lake water increased during the simulation period, which meant salt release took place even when the average salt concentration of the sediment stabilized, during which the supply from the lower layer and that released from the upper layer is equilibrated. Currently, the average salt concentrations of the water and sediment were similar; the concentration of the former was slightly lower than the latter, which caused subtle molecular diffusion.



The salinity index of freshwater in a human-living area is less than 1 g/L. The time at which the change started and became greater than 1 g/L of the average salt concentration in water at each layer is shown in Figure 11. The water depth was divided into 16 layers, with the 16th (0–0.25 m from the interface) layer adjacent to the sediment. From that layer to the 6th (2.5–2.75 m) layer, the time at which change time started was the same in both scenarios. Salt concentrations began to change on day 1194 under the lake stage of 1.0 m, 18 days earlier than the lake stage 2.0 m scenario at the 5th layer. The time taken for the average salt concentration to become greater than 1 g/L was same as these two scenarios from the 16th (0–0.25 m) to the 10th (1.5–1.75 m) layer. The times taken for the average salt concentration to become greater than 1 g/L of the 9th (1.75–2 m), the 8th (2–2.25 m), and the 7th (2.25–2.5 m) layers were the 2145th, the 2703rd, and the 3303rd day under the 1 m scenario, which are 3, 57, and 132 days earlier than 2 m scenario. The average salt concentrations of the layers above the 7th layer was not greater than 1 g/L at any time during the simulation period. In short, the influence of salt release from the sediment to water increased with time, and the salt capacity of the lake was much higher than the amount of salt released to the lake. Because of the low molecular diffusion from the sediment, salt transport was weak. Salt in the first layer rapidly released into the water, so the salt concentration of the first layer stayed relatively low during the simulation period. Though the supply from the lower layer reached the first layer, the supply also released quickly into the water and reached equilibrium.





4. Conclusions


The salinity index of freshwater in human-living areas is generally less than 1 g/L. Sediments with high salinity can cause the degradation of water through salt release in coastal reclamation area. To clarify the salt-release process and provide an efficient method to dispose of sediments with high salinity, a numerical model was established to simulate salt transport across the interface between sediment and water in a low-permeability area. In situ tests and physical experiments were conducted to calculate hydraulic parameters and observe variations in salt concentrations in sediment and water. Numerical models were used to calibrate molecular diffusion coefficients and predict salt-release processes at the sediment–water interface in Yuehu Lake, China. Different water-exchange scenarios were considered and compared in the model. The results showed that the sediment released salt more slowly and became stable once the salt concentration in water reached a certain level. The salt concentration of the water increased rapidly and stabilized after approximately one year. Though a faster frequency of water-exchange controlled sediments and water salinization more effectively, water-refreshing rates more frequent than 90 d were similarly as effective as a 90 d water-exchange cycle. Refreshing the water every 90 days resulted in the sediment releasing salt at a relatively rapid rate. Two types of lake stage were considered and showed that the influence of water depth on salt release from sediment was not apparent before the salt capacity of the water was reached. The influence of the salt release at each layer was related to the distance from the interface and the immersion time. The salt concentration of the water increased rapidly within 0.5 m from the interface and reached 1 g/L after 90 days. Layers of water more than 2.5 m from the interface did not reach 1 g/L during the simulation periods. When the salt concentration at the sediment surface stabilized, a salt-release process also existed; at that time, the supply from the lower layers was comparable to the release into the water to reach equilibrium. In summary, in order to ensure that lake water quality meets ecological needs in coastal reclamation areas, we propose a new method involving water-exchange to dispose of sediments with high salinity. We compared several scenarios under different water-exchange periods and lake stages during the implement of water-exchange, and found an effective and resource-saving scheme which can be used as a reference for the treatment of sediments with high salinity in the future.
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Figure 1. Geographic area of study area. The red polygon (□) indicates the model boundary, the red balloon icon ( [image: Water 11 02503 i001]) indicates the in situ experiment point, the blue dot (●) indicates the drill-hole test point, and the red dashed line (---) indicates the section line. The salinity distribution of the lake water at the section is described in the Results and Discussion section. 
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Figure 2. Schematic diagram of the experimental apparatus used to obtain the molecular diffusion coefficient. 
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Figure 3. Standard curves of salinity vs. electrical conductivity at 0–5 g/L (a), and 5–20 g/L (b). The red line (——) and the black square (■) indicate the fitted data and the measured data. 
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Figure 4. Simulated and measured salt concentrations during the simulation period at the sediment–water interface and the middle of the water (a) and the middle of the sediment (b). The red and black lines (——) indicate the simulated data and the black square (■) and red circle (●) indicate the measured data at the interface and the middle of the water in panel (a). The black line (——) and square (■) indicate the simulated and measured data at the middle of the sediment in panel (b). 
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Figure 5. Profiles of salinity distribution in water and sediment surfaces at the end of the simulation period (the 1080th day) under six water-exchange scenarios. 
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Figure 6. Salt concentration distribution of lake water under the lake stage scenarios 1.0 m (a) and 2.0 m (b) at the end of the simulation period. 
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Figure 7. Average salt concentration of lake water (a) and sediment (b) under no water-exchange scenario. The black, red, blue, olive, and magenta lines (——) indicate the salt concentrations of water at the interface, 0.25 m, 0.5 m, 0.75 m, and 1 m from the interface, in panel (a). The black, red, blue, and olive lines (——) indicate the salt concentrations of the sediment at the surface, 0.75 m, 1 m, and 1.5 m from the interface, in panel (b). 
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Figure 8. Salt concentration change rates of the water layer (0–0.25 m) under the no water-exchange scenario. 
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Figure 9. Average salt concentrations of the first layer of sediment under water-exchange scenarios. The black, orange, red, blue, magenta, and olive lines (——) indicate the salinity of sediment surface under no, 30 d, 60 d, 90 d, 216 d, and 360 d water-exchange scenarios. The circle (●) indicates the time of water-exchange. 
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Figure 10. Salt concentration change rates at the surface of sediment under no water-exchange scenarios at different lake stages. 
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Figure 11. Time of variation of salt concentrations at lake stages of 2 m (a) and 1 m (b). The black square (■) indicates the time at which the salinity of the water started to change at different layers. The red circle (●) indicates the time at which the salinity of the water became greater than 1 g/L at different layers. 
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Table 1. Salt concentration of sediment at different depths.
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	Depth (m)
	Z-1 (g/kg)
	Z-2 (g/kg)
	Z-3 (g/kg)
	Average Salt Concentration (g/kg)





