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Abstract

:

Aiming to assess the groundwater nitrogen pollution problem in a typical section of the Wei River in China, the contribution of groundwater nitrogen pollution sources in the region was studied. Using Hydrus-1D to implement the simulation process of substituting points for surfaces, we calculated the volume and nitrogen concentration of the water leaching out from the bottom of the encompassing aeration zone. The results of the Hydrus-1D simulation were input as initial values into the nitrogen migration and transformation numerical model constructed using Visual MODFLOW to integrate the simulation calculations between the surface, the aeration zone, and the aquifer system. In addition, the contribution rates of different groundwater nitrogen pollution sources were calculated using the equilibrium formula combined with the groundwater nitrogen test results. The simulation results showed that the groundwater nitrogen in the southern part of the Wei River comes from two main sources: vertical infiltration and river recharge. Specifically, ammonia nitrogen vertical infiltration and river recharge contribute 95.82% and 4.18%, respectively; nitrite nitrogen vertical infiltration and river recharge contribute 92.41% and 7.59%; and nitrate nitrogen vertical infiltration and river recharge contribute 94.26% and 5.74%. According to the simulation results, an increase in the intensity of surface water pollution control is required in the study area. It is also necessary to control the use of nitrogen fertiliser on farmland in the study area and improve the utilisation rate of nitrogen fertiliser to reduce the nitrogen pollution loads from these sources.
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1. Introduction


Groundwater nitrogen pollution has become a serious environmental problem worldwide [1]. Thirty regions in Africa, twenty regions in Asia, and nine regions in Europe are experiencing very high levels of groundwater nitrogen pollution [2,3]. Groundwater nitrogen pollution mainly occurs due to population increase, the illegal discharge of industrial wastewater, and the excessive use of nitrogen fertiliser in agriculture. The intrusion of contaminated surface water into underground aquifers can have serious ecological impacts and directly harm humans and their activities [4,5].



Nitrogen transport and transformation in the groundwater aeration zone is a complex process involving a series of physical, biological, and chemical reactions, mainly the mineralisation of organic nitrogen, nitrification, denitrification, assimilation, and adsorption, which are not only related to the input of pollutants but also closely related to the hydrogeological conditions of the system. Factors such as soil lithology, soil moisture, organic matter content, particle size distribution, permeability, soil pH, and soil temperature in the study area all have an influence on nitrogen transport and transformation to a certain degree [6,7,8,9].



Hydrus-1D 4.16.0110 software can be used to simulate water movement, heat transport, and solute transport in media. In recent years, it has been widely used by scholars at home and abroad in the fields of agricultural irrigation, salt leaching, nitrogen transfer, and pollutant transport [10,11,12]. Wang et al. systematically analysed research progress in the field of Hydrus modelling in China, and the results showed that Hydrus is able to better simulate the migration and transformation processes of water and solute in different media [13]. Ramos et al. irrigated maize with irrigation water mixed with artificial saline water containing different nitrogen concentrations in two regions of Portugal, Alvaredo and Mithra, and modelled the nitrogen transport process in groundwater using Hydrus-1D 4.16.0110 software [14]. Zhan Jiang et al. investigated the migration and transformation laws of ammonia nitrogen in three typical sandy soils through an indoor soil column test and compared the results with those derived using numerical simulation, and the comparison results showed that Hydrus could simulate the nitrogen transport process more accurately [15].



Visual MODFLOW is currently the most popular and internationally recognised standard visualisation software system for the simulation and evaluation of 3D groundwater flow and solute transport [16]. Zhang et al. used the second largest aquifer in the UK, the Sherwood Sandstone aquifer in Nottinghamshire, to discuss the impact of woodland cover on groundwater quality using MODFLOW and MT3D to simulate nitrate concentrations until 2025 [17]. Sith et al. coupled the Soil Moisture Assessment Tool (SWAT) with a groundwater model (MODFLOW) and applied them to simulate water flow, sediment, and pollutant discharge in an agricultural small-flow study area in southwestern Japan [18].



This study used a typical section of the Wei River as the study area and carried out numerical simulation research on nitrogen migration and conversion by using Hydrus-1D and Visual MODFLOW 4.6 software to model the nitrogen pollution of groundwater in this study area. This study realised the integration of simulation calculations between the surface, the aeration zone, and the aquifer system. Based on the simulation results and groundwater nitrogen pollution monitoring data in the study area, effective groundwater nitrogen pollution prevention and control measures are proposed to provide a scientific basis for follow-up targeted nitrogen pollution control and the protection of groundwater resources.




