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Abstract

:

Solute transport in aquifers is usually controlled by dynamic changes in groundwater tables. The influence mechanism of surface hydrological processes, especially precipitation, on solute transport under different water table conditions has not been studied much. Prior to the direct application of the existing solute transport mechanisms and models to the solute transport process, the following questions need to be addressed: (1) Do surface hydrological conditions (e.g., precipitation) cause changes in the gradient of the water table within a specific region? (2) If the gradient of the water table does change, how does the change influence solute transport and distribution in the aquifer? The objective of this study is to investigate how precipitation impacts the gradient of water table and to analyze how the solute transport is influenced by the change in the gradient of water table. To achieve this, we employed an analytical solute transport model for the time-varying gradient of a water table through continuous multipoint monitoring of the groundwater table data. Further, the model was applied to indoor experiments to simulate solute transport with and without precipitation. Finally, the mechanism of solute transport in the aquifer under the changing gradient of the water table was analyzed using mathematical and physical models, and the modeling results were compared with those from a numerical model to analyze the modeling reliability. The results showed that precipitation changed the previously stable gradient of the water table, which further altered the gradient of the water table and the transport path of the tracer. The tracer transport direction was primarily controlled by the flow direction in the sandy aquifer trough without precipitation. However, the route of the tracer transport was consistent with the direction of the change in the water table gradient due to precipitation. The small discrepancy between the results from the analytical and numerical models indicates that the model employed in this study is reliable.
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1. Introduction


Groundwater pollution has been experiencing a continuous increase due to population growth and human activities in recent decades, and this has spurred much research globally. Pollutants are carried by precipitation to aquifers through either soil infiltration or surface water recharge, resulting in the deterioration of the groundwater quality [1]. Groundwater pollution poses serious threats to aquifer systems and drinking water safety [2]. Groundwater safety is a top priority in soil and groundwater pollution management. Understanding the mechanism of solute transport in groundwater can help to improve solute transport and diffusion models and theories, offering practical and theoretical benefits for removing pollutants from aquifers.



Many insightful studies have been conducted regarding solute transport in groundwater. Chen et al. [3] studied the influence of hydraulic conductivity on the numerical simulation of groundwater systems. They used the Monte Carlo method to fully account for the structuredness and randomness of the hydrological and geological parameters of the aquifer in order to realistically depict the solute transport process in the aquifer. Xu [4] used the FEFLOW software v7.0 to predict pollutant transport and diffusion caused by pollutant leakage in regions covered by aeolian and marine deposits. The pollutant transport and diffusion processes across the areas were characterized. In the past three decades, Fischer et al. [5] have conducted research on solute transport and they revealed complex interactions among groundwater ecosystems; attempts to scale and predict these processes have been limited by the difficulty of measuring and extrapolating hydrodynamic and subterranean features, and by the qualitatively confusing analyses derived from poorly constrained parametric interpretations of model-based approaches. Modeling the longitudinal dispersion and transport of solutes is of great importance to evaluating the risks from the accidental release of hazardous contaminants in watercourses [6]. The longitudinal solute transport is traditionally described by the one-dimensional advection-dispersion equation (ADE) [7]. The ADE holds for solute transport in groundwater with impermeable boundaries after the initial mixing period. In order to improve the ADE, a wide variety of field, laboratory, and theoretical investigations have been conducted [8,9,10,11]. These investigations have resulted in several useful mathematical models for simulating solute transport in groundwater. Boano et al. [12] presented a continuous time random walk (CTRW)-based model. A prerequisite for applications of the CTRW model is a user-specified RTD function or an array of RTD functions, along with all of the parameters involved in the RTD functions. In essence, the CTRW model and other widely used models only yield the type of RTD specified by the user or implied within them.



With the exception of the convection-diffusion mechanism, it has been found that fluctuations in the water table also have an impact on the solute transport process. For example, Attie et al. [13] and Boumaiza et al. [14] used modeling to analyze instantaneous changes in the non-aqueous phase liquid (NAPL) thickness in water wells caused by water table fluctuations. Guo et al. [9] found that water table fluctuations shortened or elongated the transport route of the dissolved phase in the NAPL. In addition, the dissolved phase was carried to the unsaturated zone under conditions suitable for the transition from saturation to unsaturation. Their experimental data demonstrated a similar situation where, under water table fluctuations, the residual saturation of NAPL decreased. The size of the soil microbial communities and water table fluctuations were identified as important influencing factors in NAPL removal [15]. Recently, Pan et al. [16] used a numerical multiphase flow model for a vadose zone to show that changes in the moisture content due to water table fluctuations had direct controlling effects on the transport law and distribution characteristics of NAPL.



