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Abstract

:

The low permeability of soil and high investment of salt management pose great challenges for implementation of land reclamation in coastal areas. In this study, a temporary soil leaching system was tested in which bundled maize straw (straw drainage module, SDM) was operated as a subsurface drainage tube and diluted seawater was used for leaching. A preliminary field experiment was conducted in coastal soil-filled lysimeters to examine the system’s feasibility and a numerical model (HYDRUS-3D) based on field measured data was designed to simulate the entire leaching process. The simulation results showed that the soil water velocity and the non-uniformity of salt distribution were apparently enhanced in the region approaching the drain outlet. The mass balance information indicated that the amount of water drained with SDM accounts for 37.9–66.0% of the total amount of leaching water, and the mass of salt removal was about 1.7 times that of the salt input from the diluted seawater. Additional simulations were conducted to explore the impacts of the design parameters, including leaching amount, the salinity of leaching water, and the number of leaching events on the desalination performance of the leaching system. Such simulations showed that the salt removal efficiency and soil desalination rate both were negatively related to the seawater mixture rate but were positively associated with the amount of leaching water. Increasing the leaching times, the salt removal efficiency was gradually decreased in all treatments, but the soil desalination rate was decreased only in the treatments leached with less diluted seawater. Our results confirmed the feasibility of the SDM leaching system in soil desalination and lay a good foundation for this system application in initial reclamation of saline coastal land.
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1. Introduction


Farmland shortage is becoming increasingly severe in Eastern China due to fast population growth and urbanization progress. Exploitation and development of the coastal mudflat areas are regarded as an essential approach to relieve the stress of inadequate land resources [1]. Due to saline shallow groundwater and periodical seawater inundation, salt-affected soil with over-dispersed particles, aeration issues, and low water permeability is widely distributed in coastal areas, which increases the difficulty for the remediation of soil property. Additionally, water and nutrient absorption of root systems could be destroyed when crops are grown on soil contaminated with a high concentration of soluble salt. Hence, soil salinization is a massive encumbrance to both the efficiency of land reclamation and the development of coastal agriculture [2].



Subsurface pipe drainage has been a prevalent method for groundwater management and soil desalination [3,4,5]. By flooding with a large amount of water, solute salt from the soil above the subsurface pipes was leached and finally discharged through the drainage pipe, which keeps the saline water table under a critical depth. However, the desalination capacity of subsurface drainage largely depend on the quality of the leaching water and it is unsustainable to employ a very large amount of freshwater for leaching practices since the coastal area is also facing the shortage of fresh water due to seasonal seawater intrusion and pollutants emission from human activities [6]. In recognition of this fact, desalinated or diluted seawater could be adopted as an abundant and steady water source to remove the hydrological constraints for soil leaching during the reclamation process of the coastal area [7]. In general, the ionic composition of seawater is manifestly predominated by sodium and chloride, with a low concentration of other ions like calcium, magnesium, and sulfate, which are reportedly used for washing out heavy metals from soil [8] and successfully implemented in alternative irrigation systems in coastal agriculture as long as the salt level of seawater is diluted to a tolerable range [9]. Notably, when leaching was conducted with saline water, appropriate system design of subsurface drainage is indispensable to avoid salt accumulation and excessive drain water. Reducing the spacing of drainage pipes is an effective approach for quickly leaching the salt from the soil profile [10] and appropriately reduces the water consumption from deep percolation [11]. However, the close-spacing drainage system may lead to high costs for installation and facilities especially in the case of regional soil improvement [12]. Additionally, high drainage intensity may no-longer be necessary when soil salinity declines to a safe level and even causes a substantial increase in nitrate-nitrogen losses, which is not recommended for following cultivation [13]. Under the circumstances, it is worthwhile to design inexpensive and temporary facilities that could be applied as a substitute for those traditional subsurface drainage pipes or tiles at the initial stage of coastal soil reclamation.



In a wide variety of crop straws, maize straw was presented with high strength and endurance, and it can resist the soil pressure from above without remarkable deformation when buried at a shallow depth [14]. The application of bundled maize straw as a subsurface drainage material was reported to be feasible during a growing season of summer maize [15]. Additionally, disadvantages, like inefficient salt leaching or water table control caused by the rupture or blockage of the drainage pipe [16,17], and some construction requirements, like the accuracy of the installation and the laying of the gravel envelope around the drainage tile, which existed in conventional drainage system, might no longer be under consideration with respect to the short-term application of straw drainage modules (SDMs). Furthermore, some clay drain tiles [18] are inoperative under unsaturated soil conditions because a positive pressure of the soil water must be present before water can infiltrate through the clay side wall, while SDM shows less dependence on the water pressure of surrounding soil, owing to its higher porosity and direct contact with soil, which makes soil water preferentially permeated into the inside of the bundle and trigger drainage. Another vital characteristic of straw is that they can gradually decompose in soil over time. As soil salt arrives at a safety level, the reduction of the drainage intensity could be obtained with the decomposition of the SDM without any artificial engineering, which fully meets the whole-process requirements of drainage system design in initial land reclamation.