2. Methods


2.1. Study Area Overview


The research area is located in the south of the Hai River Basin and the north of the northern Henan region, which is a tributary of the Zhangweinan canal system. The research area is a typical section of the Wei River, extending from Xizhangzhuang Village to Wangsizhuang Village, spanning Junxian County, Hebi City, Hua County, and Anyang City, Henan Province. The total length of the river area studied is 19.5 km, and the total study area includes 3 km areas on both sides of the river, for a total area of 69.08 km2. The study area is located in the flood accumulation depression of the northern Henan Plain, with little topographic fluctuation, a surface elevation difference of less than 10 m, an elevation of 56~64 m, and a slow incline from southwest to northeast. In this study, field survey sampling was conducted in May 2020 and September 2022. The distribution of the water and soil samples is shown in Figure 1.



Since the indexes of this study were three typical pollutants, NH4-N, NO3-N, and NO2-N, only the detected concentrations of these pollutants were used to evaluate the water quality category. The detection methods were determined in accordance with those outlined in Water and Wastewater Monitoring and Analysis Methods (Fourth Edition); for NH4-N detection, Nessler’s reagent spectrophotometry; and for NO3-N and NO2-N detection, UV spectrophotometry. The evaluation standards adopt the national standards of environmental quality standards for surface water (GB3838-2002) and standards for groundwater quality (GB/T14848-2017) [19,20]. The content of NH4-N, NO3-N, and NO2-N and the water quality categories for the collected water samples are shown in Table 1.



Among the groundwater samples tested, class V water accounted for 15.8%, class IV water for 31.6%, and class III water for 52.6%. According to the maximum concentration value, NH4-N exceeded the standard 6-fold, NO2-N 1.89-fold, and NO3-N 1.66-fold.




2.2. Vertical Infiltration Simulation of Surface Nitrogen Pollution


2.2.1. Concept Model of Aeration Zone


Due to the large study area and the complexity of the stratigraphic lithology, topography, and surface pollution sources, it was not possible to use Hydrus-1D directly for simulation. Therefore, the main controlling factors of nitrogen transport and transformation in the aeration zone were analysed first, and six factors, i.e., stratigraphic characteristics, surface infiltration coefficients, ammoniacal nitrogen concentrations, nitrate nitrogen concentrations, nitrate nitrogen concentrations, and nitrification/denitrification reactions, were selected for a zoning treatment [21,22]. The values are shown in Table 2.



The independent layers of the above six factors were generated using ArcGIS and then overlaid to obtain a comprehensive zoning map of the model parameters in the study area [23,24] (see Figure 2), which divides the whole study area into 16 zones. The code for each subzone consists of six parameters; for example, Aa132x represents stratum A, infiltration coefficient a, ammonia nitrogen concentration 1, nitrate nitrogen concentration 3, nitrite concentration 2, and nitrification reaction x.




2.2.2. Numerical Model


In this study, Hydrus-1D was used to simulate the nitrogen migration transformation to obtain the nitrogen distribution characteristics of the leachate effluent at the bottom of the aeration zone [25].



	
Water flow models






The Richards equation for one-dimensional homogeneous (equilibrium) water flow motion in unsaturated pore media is as follows [26]:


  C ( h )   ∂ h   ∂ t   =   ∂   ∂ z     K   h   [   ∂ h   ∂ t   −   cos  ⁡ (  α ) ]   − S ( z , t ) ,  



(1)







In the formula, C(h) is the water capacity; K(h) is the hydraulic conductivity; h is the negative pressure, z is the position coordinate in the direction of parallel water flow; t is the time; α is the angle between the water flow direction and the vertical positive down; θ is the volumetric water content; and S(z,t) is the water absorption strength of the plant root system (d−1).



It is assumed that surface pollutants enter the aeration zone mainly through rainfall leaching, so the upper boundary of the water flow model is the atmospheric boundary condition with surface runoff and the lower boundary is the free drainage boundary condition. The rainfall is the multiyear average rainfall of the study area. Empirical values for soil moisture characteristics in the study area were used, as shown in Table 3. In the table, θr and θs represent the residual volumetric water content and the saturated volumetric water content of the soil, respectively; α(cm−1) and n are empirical fitting parameters; and Ks (cm·d−1) is the saturated soil hydraulic conductivity.



