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In recent years, many research methods have been developed for the traceability of groundwater contamination source, in which the numerical simulation and analytical methods are the most common methods to study on groundwater flow and solute transport. However, the establishment and solution of an optimization model is a very complex inverse problem. Given that many decision variables are needed to be identified, two relatively simple analytical and numerical methods are applied for the prediction of chloride migration range and duration process in source area, then the geophysical prospecting and drilling sampling analysis are also used for the verification, moreover, the source center is determined based on the difference between predicted results and measured results. In addition, the influence of the observation points layout, hydrodynamic dispersion parameters and groundwater flow rate on the traceability effect are also analyzed. The results show that located observation points can reflect the chloride distribution accurately, hydrodynamic dispersion parameters and groundwater flow rate have more significant impacts on the traceability effect compared with other factors. Lastly, the proposed model application process is also discussed in the limited scale site, and it provides the reference for source traceability and subsequent remediation design under the similar hydrogeological conditions.
Keywords: analytical solution, numerical simulation, contamination range, traceability, geophysical methods
1 INTRODUCTION
Generally, the distribution of contamination sources and the emission of contamination concentration need to be found out before the contamination is treated and remediated effectively. However, groundwater contamination has the characteristics of concealment, hysteresis and irreversibility, which makes it impossible to detect contamination sources in time after contamination occurs with continuous spreading. Therefore, tracing, locating and removing contamination sources are important steps for the site risk management. The key problem is to determine the contamination sources accurately and timely. Therefore, it is important to identify the location of groundwater contamination sources, contaminant emission concentration and development history, so as to take effective measures to cut off the contamination sources and avoid the contamination of groundwater in a wider range, furthermore, it has an important impact on the efficiency and cost of subsequent remediation (Mangold and Tsang, 1991; Bashi-Azghadi et al., 2010; Lapworth et al., 2012; Mahsa and Bithin, 2013).
Traceability of groundwater contamination is to trace the history of contaminant discharge and determine the location of contamination sources through limited observation data (Mahar and Datta, 1997; Alexander et al., 2006; Zoi and George, 2009). At present, the main methods of groundwater contamination traceability are mathematical analysis method (Gongsheng et al., 2006; Yu et al., 2012; Long et al., 2014; Gurarslan and Karahan, 2015), simulation optimization method (Ellen and Pierre, 2007; Mirghani et al., 2009; Manish and Bithin, 2013; Xiao et al., 2016; Li et al., 2017; Chakraborty and Prakash, 2020), hydrochemical traceability analysis (; Rashid et al., 2019), isotope traceability analysis (Palau et al., 2014; Sturchio et al., 2014; Nigro et al., 2017; Wang and Zhang, 2019; Zimmermann et al., 2020) and geostatistics method (Mark and Peter, 1997; Juliana and Amvrossios, 2001; Ilaria and Maria, 2003; Anna and Peter, 2004; Ilaria et al., 2012; Liu et al., 2021). The contamination factors mainly occur convection, dispersion and microbial reactions after the contaminants are released into subsurface (Jordi and Yoram, 1996). While the traceability of contamination sources can be solved as a reverse problem by combining the information of groundwater contamination plume with the law of contaminant migration (Gurarslan and Karahan, 2015), in addition, the most commonly used methods are numerical method and analytical method based on the mathematical model of contaminant migration in saturated-unsaturated porous media.
The numerical simulation of groundwater contamination is mainly to study the temporal and spatial variation of the concentration of various solutes in porous media, and predict the distribution of contaminants qualitatively or quantitatively (Song et al., 2020; Banaei et al., 2021). For example, the convection-dispersion model has a wide range of applications, which can be used for isotropic or anisotropic, homogeneous or heterogeneous porous media (Wu et al., 1997; Zhu and Liu, 2001). It can reflect the movement process of solute in groundwater comprehensively under the initial conditions and boundary conditions, and it has become a very important method to solve the problem of groundwater contamination with the continuous and rapid development of science technology. In addition, it is widely used in the field of hydrogeology with its convenient, efficient and flexible characteristics (Xue, 2010). However, the establishment of numerical model requires much higher accuracy of hydrogeological data than the analytical method, and more detailed data are needed for the model identification and verification. For example, the number of monitoring wells in the field investigation stage is relatively small in the internal area of chemical plants which facilities have been completed, thus, it is often not desirable to drill new monitoring wells, therefore, the analytical method is still widely used under above conditions.
