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Abstract

:

The protection of an unsaturated zone is essential for groundwater-quality security. Neglecting pollutant changes in the saturated zone can affect the accuracy of groundwater-quality assessments. Unlike water sampling, the nonreproducibility of soil sampling complicates the observation of contaminant changes at different times in the same location. The HYDRUS-2D model, coupled with the Richards equation and the convection-dispersion equation, was applied to simulate the migration and transformation of high ammonia concentrations in wastewater in an unsaturated zone. Long-term field observations were carried out for trinitrogen (NH4+, NO2−, and NO3−) from 2015 to 2018 at a wastewater discharge site located in a desert area in northwest China. Samples were collected twice a month. The model was calibrated and validated using statistics and observation data. Variations in trinitrogen concentrations were simulated using the model and fitted well with the measured values. Simulation results for trinitrogen migration and transformation demonstrated that there was no enrichment on the ground surface. Contaminants attenuated rapidly in the unsaturated zone after wastewater discharge stopped. NH4+ was oxidized to NO2− and NO3− under nitrification, except in the anoxic subclay lenses. Subclay lenses were not considered in previous research. These lenses had high enrichment with contaminants and prevented secondary nitrification, which might have led to extremely low NO3− concentrations. The removal rate of contaminants by the unsaturated zone in natural conditions is as high as 76%, and contaminants could be degraded to acceptable levels within 10 years (3650 days) without artificial interventions. This indicates that the unsaturated zone can delay migration and degrade contaminants, and should be taken into consideration in groundwater-quality assessments.
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1. Introduction


Contamination at wastewater-discharge sites is a growing threat and can have a major impact on social development [1]. This is of particular concern in developing countries. Contamination disrupts the ecosystem balance, and results in economic losses and human health issues [2,3]. Contaminated sites can be formed at various spatial scales because of direct sewage discharge [4,5]. Among the various categories of contaminants, trinitrogen, consisting of NH4+, NO2−, and NO3−, is one of the most common pollutants [6], and has received much research attention in recent decades [7,8]. Nitrogen-containing pollutants can be absorbed by the body and cause health problems such as methemoglobinemia and cancers of the digestive system [9]. In addition, nitrogen oxide dissolved in water can destroy host defense systems and accelerate the progression of heart disease [10,11]. Nitrogen is an important pollution indicator in groundwater assessment [12].



Groundwater simulation and vulnerability assessment can be applied for assessing groundwater quality. Vulnerability assessments take more unsaturated-zone factors into account than groundwater simulations. For example, DRASTIC, which is widely used in groundwater-vulnerability assessment, consists of seven parameters (Depth to the water table, net Recharge, Aquifer media, Soil type, Topography, Impact of vadose zone, and hydraulic Conductivity) [13,14], and addresses both the unsaturated zone and the aquifer. In contrast to vulnerability assessments, groundwater simulation usually considers the aquifer as a unique medium of water flow and solute transport. In the establishment of the simulation model, two main categories of characteristics are generally considered. The first category is concerned with the properties of the saturated aquifer medium. These are usually determined by collecting and compiling relevant raw hydrogeological data regarding the aquifer [15]. The second category of characteristics is concerned with flow and solute transport, such as solute concentration, length of migration, and physical or chemical reactions that occur during transformation. In generalizing the aquifer, several layers are produced according to different hydrogeological conditions, and the water table is treated as the upper boundary of the model [16]. In contrast, when generalizing the flow solute transport model, the emission concentration of pollutants is directly used as the initial concentration in the model. Unlike DRASTIC, the objective of groundwater simulation is limited to the aquifer and requires input data. These data can be directly and easily obtained through field surveys or laboratory tests of pollutants, which are widely used in groundwater simulation, especially in the study of the hydrogeochemical processes of groundwater.



Pollutant transport in rock occurs at two levels: in the unsaturated zone and in the aquifer. The unsaturated zone, which is critical in DRASTIC, plays an important role in groundwater simulations. Most groundwater simulations directly input surface pollutants to the aquifer [17]. However, this may lead to the erroneous selection of characteristic pollutants or errors in the simulation results.