	0.2–0.5
	10.70
	8.20
	11.90
	10.27



	0.7–1.0
	11.80
	10.80
	10.10
	10.90



	1.2–1.5
	16.70
	14.80
	18.70
	16.73



	1.7–2.0
	14.10
	13.00
	14.50
	13.87



	2.2–2.5
	13.80
	15.40
	12.70
	13.97



	2.7–3.0
	14.60
	14.90
	12.70
	14.07
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Table 2. Vertical hydraulic conductivity estimated by in situ standpipe experiments.
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	Serial Number
	Kv (m/d)
	Serial Number
	Kv (m/d)





	SP-A
	0.00201
	SP-G
	0.00087



	SP-B
	0.00173
	SP-H
	0.00080



	SP-C
	0.00171
	SP-I
	0.00109



	SP-D
	0.00174
	SP-J
	0.00109



	SP-E
	0.00063
	SP-K
	0.00124



	SP-F
	0.00079
	SP-L
	0.00142
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Table 3. Horizontal hydraulic conductivity estimated by the slug test.
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	Serial Number
	Kh (m/d)
	Serial Number
	Kh (m/d)





	SL-A
	0.0024
	SL-G
	0.0010



	SL-B
	0.0020
	SL-H
	0.0010



	SL-C
	0.0020
	SL-I
	0.0013



	SL-D
	0.0020
	SL-J
	0.0013



	SL-E
	0.0010
	SL-K
	0.0015



	SL-F
	0.0009
	SL-L
	0.0016
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Table 4. Simulation and measured data of the salinity of lake water at different locations (from the interface).
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Data Type

	
Salinity of Lake Water (g/L)

	
RMSE

	
R




	
Interface

	
0.25 m

	
0.5 m

	
0.75 m

	
1 m






	
Simulation (the 90th day)

	
2.79

	
1.02

	
0.58

	
0.51

	
0.5

	
0.13491

	
0.99892




	
Measured (the 90th day)

	
2.5

	
1

	
0.5

	
0.5

	
0.5




	
Simulation (the 180th day)

	
1.99

	
0.83

	
0.58

	
0.5

	
0.5

	
0.09316

	
0.99838




	
Measured (the 180th day)

	
1.8

	
0.8

	
0.5

	
0.5

	
0.5
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