These studies suggest that simulation techniques are effective in depicting the groundwater solute process. It is also necessary to consider the influence of water table-related factors on the solute transport process. Whether the changing of the gradient of the water table within a specific region has an impact on the solute transport process in groundwater still needs to be explored. It is generally believed that the route of solute transport in the saturated zone (convection process) is mainly influenced by hydraulic gradient, which is controlled by the topographic gradient. However, if the direction of the water table changes—that is, if the water table swings—a gradient will be generated in the water table. In that case, the hydraulic gradient not only depends on the topographic gradient, but also on the gradient of the water table due to the changing direction. Consequently, the solute transport route changes as well. Prior to the direct application of the existing solute transport mechanisms and models to the solute transport process, the following questions need to be addressed: (1) Do surface hydrological conditions (e.g., precipitation) cause changes in the gradient of the water table within a specific region? (2) If the gradient of the water table does change, how does the change influence the solute transport and distribution in the aquifer? The objective of this study is to investigate how precipitation impacts the gradient of water table and to analyze how the solute transport is influenced by the change in the gradient of water table. To this end, we performed continuous multipoint monitoring of the groundwater table data to find the appropriate theory and method that considers the influence of the change in the gradient of the water table [17]. Further, we employed an analytical solute transport model under a time-changing gradient of the water table, which was then verified through experiments. The modeling results were compared with those from a numerical model to analyze the modeling reliability. On this basis, we discuss the mechanism by which the time-varying gradient of the water table influenced the solute transport process. Whether the surface hydrological process could influence the gradient of the water table and the changing gradient of water could impact solute transport have not been considered in the area of solute transport, and this is the main novelty of this study. As the main goal of this study is to analyze how precipitation impacts the gradient of water and to solve how solute transport is influenced by the changing gradient of the water table, the complex features of aquifers are not the major concern. Therefore, the hypothesis that the aquifer within which the solute transport is homogeneous and isotropic was made in order to perform the study. The present study will contribute to our understanding of the influence mechanism of surface hydrological conditions on solute transport.




2. Research Methodology


2.1. Analytical Model


The mathematical model used for the present study was based on [17]. The data were collected via continuous multipoint monitoring of the groundwater table to quantify the change in the gradient of the water table. We estimated the hydraulic gradient in the  x - and  y -directions in the model, and further employed Darcy’s law to determine the route of the solute transport. First, the water table level ( h ) was obtained from the monitored groundwater table data at a specific time interval ( i ) in several observation wells using the regression method:


  h    (  x , y  )   i  =  A i  x +  B i  y + C  



(1)




where  x  and  y  are the coordinates;  A  and  B  are the gradients in the  x - and  y -directions, respectively;  C  is a constant, defined as the elevation of the water table above the origin (0, 0).



With the elevation of the water table given, the hydraulic gradients in the  x - and  y -directions at a specific time interval can be solved using the above formula. When the aquifer parameters are known, we assume that there is a mass point on the water table. The initial position of this mass point at a time step  i  is defined as follows:


   x 0  =  x  i n i t i a l   ,  y 0  =  y  i n i t i a l    



(2)







The variation in the mass point of the solute being transported over time may be written as follows:


   x  i + 1   =  x i  + Δ  x i  ,  y  i + 1   =  y i  + Δ  y i   



(3)




where


  Δ  x i  = −   K  A i   φ  Δ  t i  , Δ  y i  = −   K  B i   φ  Δ  t i   



(4)




  Δ t   is the time step [T];  K  is the hydraulic conductivity coefficient [L/T];  φ  is effective porosity. The water table position corresponding to each time step can be determined using the regression method based on the data from the continuous multipoint monitoring. Both the position of the solute mass point and the transport path can be estimated using the above formula.