Almost all aquifers are covered with unsaturated zones, although these zones may vary considerably in thickness. Many laboratory tests have proven that pollutants can be adsorbed and degraded to a certain degree by physical and chemical processes in the unsaturated zone [18,19,20]. For example, the dilution and nitrification of nitrogen in the unsaturated zone can effectively reduce the pollution of aquifers by wastewater [21]. In arid regions, groundwater receives little or no recharge, and there is limited precipitation infiltration in the unsaturated zone. Thus, the unsaturated zones have important delaying and degradation effects on pollutants entering the aquifer, and provide significant groundwater protection [22]. Lima et al. [23] argued that the soil conditions of the unsaturated zone should be considered when constructing a decision system for groundwater-pollution management. Rebolledo et al. [24] reported that soil texture above aquifers plays an important role in the attenuation of nitrogen. Shrestha et al. [25] were of the opinion that, in groundwater vulnerability and risk assessment, the unsaturated zone as well as aquifers should be considered. It seems reasonable to conclude, therefore, that the simulation of pollutants in the unsaturated zone is necessary.



With the development of computer technology, the use of numerical models for soil-moisture simulation and underground solute transport has become more prevalent [26]. These models include HYDRUS for the unsaturated zone and MODFLOW for the saturated zone. HYDRUS-2D is suitable for the two-dimensional finite-element modeling of motion and can be used to simulate the process of aqueous nitrogen transformation under different soil conditions [27]. Many researchers have used HYDRUS-2D to analyze the migration of moisture solute. Li et al. [28] used HYDRUS-2D to simulate surface-pollutant transport in the unsaturated zone, and then analyzed the effect of nitrates on riverwater quality. Their results showed that HYDRUS-2D provided a good description of solute transport in complex conditions. Morrissey et al. [29] used HYDRUS-2D to simulate the attenuation of contaminants through the unsaturated zone, and the results were subsequently used as inputs to MODFLOW. Their final verified simulation values provided good fits with field observations, indicating that HYDRUS-2D can provide accurate initial values for groundwater assessment. Baram et al. [30] combined the spatial variations in soil profiles within an almond orchard in California, and created a HYDRUS model to estimate large spatial and temporal variability in water flow and nitrate transport. Their results clearly showed the nitrogen decay process. Thus, it can be seen that the HYDRUS-2D model has been widely verified and used. The model was therefore adopted for performing the solute-migration simulations in this study.



Ensuring the accuracy of models of complex trinitrogen migration in soil can be difficult [31]. Further complexities can arise from the existence of lenses, which can cause local pollutant states to differ from the general situation and may lead to incorrect interpretations. The role of lenses has received little research attention.



The purpose of our study was to investigate the importance of the role of the unsaturated zone in groundwater-assessment work. We explored the migration and attenuation processes of nitrogen compounds in the unsaturated zone, evaluated the role of the protection provided by the unsaturated zone to aquifers, and studied pollution in the subclay lenses. The Richards equation and the convection dispersion equation were used in HYDRUS-2D for describing moisture and solute migration. The model was calibrated using long-term field observations. From the long-term (three years) observation-data verification, the effects of the lenses in the model were characterized, and the accuracy of the model was improved.




2. Materials and Methodology


2.1. Study-Area Setting and Model Generalizations


2.1.1. Study-Area Setting


The study area is a wastewater-discharge site located in a desert in northwest China. The region has a continental climate, which is arid and superarid. Precipitation is low and most of the year is dry. The annual precipitation from 1997 to 2014 ranged from 52 to 185 mm. Most precipitation occurs between June and September. The elevation of the study area varies from 1400 to 2500 m a.s.l. The terrain is generally flat, and is inclined from the southeast to the low-lying northwest with a slope of 3 to 6‰. There is no surface water in the region, and almost no vegetation or human activity.



Before the present research, there were no wells at the discharge site. Subsequently, three monitoring wells were established to identify pollutants and to determine the strata. The drilling logs revealed that the lithology is mainly comprised of silt and fine silt sand, which has relatively high permeability (6 to 13 m/day). In addition, subclay lenses are present in the east of the area. The thickness of the unsaturated zone is 13 m, with unconfined aquifers below.