	
Solute transport model






On the basis of water transport, Hydrus-1D uses the classical convection–dispersion equation to describe one-dimensional solute transport in saturated–unsaturated pore media [27]:


    ∂   ∂ t   ( θ C ) =   ∂   ∂ z   ( θ   D   L     ∂ C   ∂ z   − v C ) −   ρ   b     ∂ (   ρ   s     K   L   C )   ∂ t   −   C   0     exp  ⁡ (  − k t ) ,  



(2)







In the formula, C is the solute concentration in the liquid phase (mg/L); DL is the longitudinal dispersion coefficient (cm/d); v is the Darcy flow rate (cm/d); ρb is the soil bulk density (mg/cm); ρs is the soil bulk weight (mg/cm3); KL is the sorption partition coefficient (cm3/g); C0 is the initial concentration (mg/L); k is the primary reaction rate constant (d−1); and the others are as described above.



Empirical values were used for the solute transport model parameters in the study area, as shown in Table 4.



The current model was first run for 365 days, using the head at the last moment of the current model as the initial head of the solute transport model, after which the solute transport model was run for 2000 days.





2.3. Simulation of Nitrogen Migration and Transformation in Groundwater


Using Visual MODFLOW software to establish an underground hydrogen nitrogen migration transformation simulation model, the Hydrus-1D simulation results were used to enter the aquifer model as the initial input and to identify and validate the model based on the collection of data, viewing the experience values, hydrological geological parameters, solvent transportation model parameters, and water layer structure and boundary conditions [28,29].



2.3.1. Numerical Model of Groundwater Flow


	
Space and time discretisation






Based on the Hydrological Geological Concept Model of the Wei River area, the grid of the dispersed treatment of the research area was set at 50 columns × 50 lines, which ran vertically according to the three-dimensional geological structure model and were divided into 3 cell layers. The grid totalled 2500 cells, and the activated part of the study area totalled 1572 effective cells. The research differential grid is shown in Figure 3.



	
Aquifer structural characteristics, boundary conditions






According to the information from the six boreholes and stratigraphic profiles from the study area, the Quaternary lithology along the Wei River mainly consists of powdered soil, dust sand, fine sand, and dusted clay. Because the distribution of dust sand is small and the particles are thinner, dust and fine sand are generalised into one layer, so the vertical upper cutting is divided into three layers. The generalised structure of the aquifer is shown in Figure 4.



Based on the previously analysed groundwater circulation characteristics of the Wei River area and the flow field diagram, the western and northern boundaries are generalised as fixed-head boundaries; the north-western, eastern, and southern boundaries are generic-head boundaries; and both the Wei River and the Dagong River are designated as river boundaries. Vertically, the upper boundary is defined by the free water surface, which receives vertical infiltration recharge from the air-packed belt, artificial mining, etc. The lower boundary is defined by the elevation of the bottom plate of the powdery clay layer, and the transgressing flow is negligible. According to the data, the dynamic change in the groundwater in the Wei River area over the years is relatively small, so this study generalises the groundwater flow system as a stable flow, and the input and output of the groundwater do not change with time. The generalisation of the aquifer boundary in the study area is shown in Figure 5.




2.3.2. Nitrogen Migration Conversion Numerical Model


The continuous decay reaction model in the RT3D module was used to construct a numerical model of nitrogen migration conversion in the area of study, calculating the nitrogen quality of the flow into and out of the groundwater systems of various sources, thus obtaining nitrogen contribution rates from the pollution sources [30,31,32].



	
Mathematical Modelling






The nitrogen migration and conversion process is mainly controlled by convection, dispersion, adsorption, the nitrification reaction, and the denitrification reaction. The formula for the migration and transformation of nitrogen in groundwater systems is as follows:


       R  N  H 4      ∂  C  N  H 4      ∂ t   =  ∂  ∂  x i       D  i j     ∂  C  N  H 4      ∂  x j      −   ∂    v i   C  N  H 4        ∂  x i    −  k 1   C  N  H 4         R  N  O 2      ∂  C  N  O 2      ∂ t   =  ∂  ∂  x i       D  i j     ∂  C  N  O 2      ∂  x j      −   ∂    v i   C  N  O 2        ∂  x i    +  y  N  O 2  / N  H 4     k 1   C  N  H 4    −  k 2   C  N  O 2         R  N  O 3      ∂  C  N  O 3      ∂ t   =  ∂  ∂  x i       D  i j     ∂  C  N  O 3      ∂  x j      −   ∂    v i   C  N  O 3        ∂  x i    +  y  N  O 3  / N  O 2     k 2   C  N  O 2    −  k 3   C  N  O 3         R  C O D     ∂  C  C O D     ∂ t   =  ∂  ∂  x i       D  i j     ∂  C  C O D     ∂  x j      −   ∂    v i   C  C O D       ∂  x i    −  k 4   C  C O D           C 0 k  ( x , y , z , t )    t = 0   =  C 0 k  ( x , y , z )                                   t = 0         C 0 k  ( x , y , z , t )     Γ 1    =  C 1 k  ( x , y , z , t )               (  v i   C k  − D g r a d  C k  ) ⋅  n →     =      Γ 2     g ( x , y , z , t )         t > 0      



(3)







In the formula,     R     NH   4      ,     R     NO   2      , and     R     NO   3       are the constraint coefficients for NH4-N, NO2-N, and NO3-N;     C     NH   4      ,     C     NO   2      , and     C     NO   3       are the concentrations of NH4-N, NO2-N, and NO3-N (mg/L); Xi, Xj (i, j = 1, 2, 3) denote the coordinate components; Dij is the hydrodynamic dispersion coefficient of the solute (m2/d); vi is the flow rate of the groundwater (m/d); k1, k2, k3, and k4 are the primary nitrification coefficient, secondary nitrification coefficient, denitrification coefficient, and degradation coefficient of COD;     y     NO   2   /   NH   4       and     y     NO   3   /   NO   2       are the ratios of stoichiometric numbers of NO2/NH4 and NO3/NO2;     C   0   k   ( x , y , z )   is the initial concentration of NH4-N, NO2-N, and NO3-N (mg/L);     C   1   k   ( x , y , z , t )   is the concentration on the boundary of fixed concentration (mg/L);     Γ   1     is the boundary of fixed concentration;     Γ   2     is the boundary of fixed flux; is the outer normal vector on the boundary conditions; and g(x, y, z, t) is a known function of the constant flux boundary.



	
Boundary conditions






The modelled extent and aquifer structure of the solute transport in the study area is consistent with the groundwater flow model. The model in the study area is vertically oriented, with the upper boundary being the diving surface, which receives pollutants leached from the bottom of the aeration zone, and solute exchange occurs vertically. The lower boundary is generalised as a zero-flux boundary. The solute concentration in the Wei River does not vary significantly, so the Wei River is generalised to a constant concentration boundary, with an ammonia nitrogen concentration of 4.35 mg/L, a nitrite nitrogen concentration of 0.199 mg/L, and a nitrate nitrogen concentration of 7.571 mg/L.



	
Vertical penetration concentration






According to the solute transport results, the solute concentration filtered from the bottom of the aeration zone is taken as the vertical infiltration concentration [33,34] of the numerical model of Visual MODFLOW groundwater flow. The Hydrus-1D aeration zone model is divided into 16 regions for simulation, and the solute concentration at the bottom of each zone is different, so the solute transport model is divided into 16 regions with the input vertical infiltration concentration. The partition situation of the solute transport model is consistent with the calculation partition of the aeration zone model (Figure 2), and the pollutant concentration in each zone is shown in Table 5 [35].






3. Results and Discussion


3.1. Change Pattern of Nitrogen in the Aeration Zone


The observation point curve graph in each observation hole can be seen in the simulation period’s solute concentration change over time. Figure 6 uses the area numbered Aa122f as an example to illustrate a graph of the nitrogen concentration change over time.



In the observation point plot, the vertical coordinate is the solute concentration, the horizontal coordinate is the simulation time, and N1~N4 are the observation point labels, with N1 representing the topmost observation point and N4 representing the bottom observation point.



As can be seen from the figure, ammonia nitrogen is greatly affected by the soil adsorption and nitrification reaction. The concentration of effluent is very small and ultimately remains within a certain concentration range, indicating that the adsorption process of soil on ammonia nitrogen basically reaches stability. Nitrite nitrogen is the intermediate product of the nitrification reaction, the concentration of which gradually rises with time, and is maintained within a certain concentration range after about 1500 days. Nitrate nitrogen is the final product of nitrification and is not adsorbed by the soil; thus, nitrate nitrogen constantly accumulates over time and stabilises within a certain concentration range after approximately 1500 days.