Numerical modeling as a tool of predictive science presents an adequate opportunity to simulate different scenarios by using approximate analytical solutions for substituting those time-consuming field measurements. HYDRUS (2D/3D) [19] a software package for simulating the two- or three-dimensional movement of water, heat, and solute in soils under variably saturated conditions, irregular boundaries, and horizontal or vertical texture heterogeneities was chosen for this study. Water flow and solute transport in subsurface drainage system have also been successfully evaluated using the HYDRUS model under various conditions. Boivin, et al. [20] investigated the subsurface drain discharge rates and chemical concentrations in the drainage water in respect to different soil textures using the HYDRUS-2D model. Ebrahimian and Noory [21] used the HYDRUS model to optimize the drain depths and drain spacings for groundwater management of paddy field. Additionally, the transport of nitrate and chloride in a Dutch polder reclaimed by the tile-drained system was also accurately predicted by the HYDRUS-2D model [22]. Facing to the irregular flow domain, Tao et al. [23] systematically evaluated the drainability of an improved subsurface drainage system which adds a permeable filter above the drainage pipe based on the HYDRUS-2D model. Most of the modeling studies considered water flow or salt transport in two-dimensional soil profiles, since the inner wall of those subsurface pipes or tiles were all considered as seepage face boundaries and, thus, each vertical profile in the direction perpendicular to the drainage pipe can be viewed as the same [24]. However, SDM was not only a hollow cylinder, but filled with bundled crop straw, increasing the complexity in water movement and solute transport during the leaching process, and the mass of water and salt exchange between soil and straw could not be explicitly accounted by a single-plane soil profile as simplified by previous studies because the flow in the SDM could move both horizontally and vertically. Furthermore, the advantage in treating soil water-salt movement as a three-dimensional problem has been reportedly approved by many studies [25,26] in which the dynamic patterns in diffusion or retraction of soil water and solute around a single point or plane-source were graphically represented by the HYDRUS-3D model. Thus, a numerical three-dimensional HYDRUS-3D model was established and operated to investigate the regularity of the spatial distribution and movement of soil water and solute, and then the model was tested under various design parameters of leaching practices, which can be used to explore the capability of the SDM system in soil salt control and subsequently design for achieving an effective soil remediation.



The objectives of this study are using the calibrated and validated HYDRUS-3D model: (1) to evaluate water movement and salt dynamics in the soil profile with the SDM leaching system; (2) to determine effects of the SDM leaching system on the mass balance of soil water and salt; and (3) to explore the capability of the SDM leaching system in soil water-salt control under various design parameters of leaching practice.




2. Materials and Methods


2.1. Field Experiment


The experimental site was established at the Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China, Ministry of Education, Nanjing (31.9° N, 118.8° E). From April to June in 2017, 12 cuboid lysimeters (internal dimensions: 200 cm × 200 cm × 250 cm) were employed to conduct the plots experiment for saline soil leaching. The experimental soil was excavated from a depth of 0–40 cm of the unreclaimed coastal area in Eastern China (Dongtai City, Jiangsu Province, China). For simulating the original land property, the soil was air dried at 25% gravimetric water content, sieved through a 10 mm sieve, and then filled into lysimeters (Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China of Ministry of Education, Nanjing, China) and compacted to about 1.40 g cm−3 in bulk density. Laboratory-measured soil mechanical composition showed that the filled soil consists of 12.7% sand (0.02–2 mm), 66.8% silt (0.002–0.02 mm), and 20.5% clay (0–0.002 mm), which was classified as silt loam according to the USDA soil texture triangle. The average groundwater level in the soil at excavated sites fluctuated within the range of 0.8–2.2 m, and the electrical conductivity of groundwater in this coastal area was about 17.6 dS m−1 [27]. Accordingly, in this study, the groundwater table was maintained at 1.2 m from the soil surface using a Mariotte tube system before the leaching started. The saline groundwater was artificially prepared by dissolving the salt (NaCl) in fresh water (0.13–0.37 dS m−1). The total dissolved solids of the artificial groundwater is 14 g L−1 (17.5 dS m−1). Moreover, for preventing the rainfall effect on soil salt and water distribution, an automatic rainout shelter covered all lysimeters on rainy days during the whole experimental duration. More details about this lysimeter system and its operating mechanism were described in the study about the selection of drainage materials conducted in 2016 at the same site [15].



The salinity of seawater adjacent to the excavated site was about 23.63 g L−1, which is too saline to be used as a water supply for salt leaching. Therefore, in the present study, we first prepared the experimental seawater at a concentration of 20 g L−1 (24.63 dS m−1) by dissolving the local commercial sea salt in fresh water (0.13–0.37 dS m−1), and then the prepared seawater was further diluted at the volumetric proportion of seawater at 25% (6.62 dS m−1) and 50% (14.38 dS m−1) by mixing with fresh water. The SDM was made up from air-dried maize straw harvest previous year, which was bundled into conduits at 10 cm in diameter and 240 cm in length, and then such straw bundles were wrapped in nonwoven fabric (5 mm thick) to prevent the intrusion of soil particles during the burying process. The prepared SDM was installed at the middle position of each large lysimeter for simulating the condition of spacing drainage at 2 m. According to the above-mentioned condition, a four-treatment study was designed with two burying depths of SDM set at 0.8 m (D1) and 1.0 m (D2) from the soil surface, and along with the seawater diluted at two volumetric proportion (W1: 25%, W2: 50%) for soil leaching, and three replicate plots were set to each combination. During the field experiment, all treatments experienced two leaching events with the same leaching amount (120 mm) on 1 May and 16 May.