A pollution incident occurred between May 2014 and March 2015. An enterprise continuously discharged 27,700 m3 of untreated production wastewater to the desert over a period of 270 days, forming a contaminated site with an area of about 100,000 m2. Sampling of the wastewater showed that ammonia nitrogen was the major pollutant with concentrations of 1730 mg/L. Before the pollution incident, groundwater was essentially in a natural state. Therefore, the impact of this incident on groundwater quality has become a focus of attention.




2.1.2. Study-Area Generalization


Based on local geological conditions, the hydrogeological conditions were generalized in the groundwater flow model as follows. Vertically, the surface was the upper boundary, and the saturated–unsaturated zone was the lower boundary. Horizontally, 3 km east and west of the wastewater pit were designated as zero-flux boundaries. Groundwater flow was assumed to be heterogeneous, isotropic, two-dimensional, and unstable along the profile. Both atmospheric precipitation and surface-water infiltration were generalized to zero, and soil-water evaporation and discharge to the river were also generalized to zero.



The solute transport model was generalized as follows. The pollution incident discharged a total of 27,700 m3 of wastewater to the research area in 270 days. The flow was assumed to be at a constant rate and continuous. Because of the complexity of pollutants, nitrogen concentrations are often used as indicators of groundwater quality risk [23,32,33]. The compounds NH4+, NO2−, and NO3− can be adsorbed by the medium and are capable of undergoing transformation, and were therefore selected in the present study as characteristic pollutants. The concentration of NH4+ in wastewater was 1730 mg/L, while the background value of NH4+ in soil was 0 mg/L. Soil is a complex multiphase system. NH4+ in the pores of the soil is simultaneously subject to a variety of physical and chemical reactions. The migration and transformation processes are complex and changeable and cannot be quantitatively described [4]. To determine the macroscopic migration characteristics of pollutants more accurately and conveniently, the present study treated the migration of NH4+ in soil pores as a random process.





2.2. Mathematical Model and Numerical Modeling


2.2.1. Soil-Moisture Model


The influence of gas and the effect of temperature gradient were not considered during the movement of water. The two-dimensional flow motion in an unsaturated medium can be described by the Richards equation [24]:


    ∂ θ  ( h )    ∂ t   =  ∂  ∂  X i     [  K  ( h )   (   K  i j  A    ∂ h   ∂  X j    +  K  i z  A   )   ]  −  S *   ( h )   



(1)




where θ is the soil-volume moisture (L3/L3); h is the water head (m); K is the unsaturated hydraulic conductivity (L/T); Xi are spatial coordinates; t is time (day); and S* represents source and sink items.



The HYDRUS-2D software provides five models for the description of the hydraulic characteristics of soil. The van Genuchten–Mualem model [33] was used to calculate θ and K. The effect of hysteresis on water flow was not considered:


   {      θ  ( h )  =  {       θ r  +    θ s  −  θ r       (  1 +    |  α h  |   n   )   m           θ s          h > 0 , m = 1 −  1 n  , n > 1         K  ( h )  =  K s   S e l     [  l −    (  1 −  S e  1 / m    )   n   ]   2         S e  =   θ −  θ r     θ s  −  θ r           



(2)




where θr is the residual moisture content (L3/L3) of the soil; θs is the saturated moisture content of the soil; α is the reciprocal of the intake value and the shape parameter of the water characteristic curve (cm−1); m is the water characteristic curve parameter; n is the pore-size distribution index, m = 1/n; l is the pore connectivity performance parameter of the soil mediums (generally taken as 0.5); and Se is effective saturation.




2.2.2. Soil Solute Transport Model


It was assumed that the attenuation of nitrogen conforms to the first-order decay and second-order attenuation-kinetics equations. The chain decay response is shown in Figure 1 [34].



The model assumes that the two processes of trinitrogen conversion occur independently: NH4+ is converted to NO2− by nitrosation, and NO2− is converted to NO3− by nitration. Then, the denitrification process produces gaseous nitrogen without generating NH4+ and NO2−. The conversion process [35] is:


NH4+ ➝ NO2− ➝ NO3−



(3)