In this paper, taking the actual site as an example, mathematical models are established through the generalization of practical problems, and the analytical method is applied to trace the emission process of contamination sources, and then the location and emission process of contamination sources are inverted. In addition, the influence of observation point layout, hydrodynamic dispersion coefficient and actual velocity on the traceability results is discussed by numerical simulation.
Then, the numerical method and analytical method are used to predict the spatial range and diachronic process of chloride in contamination sources, and the results are verified by the geophysical prospecting and drilling sampling analysis, moreover, the diffusion range and diachronic process of chloride are determined based on the analysis of the difference between the predicted results and the measured results. Finally, the suitability of the analytical method in this region is discussed, indicating that the method proposed in this paper is effective, and also it provides a feasible tool for solving the problem of contamination source research in-scale sites, furthermore, it provides a feasible technically and reasonable economical method for contamination source traceability and remediation design under such hydrogeological conditions.
2 MATERIALS AND METHODS
2.1 Study area overview
The research site is located in the central and eastern part of Hefei, Anhui Province, China (Figure 1). In order to investigate the stratigraphic characteristics of the region, high-density resistivity method and ground penetrating radar method were used in this detection, and the hydraulic crawler multifunctional engineering investigation rig was used for drilling. The soil core samples were collected and the corresponding soil samples were obtained. According to the above survey results, the target area is mainly divided into two layers, 1) the principal component of miscellaneous fill layer is clay, surface soil plant roots are more developed and the layer thickness is about 2 m. 2) the thickness of clay layer exceeds 10 m under natural conditions.
[image: Figure 1]FIGURE 1 | Locations of the soil sampling points and groundwater monitoring wells in the study.
2.2 Analytical method
According to the actual survey and test data, the migration trend of chloride in GMW2 monitoring point is mainly vertical migration. Therefore, the analytical solution of one-dimensional migration model is applied with constant concentration in porous media. The main conditions of the model are as follows: 1) The research domain is a semi-infinite porous medium column, and the medium is homogeneous and isotropic. 2) The flow field is uniform with constant velocity, and the actual groundwater velocity is constant. 3) There is no contaminant in the study area at the initial time. 4) The initial contaminant concentration is constant (C0) without considering adsorption and decay. 5) Water content, seepage velocity and dispersion coefficient are constants. The selected model is as follows:
[image: image]
For the selected mathematical model (I), where C (mg/L) is pollutant concentration, C0 (mg/L) is continuous point source concentration under Dirichlet boundary condition, Dz (m2/d) is vertical dispersion coefficient, vz (m/d) is vertical seepage velocity, z (m) is vertical transport distance.
The analytical solution of the above model by Laplace transform is:
[image: image]
where, erfc ( ) is a residual error function. For formula (5), the larger the distance between the calculated point and the boundary, the smaller the error of the second item at the right end (Chen et al., 2016; Shi et al., 2018), when the contribution of the second item is ignored, formula (5) is changed as,
[image: image]
For contaminant risk screening criteria or detection criteria λ, let Cs (zj,tj) = λC0, u is set as,
[image: image]
In addition, erfc (u) is a monotonically decreasing function. According to formulas, it can be determined that the smaller the u value is, the larger the λ becomes, which reflects the role of erfc(u) function.
By formula (7), the traceability of contamination sources can be solved as a reverse problem,
[image: image]
where, ztj is defined as the maximum vertical migration depth corresponding to the migration time tj. In practical problems, tj can be used as the survival time of the contamination source. For any standard λ, the contamination source is not detected beyond the area, when the migration distance satisfy z > ztj.
2.3 Numerical method
The scope of the simulation area is mainly determined according to the hydrogeological conditions and the groundwater flow field. Taking GMW2 as the center, the model is set around the fixed head boundary, the east-west boundary is basically perpendicular to the contour line, and the north-south boundary is roughly horizontal with the contour line (Figure 1). In addition, the model is generalized to two layers. The first layer is miscellaneous fill and the thickness is 2 m. The second layer is mainly clay, and the thickness is more than 15 m, which its bottom is an impervious boundary. The vertical source-sink term is atmospheric precipitation infiltration and phreatic evaporation. The groundwater flow direction is from north to south, the water depth is about 1.5 m, and the average annual precipitation is about 1,100 mm (rainfall infiltration coefficient is 0.3).