Based on the soil profile infographic, one can see the variation in the solute concentration with the depth of the profile at each output time point. The soil profile nitrogen concentrations with depth curves are shown in Figure 7.



In Figure 7, the vertical coordinate represents the depth of the profile, the horizontal coordinate represents the solute concentration, and T1~T5 represent the moments, with T1 representing the 400th day, T2 representing the 800th day, T3 representing the 1200th day, T4 representing the 1600th day, and T5 representing the 2000th day. The ammonia nitrogen concentration decreases with increasing profile depth and eventually penetrates the air envelope into the groundwater. The concentration entering the groundwater is very small due to the adsorption and nitrification reactions; the nitrite nitrogen concentration decreases with increasing profile depth and eventually penetrates the aeration zone into the groundwater.




3.2. Characteristics of Nitrogen Distribution at the Bottom of the Aeration Zone


The various parameters required for the model were entered item by item, and then the Hydrus model was run separately for each partition of the division. Through the post-processing tool on the right side of the Hydrus-1D operation interface, the output concentration of nitrogen at the bottom of the aeration zone can be queried [36], which can be used as the initial concentration for the subsequent aquifer simulation. The output results of the nitrogen concentration in the 16 partitions are shown in Table 5. The data presented in Table 5 have relative errors due to different parameter settings. In Section 3.3: Fitting of the water flow field and Section 3.4: Nitrogen concentration field fitting, the water flow field and nitrogen are fitted; as seen in Figure 8 and Figure 9, the fit is better, indicating that the parameters are set reasonably well.





 





Table 5. Nitrogen concentration at the bottom of the aeration zone (mg/L).






Table 5. Nitrogen concentration at the bottom of the aeration zone (mg/L).





	No.
	NH4-N
	NO2-N
	NO3-N
	No.
	NH4-N
	NO2-N
	NO3-N





	Aa122f
	0.046
	0.00023
	2.10
	Bc121f
	0.014
	0.00029
	3.37



	Aa112f
	0.030
	0.00020
	1.09
	Ca232x
	0.006
	0.00043
	7.43



	Aa232x
	0.006
	0.00020
	5.89
	Ca231x
	0.009
	0.00031
	6.98



	Ba122f
	0.030
	0.00022
	3.37
	Cc232x
	0.032
	0.00045
	4.06



	Bc122f
	0.028
	0.00021
	3.15
	Ca232x
	0.006
	0.00043
	7.43



	Ca112f
	0.033
	0.00027
	0.57
	Bb122x
	0.01
	0.00034
	2.75



	Ba132f
	0.038
	0.00037
	4.07
	Cb232x
	0.013
	0.00022
	8.12



	Ba111f
	0.020
	0.00013
	0.51
	Ca232x
	0.006
	0.00043
	7.43








According to the output results combined with the comprehensive zoning map of the model parameters in the study area, the concentration of ammonia nitrogen at the bottom of the air envelope in the study area is higher in the southwestern part; the nitrate concentration is higher in the northeastern part; and the nitrite nitrogen concentration does not change much across the whole range of the study area. Combined with the distribution of surface soil nitrogen in the Wei River area described in the previous section, it can be seen that the distribution of nitrogen concentration output from the bottom of the aeration zone is basically the same, which indicates that nitrogen pollutants are transported vertically in the aeration zone of the Wei River.




3.3. Fitting of the Water Flow Field


The measured shallow groundwater flow measured in September 2022 was used as the initial flow field of the numerical groundwater flow model; the simulation period was 90 days, and the results of the simulated flow field were fitted with the actual groundwater flow field [37,38]. The fitting diagrams are shown in Figure 8. It can be seen from the diagrams that the groundwater flow field in the study area is well fitted and the error of the water level at each node is relatively small, which shows that the geological structure of the aquifer, the generalisation of the boundary conditions, and the selection of the hydrogeological parameters are reasonable in the simulation process.



As can be seen from the figure, the groundwater flow field of the model is consistent with the actual flow field, and the concentration difference between the simulated water level and the actual water level is less than 1 m, meeting the requirement of accuracy. This indicates that the model is consistent with the hydrogeological situation of the study area and truly reflects the characteristics of the actual groundwater flow field.