Due to the symmetry of this experimental apparatus, the half side of the vertical cross-section can adequately reflect the water-salt distribution in the whole soil profile. Thus, the soil in one side of the lysimeter was sampled for moisture measurement, and the other side of the soil was sampled for salt content testing. The sampling positions in the direction perpendicular to the drainage pipe were located horizontally at 0 and 80 cm and vertically at the soil depths of 10, 30, 50, and 70 cm for D1 treatment, and from 10 to 90 cm at a 20 cm interval for D2 treatment (Figure 1). Soil samples for testing water content and salt concentration at specific positions of the lysimeter were collected using an auger (2 cm in bore diameter and 120 cm in length) about every three days, and sampling holes were re-filled with soil in a similar property to prevent the emergence of preferential flow. The soil gravimetric water content measured by the oven drying was converted to volumetric water content by using the average observed bulk density (1.40 g cm−3). Soil salinity can be quantified in terms of the electrical conductivity of the soil water extract [18,28]. Thus, soluble salt estimates were based on extracts with a 1:5 soil:water ratio (EC1:5), determined using a DDBJ-350 EC meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). The soil-water mixture was oscillated for about 20 min and then centrifuged for testing the supernatant. The electrical conductivity of the saturated soil (ECe), which reflects the salt concentration of soil water [29], was measured using the soil samples with a wide range of EC1:5 values, and EC1:5 was converted to ECe using the relationship (R2 = 0.952) developed in laboratory:


ECe = 9.33EC1:5 + 1.25



(1)







These ECe values were then converted to the electrical conductivity that would exist in the soil solution (ECsw) using following equation [30]:


ECsw=SPθECe,



(2)




where SP is the soil saturation percentage, %; and θ is the volumetric soil water content (cm3 cm−3).



For mass balance analysis, the concentration of total dissolved salt (TDS, g L−1) in soil extract or leaching water was calculated from their EC values using the following relationship [31]:


TDS = 0.64 × EC (EC ≤ 5 dS m−1),



(3)






TDS = 0.80 × EC (EC > 5 dS m−1)



(4)







Water evaporation in the soil is the main factor for determining the soil water upper movement since there was no plant involved in this experiment and, thus, the transpiration and root water uptake were not considered at all. The soil evaporation was measured using mini-lysimeters [32] in an individual plot with the same initial condition and leaching practices. Each mini-lysimeter consisted of an undisturbed soil core contained in a plastic cylinder (12 cm diameter, 30 cm long). Additionally, another plastic cylinder, 15 cm in diameter and 30 cm long, was prepared as the sleeve to load each mini-lysimeter, and there was a holed cap at the base of each sleeve to allow for vertical water movement. Each mini-lysimeter was weighed and returned to the sleeve at the same time every day.




2.2. Model Development


2.2.1. Mathematical Model


The distributions and dynamics of soil water and salt were modeled with the computer simulation model HYDRUS-3D [19]. Assuming homogeneous and isotropic soil, the modified form of Richards’ equation applied to governing saturated water flow are described as follows [25]:


∂θ∂t=∂∂x[K(h)∂h∂x]+∂∂y[K(h)∂h∂y]+∂∂z[K(h)(∂h∂z+1)],



(5)




where θ is the soil volumetric water content (cm3 cm−3), t is time (d), x and y are the horizontal coordinate (cm), K(h) is the soil hydraulic conductivity (cm d−1), h is the pressure head (cm), and z (positive upward) is the vertical coordinate (cm).



The soil unsaturated hydraulic conductivity functions defined by van Genuchten [33] was adopted in HYDRUS-3D to describe the soil water retention curve:


θ(h)={θr+θs−θr[1+|αh|n]mh<0θsh≥0,



(6)






K(h)=KsSel[1−(1−Se1/m)m]2,



(7)






Se=θ−θrθs−θr,



(8)




where θr and θs denote the residual and saturated water content, respectively, Ks is the saturated hydraulic conductivity, Se is the normalized water content, α is the inverse of the air-entry value (cm−3), n is the pore-size distribution index, m = 1 − 1/n, and l is the pore-connectivity parameter. According to averaging conditions in a range of soils, l was estimated with the value of 0.5 [21].



The values of residual water content (θr) and saturated water content (θs) of the experimental soil were taken from laboratory test, while some other hydraulic parameters like empirical coefficients α and n and saturated hydraulic conductivity (Ks) was predicted based on the ROSETTA [34] neural network approach provided by HYDRUS regarding the measured data of soil bulk density and the percentages of soil particles due to there being no existing textural class for estimating the hydraulic parameters of crop straw in the HYDRUS software package. Hence, we propose a hypothesis that the SDM is regarded as a hydraulically-equivalent soil, and the initial values for straw hydraulics parameter estimation refer to Hudan and Sultan’s [35] experimental study, in which their data was obtained from a hydraulic-parameter inverse estimation of the straw interlayer. The finally-adopted hydraulic parameters of the experimental coastal soil (θr = 0.0721 cm3 cm−3, θs = 0.413 cm3 cm−3, a = 0.05 cm−1, n = 1.65, l = 0.5, and Ks = 30 cm d−1) and maize straw (θr = 0 cm3 cm−3, θs = 0.540 cm3 cm−3, a = 0.05 cm−1, n = 2.0, l = 0.5, and Ks = 1200 cm d−1) for the present modeling study were optimized during calibration. The three-dimensional non-reactive solute transport in homogeneous medium is described by the governing advection-dispersion equation [36,37]:


∂θc∂t=∂∂xi(θDij∂c∂xj)−∂qic∂xi,



(9)




where θ is the volumetric water content; c is the solute concentration in liquid phase, ML−3; t is the time, T; xi, xj (i, j = 1, 2, 3) are the spatial coordinates L; qi (i = 1, 2, 3) are the water fluxes in three directions L T−1; Dij is the hydrodynamic dispersion coefficient tensor L2 T−1, which can be defined as follows [38]:


θDij=εT|q|δij+(εL−εT)qiqj|q|+θDdτδij



(10)




where εL and εT are the longitudinal and transverse dispersivity L; δij is the Kronecker delta function; |q| is the is the absolute value of the Darcian fluid flux density, L T−1; Dd is the molecular diffusion coefficient in free water, L2 T−1; and τ is the tortuosity factor.