The three-dimensional unsteady seepage mathematical model of groundwater flow can be described as in Equation (Ⅱ):
[image: image]
where, H (m) is the groundwater head, H0 (m) is the initial head, H1 (m) is the head of the first boundary Γ1, q is the flow of the second boundary Γ2, Ss (1/m) is the water storage rate, W is the source and sink term, Ω is the research domain, Kij (m/d) is the permeability coefficient tensor, n is the outer normal direction of the boundary Γ2.
The three-dimensional mathematical model of solute transport without considering adsorption and attenuation can be described as in Equation (Ⅲ):
[image: image]
where, C (mg/L) is the contaminant concentration, C0 (mg/L) is the initial contaminant concentration, C1 (mg/L) is the concentration of the first boundary Γ1, f is the dispersion flux of the second boundary Γ2, R is the retardation coefficient, θ is the porosity, vi (m/d) is the actual groundwater flow rate, I is the source and sink phase, Dij (m2/d) is the dispersion coefficient tensor.
The FEMWATER module in Groundwater Modeling System (GMS) software is selected for this calculation. Hydrogeological parameters are mainly determined according to the field test and geological exploration results, the values of hydrogeological parameters of the model are shown in Table 1.
TABLE 1 | The value of hydrogeological parameters.
[image: Table 1]3 RESULTS
3.1 Field investigation
According to the building layout and production process, soil sampling (SSP) and groundwater sampling (GMW) points were set in Figure 1, where GMW2 was the monitoring point of soil and groundwater. In the later period, five soil and groundwater monitoring points (NMW) were added. The above sampling results showed that only the chloride concentration in GMW2 exceeded the standard value of class III (250 mg/L) in Chinese groundwater quality standards. In order to identify the contamination status of chloride, it is necessary to study the traceability and migration range of potential contaminant source.
Magnetotelluric method is an electromagnetic technique that uses the earth’s natural field to map the electrical resistivity changes in subsurface structures. The Magnetotelluric data is used to investigate the shallow to deep subsurface geoelectrical structures and their dimensions for the high penetration depth of the electromagnetic fields in this method (Filbandi Kashkouli et al., 2016). Thus, two geophysical methods of high density electrical method (DUK-2A MIS-60 system) and ground penetrating radar method (GSSI-SIR20 geological radar system TG1067) were used to verify the vertical distribution of strata, and the representative results are shown in Figures 2A,B and Figures 3A,B.
[image: Figure 2]FIGURE 2 | The test results of typical high density electrical method (the red dotted line represents the tested stratigraphic boundary).
[image: Figure 3]FIGURE 3 | The test results of typical ground penetrating radar method (the purple dotted line represents the tested stratigraphic boundary).
In Figures 2A,B, according to the apparent resistivity results, the depth within 1.5 m shows high resistance, and the apparent resistivity is 10–60 Ω▪m. The apparent resistivity changes widely, indicating that the soil in this layer is inferior in uniformity and contains impurities. It is speculated that this layer is a mixed fill soil layer. The depth below 1.5 m within the detection range shows low resistance, and the apparent resistivity is 5–10 Ω▪m. The variation range of apparent resistivity is relatively small, and the distribution of apparent resistivity in the layer is not obviously layered, which indicates that the soil quality of the layer is relatively uniform, and there is no obvious horizontal stratification of apparent resistivity distribution of artificial plain fill layer. It is inferred that the soil layer is a natural soil layer, and the water content of the soil layer is larger than that of the upper miscellaneous fill layer.
In Figures 3A,B, according to the radar detection results, the radar reflected wave intensity within the detection range is inferior, and the same axis is relatively continuous without obvious abnormal reflection, indicating that the stratum in the field is relatively uniform. From Figures 3A,B, it is clearly shown that the distribution depth of miscellaneous fill layer is less than 1.5 and 2.5 m, respectively, and the average depth of upper layer is 2 m. The clay layer is distributed below the depth of 1.5 m, and the soil is uniform. It is speculated that the soil layer is natural.