3.4. Nitrogen Concentration Field Fitting


The nitrogen concentration measured in September 2022 was selected as the initial concentration for the solute transport model of the aquifer in the study area, which was fitted based on the measured concentration in December 2022. The results of the fitting are shown in Figure 9.



Due to the limited information from the observation wells, only the groundwater nitrogen fitting of the submerged aquifer in the study area was analysed. As can be seen from the figure, the simulated concentration field of nitrogen in the submerged aquifer in the study area fits well with the measured concentration field.



The results of the groundwater flow field simulated using the aquifer model for the Wei River area coincide with the actual flow field, and the results of the simulated nitrogen concentration field also fit well with the actual concentration field. This indicates that the model truly reflects the characteristics of the actual groundwater flow field and nitrogen concentration field in the study area, and that the results of the model calculations are reliable.




3.5. Calculation of the Equalised Rate of Contribution


The contribution rate of nitrogen from different pollution sources is defined as the percentage of nitrogen recharge from a single pollution source to the total nitrogen recharge from all pollution sources at a given time [39]. From this, the formula for the contribution rate of nitrogen from different pollution sources was obtained as:


  C o n t r i b u t i o n r a t e   ( 100 % ) =   Q    X + Y + P     × 100 %   



(4)







In the formula:



Q—nitrogen recharge from individual sources (kg);



X—vertical infiltration nitrogen recharge (kg);



Y—nitrogen recharge from rivers (kg);



P—net recharge of nitrogen exchange between the southern and northern parts of the Wei River, since these regions transport nitrogen from the south to the north. P = 0 when calculating the southern part of the Wei River; the specific value of P when calculating the northwestern part of the river is shown in Table 6.



According to the results of the model operation, the simulated data were statistically collated to obtain the nitrogen recharge from different sources of pollution in the south and north of the Wei River, respectively. The calculation results are shown in Table 6.



From the table, it can be seen that the ammonia nitrogen in the groundwater in the northern part of the Wei River mainly comes from vertical infiltration, with a contribution rate of 60.02%, followed by river recharge with a contribution rate of 35.82%. A small amount of nitrogen comes from the nitrogen exchange between the two districts, with a contribution rate of only 4.16%. Nitrite nitrogen is mainly derived from vertical infiltration with a contribution of 60.98%, followed by riverine recharge with a contribution of 34.52%. The net nitrogen exchange recharge in the two zones is low, with a contribution of only 4.5%. Nitrate nitrogen, mainly derived from vertical infiltration, had a contribution of 65.35%, followed by riverine recharge with a contribution of 29.34%, and net nitrogen exchange in the two zones with a low contribution of 5.31%. The calculation of the contribution rate in the northern part of the Wei River coincides with the actual situation, and the nitrogen in the groundwater mainly comes from rainfall and the use of nitrogen fertilisers on farmland, which is a source of vertical infiltration recharge in addition to the poor water quality of the river and serious exceedance of nitrogen concentrations, which also pollute the groundwater.



The ammonia nitrogen in the groundwater of the southern part of the Wei River mainly comes from vertical infiltration, with a contribution rate as high as 95.82%, followed by river recharge with a contribution rate of 4.18%. The nitrite nitrogen and nitrate nitrogen levels are similar to that of ammonia nitrogen, with vertical infiltration contributing 92.41% and 94.26%, respectively, and river recharge contributing 7.59% and 5.74%, respectively. It can be seen that almost all of the nitrogen in the groundwater in the southern part of the Wei River comes from rainfall and the use of nitrogen fertiliser on farmland in the study area, which is a source of vertical infiltration, and a small amount of nitrogen comes from the river.



In summary, the main sources of nitrogen in the groundwater in the study area are vertical infiltration and river recharge. The section of the Wei River examined in this study contains sewage, and the pollution of the water is very serious. The nitrogen concentration level is also seriously increased. There is a hydraulic connection between the Wei River and the groundwater, and the river discharge is significant, which strongly contributes to the nitrogen pollution in the study area. At the same time, the coarser lithological particles in the Wei River region’s aeration zone aggravate the entry of pollutants from surface sources into the groundwater, so the vertical infiltration of nitrogen in this region contributes considerably to groundwater pollution.