According to many previous studies on the numerical model research of the soil salt distribution or dynamics [30,39,40], the longitudinal dispersivity was typically assumed to be one-tenth of the modeling domain along with a transverse dispersivity DT = DL/10, and the molecular diffusion coefficient in free water was set equal to 1.63 cm2 d−1 [41]. During the model testing and mass balance analysis, the EC values (dS m−1) of the leaching water and soil water extract were calculated based on Equations (1)–(4).




2.2.2. Modeling Domain and Initial and Boundary Conditions


Numerical simulations were carried out for four drainage systems with the same initial conditions, but with different burying depth or leaching water salinity. Geometries characterizing the water flow and salt transport domain set up in HYDRUS-3D modeling with each domain was discretized more than 30,000 3D-elements. Measured data of soil water and salinity were recorded on April 30, 2017, and were used as the initial condition. The flow domain was vertically divided into six layers (0–20, 20–40, 40–60, 60–80, 80–120, 120–200 cm), the water content and salt concentration of the five upper layers was set based on the corresponding values of five sampling depths (Figure 1), and the soil layer below the groundwater table (120 cm) was set as saturated. A time-dependent boundary condition, which considers the leaching water amount and soil evaporation, was imposed on the soil surface as the atmosphere boundary. Due to this experiment being conducted in large lysimeters with high-strength concrete side walls, we thus assume that no exchange of water or salt took place along the surrounding vertical sides of the modeling geometry domain (no-flow boundary) except for a seepage face (10-cm diameter circle), which represents a water outlet allowing drainage connected to the SDM. During the entire experiment, the groundwater maintaining system recorded that no water was supplied to each lysimeter. Thus, the no-flow boundary was also enforced to the bottom of the three-dimensional flow domain. Meanwhile, the third-type of solute transport boundary was used to describe the salt entering or discharging at the soil surface and drainage outlet of SDM.



Observation nodes for calibration and validation were selected in the simulation domain corresponding to those field-sampling positions (Figure 1). The model was calibrated using the data of soil water-salt content measured at the middle and side position in the D2W2 treatment, respectively, and then validated the model by comparing the simulated data with the measured average data of two positions. Additionally, to test the applicability of the hypothesis (considering crop straw as a highly-permeable soil), those configured hydraulic parameters were further applied in establishing the models of other treatments (D1W1, D1W2, and D2W1) to implement a further validation by comparing the data of soil water-salt content from the model simulation and field measurement. The calibrated and validated models were used to simulate the water movement and salt distribution in the soil profile and to estimate the mass balance of water and salt for all treatments. Additional simulations were conducted to identify the effect of leaching water quantity and quality, as well as the number of leaching events on the soil water flow and salt dynamics under the application of SDM. The design parameters of leaching practice for evaluating such effects are shown in Table 1 where the seawater mixture rate is the proportion of applied seawater per unit volume of leaching water and the number of leaching events refers to how often the equal time-interval leaching event occurred within 30 days (e.g., three times means the flow domain received three leaching events during 30 days and leaching events occurred at 10-day intervals). All of the additional model simulations were made with a drain at a depth of 1 m.



Additionally, in this context, we present two evaluation indices for quantitatively representing the desalination performance of different combinations of design parameters. One is the salt removal efficiency (SRE) determined as the ratio of the salt mass in drain water to the salt mass in the leaching water, when SRE value >1 means that the salt in the leaching water did not retain in the soil [5,30], and the next is the soil desalination rate (SDR) which is calculated as SDR = (SCB − SCE)/SCB, where SCB is the salt content at the beginning of the experiment, and SCE is the salt content at the end of the experiment. A positive value of SDR means soil desalination and a negative value means soil salinization. In this study, the SDR was calculated using the uppermost 40 cm of the soil profile, which takes the root zone of rice (Oryza sativa L.) as a reference, since rice is the most popular staple crop in Eastern China [42].





2.3. Statistical Analysis


The performance of the HYDRUS-3D model was evaluated by comparing the simulated and measured value and quantified in terms of three following statistical measures:


ME=1n∑i=1n(Mi−Si),



(11)






RMSE=∑i=1n(Mi−Si)2n,



(12)






NSE=1−∑i=1n(Mi−Si)2∑i=1n(Mi−M¯)2,



(13)






R2=[∑i=1n(Mi−M¯)(Si−S¯)]2∑i=1n(Mi−M¯)2∑i=1n(Si−S¯)2,



(14)




where the Mi and Si are the measured and simulated data, respectively, and n is the number of observations. M¯ is the mean value of the measured data. ME is the calculating the mean error; RMSE is the root mean square error, the lower the value of RMSE, the better the simulation performance of the model; the NSE is a dimensionless quality for reflecting the relative magnitude of the residual variance between the simulated and measured data, and values of NSE can vary between −∞ and 1. R2 is the coefficient of determination which was applied for testing the proportion of variance in the measured data explained by the HYDRUS model. Values of R2 range from 0 to 1, with higher values indicating less variance, and values over 0.5 considered acceptable, typically [43].