According to the detection results of high density electrical method and ground penetrating radar method, it is speculated that there are miscellaneous fill soil layers and cohesive soil layers distributed from top to bottom within the detection depth of the site. 1) The distribution depth of miscellaneous filling soil layer is within 2 m, and the soil quality of this layer is inferior and contains impurities. 2) The cohesive soil layer is distributed below the depth of 2 m, and the soil quality of this layer is relatively uniform. The apparent resistivity distribution of the artificial fill layer is characterized by obvious horizontal stratification. It is speculated that this layer is a natural soil layer, and the water content of the soil layer is larger than that of the upper miscellaneous fill layer.
The above results are based on the analysis results of high density electrical method and ground penetrating radar detection results. In addition, in order to further verify the stratigraphic characteristics, the depth of soil sampling was about 15 m in this study. The hydraulic crawler multifunctional engineering survey rig was used for drilling, the soil core was sampled and the corresponding soil samples were obtained, the process is shown in Figure 4. According to the drilling sampling analysis, the results are basically consistent with the geophysical survey results.
[image: Figure 4]FIGURE 4 | Drilling site and soil core sampling process.
It can be seen from Figure 5, chloride ions content curve that the values of chloride content are mainly above 400 mg/L at GMW2 sampling point, and are basically concentrated in the range of 2–10 m. The sampling curves of GMW2 and NMW2 showed the same concentration variation trend, that is, it increased with the increase of depth in the range of 0–2 m, while it decreased with the increase of depth in the range of 2–10 m, in which NMW2 is the background sampling. The imaginary line in the diagram is a traceable historical contamination curve, and the regional construction caused the inverted triangle area in the shallow range of 0–2 m. The measured concentration of the surface layer is relatively lower due to the development of the plant’s root system and microorganisms influence, in addition, the rainfall and contaminant leaching infiltrate into the surface soil after the construction disturbance.
[image: Figure 5]FIGURE 5 | Curve diagram of measured vertical concentration change of chloride ions (the red dotted line is traceable historical contamination curve, and the red solid line is measured concentration change trend after surface disturbance).
3.2 Analytical method
In the actual site, there are six soil and groundwater monitoring points (NMW1—5 and GMW2). Due to the limitation of site scale and the monitoring results, the position of GMW2 is the center area of potential contamination sources, and vertical dispersion coefficient and vertical penetration velocity are the main parameters according to the analytical formula (8). From the field test, the value of vertical dispersion coefficient Dz is 0.0034–0.0036 m2/d. The value of vertical penetration velocity vz is 0.015–0.017 m/d based on the observation data and model parameters calibration. Then, the ztj of chloride is calculated by Formula (8). The calculation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relationship between maximum vertical migration depth (ztj) and measured values of chloride ions under different detection criteria. (△) and (◇) represent the measured chloride ions depth of GMW2 and NMW2, respectively; The black solid line represents ztj under different detection criteria.
Figure 6 shows that the calculation results accord with the actual situation according to two groups of chloride ions vertical concentration values, and NMW2 is used as the background value for verification. The vertical dispersion coefficient Dz is 0.0035 m2/d and the vertical penetration velocity vz is 0.016 m/d, at this time, the source concentration value of GMW2 was about 1,500 mg/L (the measured value was 1,130 mg/L), and the ztj was about 14 m after 720 days. Since the corresponding depths of all measured values were located within the ztj curve of chloride ions, the calculation method proposed was effective by analytical method of ztj.
In order to study the ztj under different screening standards or detection standards, two typical standards were selected for comparative analysis. For example, the groundwater quality class III standard value is 250 mg/L (λs = 0.17) and the average chloride concentration is 600 mg/L (λav = 0.40) in the depth of 2–10 m range, and the calculation results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Vertical migration depth of chloride ions under different detection standards, δ is the relative deviation between λav and λs.
From Figure 7, the ztj is about 14 m after 720 days when λs = 0.17, while ztj is about 12 m when λav = 0.40, and the ztj is larger by the former calculation standard, that is, the smaller the detection standard, the safer the calculation results. In addition, the relative deviation decreases with the extension of source longevity time. The relative deviation is about 10% when the source longevity time reaches 900 days. In addition, the red dotted line in Figure 7 represents the maximum penetration depth of chloride ions with the corresponding time in the actual site, which can reflect the comprehensive characteristics of the site. Therefore, in the practical application of the analytical method, it is necessary to clarify the screening standard or the detection standard, and then calculate the ztj under different source concentrations and migration time.