4. Conclusions


This study identified the hydrogeological characteristics of groundwater and surface water and typical pollutants in the study area through a field survey, data collection, field sampling, and analysis. Zoning was used to delineate the vertical infiltration of pollutants in the surface layer of the study area, and the water flow and solute transport model of the aeration zone were established using Hydrus-1D 4.16.0110 software in order to obtain the water volume and nitrogen concentration output from the bottom of the aeration zone. These values were then used to determine the water volume and nitrogen concentration entering the aquifer. MODFLOW software was used to simulate the nitrogen migration process in the aquifer, and, finally, the equalised method was used to calculate the contribution rate of the groundwater nitrogen sources. Through the analysis and discussion of the simulation results, the following conclusions were drawn:



(1) According to the simulation results from the Hydrus surface pollution source vertical infiltration model, the concentration of ammonia nitrogen at the bottom of the aeration zone in the study area was higher in the southwest, with a concentration range of 0.006 mg/L~0.046 mg/L. The nitrite nitrogen concentration did not change significantly across the study area, with a concentration range of 0.00013 mg/L~0.00045 mg/L. Moreover, the nitrate concentration was higher in the northeast of the study area, ranging from 0.51 mg/L to 8.12 mg/L. Combined with the distribution of nitrogen concentration in the surface soil of the Wei River area, it can be seen that the distribution of nitrogen concentration was basically the same as that exported from the bottom of the aeration zone, and the nitrogen pollutants mainly migrated vertically in the airbag zone.



(2) The calculation of the contribution rate of the groundwater nitrogen sources in the study area shows that the nitrogen in the northern part of the Wei River mainly comes from vertical infiltration, river recharge, and nitrogen exchange between the two areas; of these, the contribution rates of ammonia nitrogen sources are 60.02%, 5.86%, and 4.16%; the contribution rates of nitrite nitrogen sources are 60.98%, 34.52%, and 4.50%; and the contribution rates of nitrate nitrogen sources are 65.35%, 29.34%, and 5.31%. The groundwater nitrogen in the southern part of the Wei River mainly comes from vertical infiltration and river recharge, which, for ammonia nitrogen, contribute 95.82% and 4.18%; for nitrite nitrogen, contribute 92.41% and 7.59%; and for nitrate nitrogen, contribute 94.26% and 5.74%.



The process of nitrogen transport and transformation is extremely complex and the sources of contamination are varied; thus, further research should be carried out on the specific sources of groundwater nitrogen contamination. Isotope detection, combined with the use of tracers, could be used to identify the sources of groundwater nitrogen pollution more clearly and accurately.



In order to protect groundwater resources and prevent nitrogen pollution from deteriorating the water quality in the Wei River area even more, the following targeted pollution management proposals are put forward: the intensity of the pollution management of the surface water of the Wei River should be increased so as to alleviate the load of nitrogen pollution at source, which will effectively reduce the nitrogen pollution in the aquifer through the recharge of the river. Polluted surface water can be purified using biotechnology; aquatic plant restoration technology has been shown to demonstrate good purification effects. The treatment of surface water nitrogen pollution can effectively reduce the contribution of recharge from the Wei River to the aquifer. Moreover, it is very important to control the surface sources of pollution in the study area; the control of the amount and frequency of nitrogen fertiliser used in agricultural land in the study area will effectively reduce the pollution of the groundwater due to vertical infiltration from the surface.
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Figure 1. Study area overview and sample point distribution. 
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Figure 2. Comprehensive partition map of the study area. 
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Figure 3. Element discretisation grid section diagram of the research area. 
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Figure 4. Schematic diagram of aquifer structure. 
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Figure 5. Schematic diagram of aquifer boundary in the study area. 
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Figure 6. Nitrogen concentration versus time curve ((a) ammonia nitrogen, (b) nitrite nitrogen, (c) nitrate nitrogen). 
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Figure 7. Nitrogen concentration versus depth curve ((a) ammonia nitrogen, (b) nitrite nitrogen, (c) nitrate nitrogen). 
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Figure 8. Fitting diagram of submerged aquifer flow field in the study area. 
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Figure 9. Fitting of nitrogen concentration fields in submerged aquifers in the study area ((a) ammonia nitrogen, (b) nitrate nitrogen). 
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Table 1. Evaluation results of water quality in the study area.
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No.