3. Result and Discussion


3.1. Model Calibration and Validation


Field-measured data of soil moisture and salt content at different sampling locations in D2W2 treatment were adopted for the model calibration and validation. The calibrations were performed using the measured data at the middle and side position of the experimental lysimeter (Figure 1), respectively. The calibration of water content shows a good agreement in both positions (Figure 2), and the statistical errors parameters (RMSE, ME, NSE, and R2) values in Table 1 ranged within acceptable limits compared with similar studies [18,24]. During validation, from the model calibrated with side-position data, a positive value of ME illustrates that the model under-estimated the field-measured data of the middle position. However, the RMSE (0.018), NSE (0.799), and R2 (0.882) in the validation of the middle-position data indicated that the model still provided a good representation. Similarly, when model operated with the soil hydraulic parameters calibrated from side-position data, the statistical error parameters of RMSE (0.017), NSE (0.857), and R2 (0.877) indicated a close match between measured and simulated values at the side position. From the result of validation in soil moisture, it is reliable to optimize the value of the soil hydraulic parameters by calibrating the water content data in the middle or side sampling position.



The procedures of calibrating and validating the soil salt distribution were the same as those in the soil water content. The calibration based on either the middle position data or the side position data showed a close match between measured and simulated EC values (Figure 3 and Table 2). However, during validation, the model calibrated using the middle position data show a relatively high under-estimation (ME > 0) when simulating soil salinity for the side position. Additionally, the values of NSE (−0.073) and R2 (0.449) in the middle position data calibrated model did not perform as well as they performed in the calibrated model based on side-position data. Better performance of the soil salinity simulation from the model calibrated with side position data could be explained by the installation of the SDM, since the testing soil was filled in each lysimeter before burying the SDM, thus, the hydraulic parameters (i.e., bulk density or porosity) of the soil above the SDM (middle position) could be disturbed by the practice of excavation and backfill. Furthermore, soil evaporation during the experiment induced soil salt upward movement thereby increasing the salt accumulation in the surface soil [39], and such non-uniform distribution of salt in the soil profile could further enhance the deviations between field-measured and simulated variables during calibration and validation.



The hydraulic parameters calibrated with side position data were further applied to establish the model for simulating the water and salt content distributions in other treatments (D1W1, D1W2, and D2W1). The simulated water content distribution in different soil depth show a close correspondence with the measured values for each treatment at the indicated time (one day and 15 days after each leaching practice). From Table 3, the variation of statistical parameters indicated an acceptable simulation in the treatment of D1W1 and D1W2 despite that there was a small over-estimation of soil water content during the second leaching event (Figure 4). The increased extent of deviations during the second leaching process could be mainly attributed to the presence of the crack-preferential pathways formed by wetting-drying cycles, which accelerated the downward movement of soil water and considerably affected the water content distribution at upper soil layer [44], and such phenomenon could be intensified as the SDM is buried at a shallow depth (D1). The variation of temporal and spatial distribution of simulated soil salinity is consistent with the variation of those measured values. Despite the values of those statistical parameters fluctuated within an acceptable range [45], the values of NSE and R2 in terms of soil salt were comparatively lower than the corresponding values in the calibration and validation of soil moisture (Table 3). In this study, the calibration was just conducted with the D2 condition, some differences in model structural of D1 treatment may not be well accounted, and this could reduce the accuracy of the simulation in other treatments. Despite these numerical gaps between measured and simulated soil salt content, the deviations estimated are no higher than those reported in other studies [25,43].




3.2. Water Movement and Salt Distribution.


As shown in Figure 5, the intensity of velocity vectors in soil profile shows a negative relationship with the distance between soil profile and drain outlet. In the SDM leaching system, the seepage face was only set on the vertical boundary of the outlet (Figure 1), and this outlet was also the interface between SDM and outside air. Thus, the horizontal movement of soil water in the SDM could be the synergistic effect of pressure head combined with the high permeability of maize straw, and meanwhile the influence of pressure head on water flow mainly concentrated on the seepage face boundary which, in turn, caused a gradual decrease of the soil water velocity with the increase in the distance between the soil profile and the drain outlet. Such a phenomenon is different from those conventional subsurface pipe drainages, in which the movement of water is in the same pattern among all the vertical soil profiles perpendicular to the drain pipe [46,47], but the similarity among those two systems is that the deeper drain treatment could affect a broader range of soil moisture movement than the shallow one.



Figure 5 also depicts the streamline patterns of soil water movement. The overall tendency of streamlines show a concentration towards the location of the SDM, and soil water near the left and right boundary firstly move vertically and then converge towards the SDM. During the leaching process, leaching water at the side position of the soil profile initially infiltrated vertical and then tangentially flowed to the SDM, hence they need to take a longer time to arrive at the SDM compared to the infiltration at the middle position where the streamline pathway is short and straight which, in turn, reduced the loss of gravitational potential energy of the infiltration water, and ultimately increases the velocity of soil water movement. The streamline of the simulated water movement is consistent with those of subsurface drains, which is experimentally observed by Mirjat, et al. [48] and modeling proved by Mirjat, et al. [47].