3.3 Numerical method
According to the hydrogeological generalization model, the mathematical model has been adjusted and fitted to reflect the actual conditions. Since the source concentration, migration time and ztj are determined by analytical method, six observation points (OBS1-6) have been added with the groundwater flow direction.
In order to meet the accuracy requirements of actual project, the simulation results are combined with the measured values, and the fitting result is shown in Figure 8.
[image: Figure 8]FIGURE 8 | The fitting results of chloride ions measured concentration and calculated concentration.
The fitting result shows that the calculated chloride ions concentration is basically consistent with the measured value. Moreover, the plane and vertical distribution of chloride ions concentration were predicted after 720 days with GMW2 as the source center, the results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Prediction results of chloride ions concentration: (A) plane distribution; (B) vertical distribution.
From the numerical simulation results (Figure 9), the influence distance of chloride ions is about 6 m along the groundwater flow direction from the source center, the lateral distance is about 4 m, and the ztj is about 15 m at the end of 720 days, in this condition, the groundwater quality class III standard value is used as the detection standard. The above prediction results are consistent with the measurement results, which shows that the numerical method is basically correct and can reflect the simulation process. In addition, the sources distribution characteristics can be basically reflected by arranging observation points upstream, downstream and laterally of groundwater flow direction, respectively.
4 DISCUSSION
In the actual site, given that many decision variables are needed to be identified, two relatively simple methods are applied for the prediction of chloride migration range and duration process in source area, then the geophysical prospecting and drilling sampling analysis are also used for the verification, moreover, the source center is determined based on the difference between predicted results and measured results. Based on the above study, three main points are discussed as follows:
1) The influence of observation point layout on traceability position. The detailedness of the observed data is an important factor affecting the difficulty of solving the traceability problem (Mirghani et al., 2009). In practical applications, the number and location of observation points are restricted by construction site or costs. In order to design the appropriate number and location of observation points, it is necessary to analyze the influence of the number and location of observation points on the traceability effect. In this study, the observation points are arranged along the direction and vertical direction of groundwater flow, then the predicted results are verified by the specific observation points.
2) The influence of model parameters on traceability effect. The hydrodynamic dispersion coefficient is determined by the dispersion of medium parameters, the actual water velocity and the molecular diffusion coefficient of contaminant in the medium. Although the hydrodynamic dispersion coefficient can be obtained by experimental method, which is often determined in the process of calibration of mathematical model (Zheng and Gordon, 2009; Fetter et al., 2011), moreover, the actual average velocity affects the convection and dispersion, because the corresponding measurement error and model uncertainty will be introduced into the traceability processes (Xue, 2007). Therefore, it is necessary to consider both the measured data and the model parameter adjustment method, so as to obtain better traceability results.
3) Comparative analysis of different calculation methods. The traceability problem in the analytical method is a typical inverse problem, and the small changes of important factors will cause great differences in the calculation results. While in the simulation calculation method, the accuracy generalized model can reflect the actual solute migration, and key hydrogeological parameters determined is more important in the model calculation, therefore, it is necessary to verify the results of multiple methods.
5 CONCLUSION
In this paper, taking the actual site as an example, the numerical, analytical and geophysical method are used to predict and study the spatial range and diachronic process of chloride ions from source area.
The main conclusions are as follows, firstly, analytical method is simple and suitable for relatively simple hydrogeological conditions. Although the calculation results basically meet the requirements of single-point source analysis, however, for the application scope of the proposed analytical method, comparative analysis and research with existing models are required, and the error size needs to be explained in the future applications. Secondly, in the process of practical application, the traceability results are greatly affected by regional factors (groundwater flow rate, dispersion coefficient, observation point layout and concentration measurement error, etc.), and the above factors often affect the accuracy of the traceability and prediction results, thus, it is necessary to further study the parameter sensitivity in the future. Finally, the combined application of analytical method and numerical method is more conducive to the study of contamination source tracing and the range simulation. The proposed method can meet the actual situation better, and provide reference for source effective control and subsequent remediation design under the similar hydrogeological conditions.
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