To take into account the adsorption, nitrification, and denitrification of the nitrogen species studied (irrespective of root water absorption), the convection dispersion equation [36] was used:
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where θ is the unsaturated soil-volume moisture content (cm3/cm3); Cl is the NH4+ concentration in the aqueous solution of the unsaturated zone (mg/L); DL is the longitudinal dispersion coefficient (cm/day); ρb is soil-bulk density (mg/cm3); ρs is weight (mg/cm3); q is the Darcy flow rate (cm/day) of the soil moisture; ke is the adsorption and partition coefficient of NH4+ in soil (cm3/g); k1 and k2 are the nitration reaction rate constants of NH4+ and NO2−, respectively (day−1); Ul is the crop absorption of NH4+ and Ui is the crop absorption of NO2− and NO3−; C10(z) is the initial NH4+ concentration (mg/L) of the soil; C0 is the NH4+ concentration (mg/L) of the infiltration solution; C1L is the NH4+ concentration in the unconfined aquifer (mg/L); C2 and C3 are NO2− and NO3− concentrations (mg/L), respectively; k3 is the denitrification rate constant (d−1); C20(z) and C30(z) are the initial NO2− and NO3− concentrations, respectively, in soil (mg/L); and C2L and C3L are the NO2− and NO3− concentrations, respectively, in the unconfined aquifer (mg/L).



The strata in the study area are unsaturated and have high permeability. The significant characteristics of two-dimensional migration of the water flow and solute in the soil were generalized by a finite-element, two-dimensional, numerical model using HYDRUS-2D 2.04 [37,38,39]. Before the simulation, time and space must be discretized, and initial boundary conditions and parameters need to be verified.




2.2.3. Spatial and Temporal Discretizing


The Galerkin finite-element method [40] was applied to discretize the spatial–temporal model. Based on the boundary conditions and hydrodynamic conditions of the study area, the model was divided into 2490 nodes and 4806 triangular meshes throughout the simulation area (X: 300 m, Y: 13 m). The implicit-difference method was used to select the optimal step size for the model. The initial time step was 1 × 10−4 days, the minimum time step was 1 × 10−5 days, and the maximum time step was 5 days. Based on known nitrogen attenuation processes [41,42], the total time period for the simulation was set at 3650 days (10 years). The first 270 days were set as the sewage-discharge period. Three monitoring lines (AA’, BB’, CC’) were selected for observation. Grids and monitoring line locations are shown in Figure 2.




2.2.4. Initial Conditions and Boundary Conditions


Moisture movement is mainly in the vertical direction in the unsaturated zone. Therefore, a zero-flux boundary was selected as the lateral boundary of moisture movement. Because discharge had stopped, the pressure head boundary was selected as the upper boundary, and was set at –100 cm in the first 270 days, and –50 cm in the later period. The lower boundary of the model was generalized to a free-drainage boundary.



The lateral boundary of solute transport was consistent with the lateral boundary of water movement. The vertical boundary of solute transport was set as the third type of boundary (a concentration boundary). The concentration value was set to an average value obtained from the leaching test results of the soil samples. The concentration of NH4+ was 1730 mg/L. The lower boundary selected was the zero-concentration gradient boundary.



Based on the actual situation, the model assumed that the temperature, structure, and pore condition in media were constant during the wastewater-discharge period. The initial contents of NH4+, NO2−, and NO3− in the unsaturated zone were all zero; the study area had not received any nitrogen source recharge before contamination.





2.3. Initial Setting of Parameters


The establishment of the model involved two categories of parameters: soil hydraulics and solute transport. Of the hydraulic parameters of the soil (θr, θs, α, n, Ks, and l), Ks was a measured value, and the other parameters were estimated using the Rosetta model and measured soil particle size ratio. The soil particle size ratio was obtained using a Rise-2008 Laser Particle Size Analyzer. The Ks values were measured using field tests [43,44].



The adsorption of trinitrogen is mainly linear. When the Kd value of the distribution coefficient is large, adsorption is facilitated and migration is made more difficult. The adsorption and distribution coefficients of NH4+ in silty soil were obtained from the literature [34,45]. A fine-grained sand map was calculated using the formula for the NH4+ adsorption-partition coefficient:


Kd = 1.34 + 0.083 CL



(6)




where Kd is the NH4+ adsorption-partition coefficient (cm3/mg); and CL is the clay content (%), which was determined based on loose-sediment classification nomenclature for the Quaternary.