As the salt distribution pattern suggested by Figure 6, there is an obvious desalination zone formed within about 0.0–0.3 m of the soil layer in both two treatments, despite a relatively higher salt content within 0.3–1.0 m. The size of the high salt layer was narrowed in the D2W1 treatment compared with D1W1, and this could be possibly attributed to the deeper burying of SDM in D2W1 in which leaching water passed through more soil layers above the SDM and eventually washed out more salt from the soil profile. Furthermore, the size of the desalination zone was not uniformly layered at the soil profile of the outlet, especially in the D1 treatment. Such nonuniformity in the salt distribution can be observed closely resembling the above-mentioned water movement pattern since the diffusion and accumulation of soil salinity are accompanied with the physical processes of moisture transfer. The straight and short streamline of water infiltration at middle position enhanced the leaching efficiency, which formed a desalination region below and above the SDM. In contrast, the circuitous and long streamline of side-position infiltration limited the transport of the solute in the soil profile and then caused salt accumulation on both sides of the SDM, finally forming a butterfly shape of the salt distribution.




3.3. Mass Balance of Soil Water and Salt


From Table 4, the simulated water balance indicated that water drained in first leaching event was varied from 60.7 to 105.6 mm (D2W1 > D2W2 > D1W1 > D1W2), which accounts for 37.9–66.0% of the total amount of the water input for leaching. During the second leaching event, although the soil evaporation was slightly higher, the drainage amount was increased compared to the first event for all treatments, especially in shallow drain depth condition (D1) which show an approximate 10% increase. The increased drainage amount in the second leaching event was ascribed to the soil water content increasing by the first leaching event, and treatments at a shallow drainage depth could further increase the drainage amount for the subsequent leaching events. The total water outflow in treatment with high leaching water salinity (W2) was decreased by 0.9% in the D2 condition but increased by 1.1% in the D1 condition, respectively, as compared to the corresponding values in treatments leached with low-salinity water (W1). This indicated that the total drainage discharge may not have an explicit relationship with the salinity of the leaching water.



For the mass balance of salt, the averaged quantity of salt removed from these four treatments was about 1.7 times of the salt input from the diluted seawater. Additionally, the negative value of soil salt storage indicated that there is no salt build-up in the soil profile (0–120 cm), and the positive value only existed in the D1W2 treatment, which means using the SDM system for soil desalination is feasible with an increase in the drain depth or reduction in the salinity of the leaching water. This result is in accordance with previous studies about conventional subsurface drainage [49,50] in which increased drain depth ensured more soil layers were leached and, thus, raised the salinity of the discharge. Additionally, the average amount of salt removal of all treatments in the first leaching event was about 6.7% higher than that of the second leaching event, suggesting that the effect of antecedent leaching events on salt transport could influence the mass of salt removal in subsequent leaching events [50,51].




3.4. Evaluation of the Leaching Capacity of Straw Drainage Modules


3.4.1. Cumulative Outflow and Salt Removal


From the simulation of cumulative outflow, when leached with the same water amount, the coinciding cumulative-outflow curves were found in treatments with different salt levels of leaching water, which suggests that the cumulative outflow and drainage duration (i.e., the duration of time from when the drainage system starts draining to when the cumulative outflow no longer increased) has no relevance to the salinity of the leaching water. This result could be accepted because the EC value of the leaching water or the percolating solution in this study were exceeded 5.6 dS m−1 and the sodium absorption ratio (SAR) was beyond 20, soil water under this condition has a low probability to induce the infiltration problem of the experimental soil [52].



Furthermore, as shown in Figure 7, after rapid growth and then successive slow growth of cumulative outflow, the treatments with leaching amount of 80, 120, and 160 mm spent 99, 123, and 159 h to reach their stabilized maximum of cumulative outflow (29, 53, and 79 mm), respectively. Similar result was generally proven by previous studies on subsurface drainage system design [11,53,54], in which the leaching water amount is positively associated with the drainage discharge but negatively related to the drainage duration. Moreover, a large amount of saline leaching or irrigation water can degrade the soil structural stability over time, thereby reducing the soil permeability and infiltration rate [55] which, in turn, causes a variation in soil hydraulic parameters. This cumulative effect was not considered during the modeling testing since the duration of our field experiment was just 30 days. Therefore, the situation of soil degradation needs to be further studied through long-term experiments.



From the simulation results in Figure 8, the increased total mass of salt removal was obtained in treatments with a high amount or high salinity of leaching water, but the difference of the cumulative mass of salt removal between treatments with different leaching water salinity was gradually narrowed with time. Since the outlet is the only seepage face in the SDM leaching system, the time for soil water discharge might be longer as compared to those conventional subsurface drainage systems, where the inner wall of drain pipes or tubes were all equal to the seepage face boundary [24]. However, the extended period of drainage duration is favorable for adequately dissolving soil salt and finally improving the effect of leaching water salinity on salt removal. On the contrary, those conventional subsurface drainage systems promoted the drainage rate in the soil profile but shortened the dissolving time for soil leaching, which made the drainage performance sensitive to the quality of the leaching water.