	
Content/(mg·L−1)

	
Water Quality Category




	
NH4-N

	
NO2-N

	
NO3-N






	
Groundwater

	
01

	
0.403

	
0.021

	
0.613

	
Class III




	
02

	
0.351

	
0.003

	
6.769

	
Class III




	
03

	
0.444

	
0.002

	
8.056

	
Class III




	
04

	
0.586

	
0.066

	
17.586

	
Class IV




	
05

	
0.278

	
0.003

	
0.024

	
Class III




	
06

	
0.554

	
0.006

	
18.259

	
Class IV




	
07

	
1.841

	
0.002

	
0.968

	
Category V




	
08

	
0.401

	
0.002

	
0.562

	
Class III




	
09

	
0.405

	
0.001

	
1.147

	
Class III




	
10

	
0.431

	
0.001

	
0.313

	
Class III




	
11

	
0.306

	
0.001

	
0.169

	
Class III




	
12

	
0.436

	
0.087

	
7.793

	
Class III




	
13

	
0.604

	
0.003

	
9.668

	
Class IV




	
14

	
0.581

	
0.071

	
21.925

	
Class IV




	
15

	
9.350

	
0.189

	
31.399

	
Category V




	
16

	
0.346

	
0.100

	
28.361

	
Class IV




	
17

	
0.261

	
0.005

	
11.988

	
Class III




	
18

	
0.778

	
0.029

	
0.274

	
Class IV




	
19

	
0.710

	
0.003

	
49.780

	
Category V




	
River water

	
01

	
3.904

	
0.249

	
7.752

	
Poor V




	
02

	
3.755

	
0.246

	
7.763

	
Poor V




	
03

	
4.999

	
0.138

	
7.145

	
Poor V




	
04

	
4.741

	
0.163

	
7.680

	
Poor V











 





Table 2. Study area parameter partition assignments.
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	Infiltration factor zoning
	a
	b
	c



	Surface infiltration coefficient (m/d)
	0.2
	2.5
	0.02



	Nitrogen concentration zoning
	1
	2
	3



	NH4-N
	0.775
	0.463
	--



	NO3-N
	0.957
	3.692
	5.192



	NO2-N
	0.032
	0.016
	--



	Partitioning of reaction parameters
	x
	f
	--



	Nitrification reaction parameters
	0.002–0.02
	1.0 × 10−3–0.04
	--



	Denitrification reaction parameters
	1.0 × 10−4–2.0 × 10−4
	1.7 × 10−5–3.0×10−4
	--










 





Table 3. Soil moisture characteristics parameters.
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	Parameters
	θr
	θs
	α/cm−1
	n
	Ks/(cm·d−1)





	Powdered earth
	0.034
	0.46
	0.016
	1.37
	20



	Powdered sand
	0.045
	0.43
	0.145
	2.68
	700










 





Table 4. Parameters of the nitrogen solute transport model.
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	Parameters
	ρ

/(mg·cm−3)
	DL

/cm
	D

/(cm2·d−1)
	Kd

/(cm3·mg−1)
	K1

/d−1
	K2

/d−1
	K3

/d−1





	Powdered earth
	1370
	5
	4.32
	0.003
	0.01
	0.1
	0.001



	Powdered sand
	1400
	10
	4.32
	0.0003
	0.01
	0.1
	0.001










 





Table 6. Calculation table of contribution rate of groundwater nitrogen sources in the study area.
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District

	
Source Sinks

	
NH4-N

	
NO2-N

	
NO3-N




	
Inputs

(kg)

	
Contribution Rate

(%)

	
Inputs

(kg)

	
Contribution Rate

(%)

	
Inputs

(×104 kg)

	
Contribution Rate

(%)






	
Wei River

Northern Region

	
River recharge

	
41,593.26

	
35.82

	
488.26

	
34.52

	
51.22

	
29.34




	
Vertical infiltration

	
69,687.58

	
60.02

	
862.35

	
60.98

	
114.08

	
65.35




	
Exchange of two zones

	
4835.16

	
4.16

	
63.68

	
4.50

	
9.26

	
5.31




	
Wei River

Southern Region

	
River recharge

	
593.25

	
4.18

	
18.12

	
7.59

	
2.36

	
5.74




	
Vertical infiltration

	
13,589.63

	
95.82

	
220.56

	
92.41

	
38.75

	
94.26
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