Hydrodynamic dispersion is divided into mechanical dispersion and molecular diffusion. Under hydrodynamic dispersion groundwater-flow conditions, molecular diffusion is extremely weak. Therefore, mechanical diffusion dominates. Dispersion values used in the present study were obtained from previous research [24,46]. The soil-bulk density was determined by empirical values of different lithological soil densities. The isothermal adsorption coefficient and reaction-rate constant were taken from previous studies [47,48,49]. The software’s inversion procedures were used to determine the input values at different times and soil depths. The initial values of the parameters are shown in Table 1 and Table 2.



To ensure the accuracy of the model, calibration and validation of parameters is necessary.




2.4. Model Calibration and Validation


2.4.1. Data Sources


The trinitrogen concentrations in the groundwater at the interface between the saturated zone and unsaturated zone were selected to calibrate and verify the model for different times. Groundwater samples were sampled and measured twice a month from 15 June 2015 to 1 June 2018. There were two monitoring wells on the site, numbered #1 and #2. The measured pollutants were NH4+, NO2−, and NO3−. Three measuring methods were used: NH4+ was measured using Nessler’s reagent photometric method; NO2− was measured using UV spectrophotometry; and NO3− was measured using the N-(1-naphthyl)-diethylamine photometric method.




2.4.2. Calibration and Validation


Parameter adjustment was based on whether the simulated measured values fitted well. The data from Well #1 were used to calibrate the model, and the data from Well #2 were used to validate the model. Statistical methods were used to evaluate the applicability of the model. The adjusted parameters based on Well #1 data are shown in Table 1 and Table 2.



Using the adjusted parameters, we compared simulated values with Well #2 data for validation (Figure 3). The degree of fit was tested using mean absolute error (MAE), root mean square error (RMSE), deviation percentage (PBIAS), and Nash–Sutcliffe efficiency coefficient (NSE) [50]. In these tests,


  MAE =     ∑  i = 1  n    |   M i  −  S i   |     n   
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(10)




Mi is the ith measured value; Si is the ith simulate value;      M i   ¯    is the mean measured value; and n is the total number of data. Good fits are given by PBIAS < ±10, MAE and RMSE far smaller than the measured average values, and an NSE close to 1.



The calculation results (Table 3) demonstrated that MAE and RMSE were smaller than the measured average values, PBIAS < ±10, and NSE was close to 1. Thus, the simulation results fitted well with the measured data. Therefore, the model can satisfactorily reflect the migration of trinitrogen in the unsaturated zone and can be used for further simulation.






3. Simulation Results


3.1. Vertical Changes in the Profile


Changes of NH4+ in the unsaturated zone profile are shown in Figure 4. In the horizontal direction, NH4+ concentrations were similar to the surrounding area where no subclay existed, and significantly higher than the surrounding area when subclay was present. In the vertical direction, the concentration of surface NH4+ was low after the sewage stopped (270 days), and no enrichment occurred. NH4+ concentration gradually decreased from top to bottom from 2.42 to 13 m where no subclay existed. NH4+ concentrations in the vertical profile were less than 300 mg/L after 1095 days.



Changes in NO2− are shown in Figure 5. In the horizontal direction, the concentration distribution was similar to that of NH4+ when subclay was not present. When subclay was present, the concentration of NO2− first increased and then decreased after 365 days. In the vertical direction, no enrichment occurred after discharge stopped (270 days). In the depth ranges of 2.5 to 13 m on the 270th day and 3.24 to 13 m on the 365th day, the concentration of NO2− gradually decreased with increasing depth, and was close to 9 mg/L at the bottom. At the same time, NO2− accumulated in, and passed through, the subclay layer. After 1095 days, the NO2− concentration was less than 70 mg/L throughout the profile.



The spatial–temporal changes in NO3− are shown in Figure 6. In the horizontal direction, concentration distribution was consistent throughout, rose rapidly before the 365th day, and then gradually decreased when subclay was not present. When subclay was present, NO3− concentrations remained at a relatively low level. There was no enrichment in the vertical direction, surface concentration was low, and distribution from the ground surface to the bottom was from high to low. After 1095 days, NO3− was mainly present at the bottom of the unsaturated zone, while concentration in other locations was less than 360 mg/L.