3.4.2. Variation of Soil Salt Content


Simulation of the salt content within the average root zone during an individual leaching event is presented in Figure 9. In all cases, a sudden drop of soil salt in the average root zone (0–40 cm) was obtained during 0–3 days. After that, salt content increased again due to the upward water movement by soil evaporation. However, this kind of secondary salinization becomes less pronounced with the reduction in the salt level of the leaching water or the increase in the leaching water amount, since no rebound of EC values was found in the 120 mm and 160 mm treatments when the mixture rate is lower than 20%. Notably, the discrepancy in root zone salt content among five leaching water qualities was narrowed by increasing the leaching water amount, since the EC values ranged from 2.55 to 2.87 dS m−1 for 80 mm treatments and 2.40 to 2.56 dS m−1 for 160 mm treatments at the end of the experiment. The narrowed gap of soil salinity rebound in high leaching amount treatments could be explained by the increase in the amount of leaching water reducing the soil salt content which, in turn, decreased the degree of soil salt upward movement.




3.4.3. Desalination Performance


As suggested in Figure 10, during an individual leaching practice, a dramatic drop of SRE was observed when mixture rates of leaching water ranged from 0–20%, followed by a relatively steady downtrend as the mixture rates increased from 20% to 80%. Meanwhile, when leaching water at the same mixture rate, the average values of SDR were raised with the increase of leaching water amounts, which means the per unit volume of leaching water could dissolve more soil salt as the amount of leaching water was increased. The downtrend of SRE is satisfied to be fitted by exponential decay function (Figure 10) which is suitable for describing a curve that the decline rate decreased as the independent variable gradually increase. From the fitting results, the maximum acceptable (SRE = 1) seawater mixture rate for leaching amount at 80, 120, and 160 mm was calculated as 37.27, 44.95, and 52.57%, respectively, which means the salt in the leaching water would not remain in the soil profile as the seawater proportion of leaching water were lower than such percentages.



On the other hand, the positive values of SDR were obtained in all treatments, suggesting the salt content within the root zone were reduced compared with the initial condition. Similar to the variation of SRE the values of SDR were also raised with the increase of leaching water amount, and the linear-regression was adopted to analyze the relationship between SDR and mixture rate of leaching water. As suggested in Figure 10, SDR values decreased by 5.2, 4.2, and 2.5% for every 1% increase of the mixture rate as the leaching water amount was applied at 80, 120, and 160 mm, respectively, which means that the SDR was more sensitive to leaching water salinity under lower water application amounts. That is to say, in the SDM leaching system, reducing the salinity of the leaching water could be more helpful to achieve better soil desalination when the amount of leaching water is small.



Since the difference of salt transport was present between the first and second leaching events (Section 3.3), we further explored the effect of leaching water salinity and the amount on desalination performance of the SDM when adding to the number of leaching events (Figure 11). As suggested in Figure 11a, under the same amount of leaching water, the value of SRE was reduced with the increasing number of leaching events, and the degree of such a decrease was enhanced in treatments leached with low-salinity water, since the average values of SRE among three leaching amounts were decreased about 17.35% and 15.02% for each additional leaching event at the mixture rate of 20% and 40%, respectively, while the corresponding values were dropped to 11.83% and 10.99% when the mixture rate arrived at 60% and 80%, respectively. This was ascribed to the salt content being reduced by antecedent leaching events and, hence, those subsequent events with the same leaching amount could not remove more salt from the soil profile, especially in those low-salinity water leaching treatments which bring out more salt during antecedent leaching events. Similar results were obtained by Wang, et al. [56], who reported that the desalination performance could not be maintained at a high level with the continuous increase in leaching events.



On the other hand, when the salinity of leaching water is in a relatively low level, increasing the number of leaching events could achieve a high soil desalination rate even the total amount of leaching water was the same (Figure 11b). For example, the SDR value in two times leaching with 160 mm was lower than the SDR value in four leaching events with 80 mm if the mixture rate was lower than 60%. Figure 11 also reveals that the favorable impact of low-salinity leaching water for removing soil salt and the negative impact of high-salinity leaching water for salt build-up in the soil were both intensified by increasing the number of leaching events, since the highest and lowest SDR values were both observed after four leaching events in treatments leached with seawater at a mixture rate of 20% and 80%, respectively.






4. Conclusion


In this study, to examine the potential of straw drainage module (SDM) as a temporary subsurface drainage facility under leaching with diluted seawater in initial reclamation of coastal saline soil, a three-dimensional mathematical model (HYDRUS-3D) was developed to simulate soil water flow and salt transport under the application of SDM. The measured data of soil moisture and salinity from the field experiments in large lysimeters was used to calibrate and validate our model. The model performed reliably in representing the distributions of soil water content and salt concentrations when the SDM was included in the model as a tube of highly permeable soil.



Simulation results of the dynamic pattern and the mass balance of soil water and salt revealed that the soil water velocity and salt distribution in the soil profile were both affected by the drain outlet, and such an effect was enhanced as the soil profile approaching the drain outlet. An increase in the drain depth of the SDM or reduction in the seawater proportion in the leaching water could help drive more salt out of the soil. Additionally, despite the inter-treatment differences in the SDM drain depth and leaching water quality, the drainage discharge and salt removal amount are primarily dependent on the antecedent content of soil water and salt.