3.2. Detailed Vertical Changes


To simulate the vertical change of the pollutants in more detail, this model simulated trinitrogen concentrations at AA’, BB’, and CC’. Line CC’ passes through subclay lenses and will be discussed later. Similar simulation results were obtained for line AA’ and BB’, and representative conclusions could be drawn from either line. Because line AA’ was closer to the wastewater outlet, it was selected as the representative line for analysis. The results (Figure 7) show that there was a significant difference in the concentration of pollutants with depth. In the areas with no subclay, the concentration of pollutants rapidly increased with depth initially, and then slowly decreased. Over time, the NH4+ and NO2− concentrations gradually decreased at a given location, and peak concentrations continuously shifted downward. The peak concentration of NH4+ was 840 mg/L at a depth of 2.42 m on the 270th day, and 480 mg/L at a depth of 2.42 m on the 365th day. The peak concentration of NO2− was 240 mg/L at a depth of 2.5 m on the 270th day, and 160 mg/L at a depth of 3.24 m on the 365th day. In contrast, the concentration of NO3− on the 270th day was lower than that on the 365th day, with a concentration of 1700 mg/L at a depth of 1.9 m and 2010 mg/L at 3.3 m.




3.3. Nitrogen Concentrations at the Water Table


To estimate the transport of contaminants to the aquifer, contaminant concentrations at the water table were also simulated. The results (Figure 8) indicated that during the simulation period, the three trinitrogen species had a rising trend and then decreased. The highest NH4+, NO2−, and NO3− concentrations in the aquifer were 148, 8.2, and 816 mg/L, respectively. The initial and peak occurrence of NO3+ was later than for the other two nitrogen species.





4. Discussion


4.1. Hysteresis of the Infiltration Process


The migration of pollutants is driven by a combination of water flow and solute concentration gradients [51]. During the first 270 days of pollutant discharge, the migration of pollutants was greatly affected by the head pressure, and the solute rapidly moved downward with the water flow. As a result, there was no enrichment on the surface, and a large amount of contaminants quickly accumulated in the shallow areas of the subsurface. When sewage discharge stopped, the migration of pollutants gradually changed from being driven by the head pressure to being driven by the solute concentration gradient. Because the driving force of the latter is much smaller than the former, pollutant migration is slow, leading to a slow decrease in concentration. At the beginning of the discharge period, because of the large pore spaces and the looseness of the unsaturated-zone media, pollutants spread rapidly. This resulted in significant increases in pollutant concentrations. The occurrence of peak concentration reflects the adsorption of pollutants by the soil, after which pollutant levels reached a steady state. After the discharge was stopped, the nitrogen source was cut off, and the concentration of pollutants gradually decreased.



Contaminants are attenuated without human intervention. The effects of microorganisms on pollutants play an important role during the adsorption processes [52]. Figure 8 shows that, for the water table, NO3− concentrations became very noticeable after 600 days and then continued rising, but lagged far behind NH4+ and NO2−. An explanation of these trends is that nitrification under microbial catalysis requires a relatively long time period [53]. After NH4+ stopped being input to the unsaturated zone, nitrification also stopped because of insufficient reactants, and NO3− concentrations declined through natural degradation. However, changes in NO3− concentrations lagged behind changes in NH4+ and NO2−.




4.2. Impacts of the Subclay Lenses


Mass transfer and reaction rates during transportation of solutes in porous media strongly depend on dispersion and diffusion [54]. This indicates that the extent of dispersion and diffusion processes may determine the behavior of pollutants. These processes are controlled by media characteristics such as soil type and hydraulic conductivity, which are important in the DRASTIC model. Unsaturated zones can control solute transport by affecting the size and structure of the media [55]. In the horizontal direction, at a depth of 2.34 m below the subsurface where sub-lay lenses were present, NH4+ concentrations increased rapidly (Figure 9). This implies that the fine subclay particles in the subclay lens promoted NH4+ enrichment [56]. The surface contained more soil colloids; the more negative charge the soil had, the stronger the adsorption was. The enrichment of NO2− was similar to that of NH4+. The NH4+ species had more time to undergo nitrification during the adsorption process in the subclay. At the same time, the second stage of the nitrification reaction was constrained because of the tight texture of the subclay and its low oxygen content. [57]. Consequently, NO2− could not be oxidized to NO3−. Therefore, NO2− was enriched, whereas the concentration of NO3− was low. The enrichment of the subclay was significant. The peak concentration of the contaminant at point C’ was slightly lower than at A’ and B’, and the time to reach peak concentration was slightly delayed. However, this enrichment only occurred in the early stages (before the 365th day) of the simulation. In the long term, the contaminant is not prevented from passing through the lenses. After 1095 days, the amount of pollutants in the subclay lenses was essentially the same as in the surrounding medium.




4.3. Effectiveness of the Unsaturated Zone for Groundwater Protection


At the water table, the highest NH4+, NO2−, and NO3− concentrations were 148, 8.2, and 816 mg/L, respectively. Because of the conservation of nitrogen [58] in ions, the peak concentration of pollutants at the groundwater surface was reduced by about 76% compared to that of the wastewater. NH4+ concentrations at the groundwater table did not form a stable infiltration value during the discharge of wastewater. One hundred days after the wastewater discharge was stopped, the NH4+ concentration in the groundwater reached a peak concentration of 148 mg/L. The unsaturated zone clearly plays a significant role in retarding pollution. Figure 8 shows that pollutant concentrations at the water table were close to 0 mg/L 3650 days after the wastewater discharge was stopped.



The simulation data for the water table show that the concentration of pollutants entering the aquifer was much lower than that of the original wastewater, and there were large differences in the types of pollutants. Moreover, there was a clear time lag, which proves that the unsaturated zone provides good protection for the aquifer. The results also indicated that contaminants changed with depth to the water table (Figure 7), soil type, and hydraulic conductivity (Figure 8), which are all important parameters in the DRASTIC model. Overall, the effects on the aquifer of wastewater discharge containing nitrogen are controllable. It is therefore feasible to use natural decay methods to rehabilitate groundwater.





5. Conclusions


(1) HYDRUS-2D is suitable for the simulation of pollutant transport in unsaturated zones. The model was successfully used to simulate trinitrogen migration and conversion in a relatively ideal geological unit at a contaminated site located in northwest China. Three years of field experiments (2015–2018) were conducted to obtain contaminant-concentration data (NH4+, NO2−, and NO3−). The model was well-calibrated and validated using long-term field-monitoring data and statistical methods. The model provided simulated results for moisture migration, solute transport, and trinitrogen conversion that were in good agreement with the observation data from Wells #1 and #2 for 2015–2018. The model simulations were a good fit with the monitored values. The HYDRUS-2D model was used to assess the risks of trinitrogen pollution to the underlying aquifer.



(2) Contaminants underwent nitrification in the unsaturated zone and were degraded to some extent. Simulated results indicated that concentration of pollutants dropped rapidly overall after wastewater discharge was stopped, and decreased to a low level after 1095 days. Under conditions of large surface pressure, wastewater infiltration was rapid, and the high hydraulic gradient prevented enrichment in the subsurface. NH4+ and NO2− concentrations peaked in the 270th day with maximum concentrations of 840 and 480 mg/L, respectively. The concentration of NO3− peaked on the 365th day with a maximum concentration of 2010 mg/L. Because of the nitrification process, the NO3− peak concentration appeared later than those for NH4+ and NO2−.



(3) Differences in pollutant concentrations inside and outside the subclay lenses indicate that the DRASTIC parameters (such as soil type and hydraulic conductivity) have substantial impact on the migration and conversion of pollutants. The subclay lenses play an important role in the enrichment of pollutants. However, the lenses cannot prevent the passage of the pollutants. In the subclay lenses, the NH4+ and NO2− concentrations were significantly higher than elsewhere, while NO3− concentration was significantly lower. Because of the lack of oxygen inside the lenses, the second stage of the nitrification reaction is limited, and NO2− oxidization to NO3− is limited.