The HYDRUS-3D model was further applied to explore the impacts of design parameters of the leaching amount, seawater proportion in the leaching water, numbers of leaching events, and their relationship with the performance in terms of soil desalination. The result of the simulation showed the effect of leaching amount and leaching water salinity almost met the same rules as that in conventional subsurface drainage except for the cumulative mass of salt removal. During an individual leaching event, the SRE and SDR were both positively correlated to the leaching water amount and negatively correlated to the leaching water salinity, and for preventing the salt buildup in the soil profile the threshold values of the mixture rate are 37.27, 44.95, and 52.57% when the leaching amounts are 80, 120, and 160 mm, respectively. Adding the number of leaching events could enhance the soil desalination when leached with low salinity water but could also aggravate the salt retention from high-salinity leaching water, and such effects could be further pronounced if there is an increase in the amount of leaching water. Therefore, as the seawater is diluted to a suitable percentage, a lesser leaching amount combined with frequent leaching events or a large leaching amount with fewer leaching times are suggested in the SDM leaching system design.



Overall, under reasonable design parameters, the utilization of diluted seawater is an alternative method in alleviating the scarcity of freshwater resources, and the eco-friendly and low-cost straw drainage module demonstrates similar performance in terms of soil water and salt control as that in a conventional subsurface drainage system. Thus, the SDM leaching system could be a good option to address the problem of soil salination in the short-term and avoid high construction costs for the initial reclamation of coastal soil. It is recommended that additional studies and cost-benefit assessments be conducted at specific sites under specific hydrological and salinity conditions.
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Figure 1. Locations of the sampling points in (a) horizontal plane view and in vertical plane views of (b) D1 treatment and (c) D2 treatment. Note: the cross in black, red, and black-red mean the soil sampling points were designed for water content, salt content, and both water content and salt content, respectively. 
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Figure 2. Comparison of measured and simulated water content in different soil depth (10, 30, 50, 70, 90 cm). (a) MP indicate the calibration based on the field-measured data at the middle position of the experimental lysimeter. (b) SP indicates the calibration based on the field-measured data at the side position of the experimental lysimeter. 
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Figure 3. Comparison of measured and simulated EC values in different soil depth (10, 30, 50, 70, 90 cm). (a) MP indicate the calibration based on the field-measured data at the middle position of the experimental lysimeter. (b) SP indicates the calibration based on the field-measured data at the middle position of the experimental lysimeter. 
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Figure 4. Comparison of measured and HYDRUS simulated water content and salt content (EC1:5) at the indicated time for all treatments. 
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Figure 5. Simulated velocity vectors in different soil vertical profiles (0, 125, and 250 cm away from outlet) for treatment D1W1 (a) and D2W1 (b) at the second leaching event (16th day). The color legend on the right side indicated the water velocity vector in soil profile, and different color lump represents a certain range of velocity vector (e.g., the darker blue lump at the bottom of the color legend means the velocity vector is in the range of 0–5 cm day−1). 
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Figure 6. Simulated soil salt distribution in different soil vertical profiles (0, 125, and 250 cm away from the outlet) for treatment D1W1 (a) and D2W1 (b) at the end of the experiment (30th day). The color legend on the right side indicates soil salinity (EC1:5) in the soil profile, and the different color lump represents a certain range of soil salinity (e.g., the darker blue lump at the bottom of the color legend means the soil salinity is in the range of 2.30–2.40 dS m−1). 
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Figure 7. Cumulative amount of outflow under three leaching amounts. 
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Figure 8. Cumulative mass of salt removal in three leaching amounts (the dotted line, dash dot line, and solid line refer to 80, 120, and 160 mm respectively) with five mixture rates. 
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Figure 9. Time variations of HYDURS model simulated root zone (0–40 cm) salinity for different leaching amounts and seawater mixture rates. 
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Figure 10. Relationships between mixture rate of leaching water and desalination indexes (salt removal efficiency SRE and soil desalination rate SDR) under different leaching amounts. 
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Figure 11. Variation of salt removal efficiency (a) and soil desalination rate (b) with increasing number of leaching events. 






Figure 11. Variation of salt removal efficiency (a) and soil desalination rate (b) with increasing number of leaching events.



[image: Water 11 00943 g011]







[image: Table]





Table 1. Design parameters of leaching practice for model simulation.
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	Factors
	Variable Parameters





	Leaching amount
	80, 120, 160 mm



	Leaching water salinity
	Seawater mixture rate: 0, 20, 40, 60, 80%



	Number of leaching events
	1, 2, 3, 4 times
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Table 2. Statistical errors parameters (RMSE, MAE, ME, R2) for the comparison between measured and simulated soil water content and salt concentration (EC1:5) for D2W2 treatments.






Table 2. Statistical errors parameters (RMSE, MAE, ME, R2) for the comparison between measured and simulated soil water content and salt concentration (EC1:5) for D2W2 treatments.





	

	
Soil Water Content

	
Soil Salt Content






	

	
ME

	
RMSE

	
NSE

	
R2

	
ME

	
RMSE

	
NSE

	
R2




	
MP a

	
0.004

	
0.015

	
0.905

	
0.906

	
0.130

	
0.157

	
0.807

	
0.872




	
SP b

	
0.006

	
0.018

	
0.799

	
0.882

	
0.235

	
0.416

	
−0.073

	
0.449




	
MP b

	
0.004

	
0.017

	
0.857

	
0.877

	
0.225

	
0.289

	
0.602

	
0.799




	
SP a

	
0.002

	
0.024

	
0.781

	
0.819

	
0.146

	
0.209

	
0.735

	
0.856








MP: soil samples at middle position of soil profile perpendicular to the SDM. SP: soil samples at side position of soil profile perpendicular to the SDM. a means the data for calibration. b means the data for validation.
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