(4) The unsaturated zone provides good protection for groundwater. In general, pollutant concentrations at the water table peaked 100 days after the discharge stopped, and nitrogen concentration was reduced by 76% compared with the pollution source. The existence of the unsaturated zone contributes to delaying contaminants entering the aquifer by hysteresis and degradation. Thus, the unsaturated zone should be considered in the assessment of groundwater-pollution risk.
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Figure 1. Expression of trinitrogen chain reaction. 
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Figure 2. Profile of lithology, grids, and monitoring lines. 
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Figure 3. Model validation: simulated versus monitored values for (a) NH4+; (b) NO2−; and (c) NO3−. 
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Figure 4. NH4+ distribution after (a) 270 days; (b) 365 days; and (c) 1095 days. 
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Figure 5. NO2− distribution after (a) 270 days; (b) 365 days; and (c) 1095 days. 
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Figure 6. NO3− distribution after (a) 270 days; (b) 365 days; and (c) 1095 days. 
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Figure 7. Vertical changes along line AA’ of (a) NH4+; (b) NO2−; and (c) NO3−. 
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Figure 8. Temporal changes after the termination of sewage discharge for (a) NH4+; (b) NO2−; and (c) NO3−. 
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Figure 9. Horizontal distribution of NH4+ at the 2.34 m depth below ground surface. 
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Table 1. Soil-moisture parameters.






Table 1. Soil-moisture parameters.





	
Parameter

	
θr

	
     θ s     

	
α

	
n

	
Ks

	
l




	
Unit

	
cm3/cm3

	
cm3/cm3

	
m−1

	
/

	
cm/day

	
/






	
Initial values




	
Silt

	
0.076

	
0.47

	
0.016

	
1.6

	
1300

	
0.5




	
Fine powder sand

	
0.0089

	
0.44

	
0.01

	
1.24

	
1200

	
0.5




	
Subclay

	
0.034

	
0.45

	
0.02

	
1.4

	
600

	
0.5




	
Calibrated values




	
Silt

	
0.076

	
0.45

	
0.02

	
1.41

	
1300

	
0.5




	
Fine powder sand

	
0.0089

	
0.43

	
0.01

	
1.23

	
1200

	
0.5




	
Subclay

	
0.034

	
0.46

	
0.016

	
1.37

	
600

	
0.5








Notes: θs is the saturated moisture content; θr is the residual moisture content; α and n are dimensionless empirical parameters of the soil characteristic curve; m is the coefficient of experience (m = 1 − 1/n (n > 1)); and K is the saturated hydraulic conductivity.
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Table 2. Solute transport parameters.






Table 2. Solute transport parameters.





	
Parameter

	
Bulk.d

	
Disp.L

	
Disp.T

	
Kd

	
Dw

	
K1

	
K2

	
K3




	
Unit

	
mg/cm3

	
cm

	
cm

	
cm3/mg

	
cm2/day

	
day−1

	
day−1

	
day−1






	
Initial values




	
Silt

	
1360

	
20.4

	
18.2

	
0.098

	
4

	
0.0010

	
0.0200

	
0.00005




	
Fine powder sand

	
1350

	
1.45

	
0.14

	
0.182

	
4

	
0.0082

	
0.0200

	
0.00005




	
Subclay

	
1300

	
0.6

	
0.06

	
0.200

	
4

	
0.0008

	
0.0002

	
0.0006




	
Calibrated values




	
Silt

	
1360

	
20.6

	
17.5

	
0.098

	
4

	
0.0012

	
0.0200

	
0.00005




	
Fine powder sand

	
1350

	
1.47

	
0.18

	
0.182

	
4

	
0.0084

	
0.0200

	
0.00005




	
Subclay

	
1300

	
0.54

	
0.06

	
0.500

	
4

	
0.0007

	
0.0016

	
0.0006








Notes: Bulk.d is the soil bulk density (mg/cm3); Disp.L. and Disp.T. are the vertical and horizontal dispersion coefficients (cm), respectively; Kd is the adsorption-partition coefficient (cm3/mg); Dw is the diffusion coefficient of nitrogen in pure water (cm2/day); K1 and K2 are the nitrification coefficients of NH4+ and NO2−, respectively: and K3 is the denitrification coefficient of NO3− (day−1).
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Table 3. Correlation analysis between simulated and monitoring values.
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	Indicator Name
	MAE
	RMSE
	PBAIS (%)
	NSE





	NH4+
	4.741
	6.803
	0.65
	0.71



	NO2−
	0.332
	0.386
	−1.01
	0.82



	NO3−
	56.916
	75.315
	3.35
	0.91







Notes: MAE is the mean absolute error; RMSE is the root mean square error; PBIAS (%) is the deviation percentage; and NSE is the Nash–Sutcliffe efficiency coefficient.
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