2.2. Materials and Method


2.2.1. Experimental Materials and Equipment


Fine-to-medium natural quartz was used as the transport medium, with a median particle size of 0.44 mm. NaCl solution (with a concentration of 17 g/L) was prepared as a tracer. The sand was placed in a water tank to be cleaned repeatedly until the water was clear and free of impurities [18]. Then, the sand was put into an oven to air dry at 150 °C three times; after cooling, the preliminary sand sample was obtained. The sample was further passed through a 60-mesh vibrating screen to obtain the medium-to-fine sand (0.1~0.3 mm) with a density of 1.5 g/m3. After that, the sample was flatly placed in the sand box, and the box was shaken; every 3 cm sand was placed to ensure that the sample at the bottom of the box was free of voids. After the sample was paved to 18 cm, water was injected through the inlet till the water level was up to 10 cm.



The test equipment used for this study is shown in Figure 1. The test equipment, which is 2.4 m in length, 1.2 m in height, and 0.6 m in width, was made of 7 mm-thick tempered glass and sealed with Teflon glue and silica gel. An inlet and outlet were installed in front of and behind the test equipment, respectively. Both the inlet and outlet were located about 0.15 m from the front and back ends of the flow cell. A tracer injection port was installed on the inlet side. One side of the flow cell (the inlet side) was raised by 2 cm to achieve a hydraulic gradient of 5‰. The sealed flow cell was then filled with natural quartz to a thickness of 18 cm [19]. Next, the sand-packed flow cell was sprayed with water to remove any impurities introduced during the filling process or present in natural quartz itself. Water was injected into the sand-packed flow cell using a piston pump, with the flow rate set to 2 L/min. Water injection stopped when the water level reached 10 cm to simulate the water table aquifer. On the upper boundary of the medium and in the flow direction, one observation well was set up in the upper, middle, and lower positions, respectively. A HOBO water level logger was placed into each well. It was ensured that the three observation wells were not located along one straight line, but rather at the three vertices of a triangle to determine the water table. Along the upper interface of the medium, 15 tracer concentration detection holes were arranged uniformly. The holes aligned in a straight line with the tracer injection port were primary holes, and those on either side were secondary holes. At a height of 20–30 cm above the medium, a sprinkler head was installed to simulate precipitation. The ambient temperature was controlled at (23  ±  1) °C to ensure that the experiment proceeded smoothly. The key parameters of the flow cell are shown in Table 1. A mild precipitation rate (0.1006 m3/h) and a long-length time step to detect the water level were selected to prevent the formation of groundwater mound.




2.2.2. Experimental Methods


	1.

	
Determination of hydraulic conductivity and porosity







First, the hydraulic conductivity of the medium was determined using a soil column infiltration test device through a constant head hydraulic conductivity test. The inside of the soil column infiltration test device was packed with sand to a height of 18 cm (with a cross-sectional area of 78.5 cm2). The valve was turned on so that the water passed through the sandy medium from top to bottom, and the water was finally discharged from the outlet. After the difference in the hydraulic head   Δ h   and the seepage quantity  Q  stabilized, the quantity    Q 1    of water flowing through the medium within time   Δ t   was determined. Then, we estimated the hydraulic conductivity  k  of the medium to be 12 m/d using Darcy’s law.



Next, the porosity of the sandy medium was measured using the oven drying method. First, the medium sample (1200 g) was placed into an oven and dried continuously at 120 °C for 12 h until the sample was completely dry. The sample was taken out, left to cool, and injected with water until saturation. The volume ratio of water to the medium sample was measured to obtain the medium porosity of 0.4445. The key parameters of the medium are shown in Table 2.



	2.

	
Determination of gradient of water table







Water was injected into the sand layer via the inlet. The outlet was opened when the water level rose steadily to 10 cm above the ground. The inlet flow rate was adjusted so that the water table stabilized at 10 cm above the ground. The test for measuring the gradient of the water table without precipitation lasted 45 min. During the test, data were acquired by each of the three water level loggers once every 3 min. Water table data at three different positions of the water table aquifer—namely, the upper, middle, and lower regions—were collected simultaneously using the three water level loggers. In this way, we obtained the instantaneous equation for the water table position. The correct instantaneous water table equation could be derived by setting the sampling frequency to once every three min. In addition, we observed the changes in the gradient of the water table in the absence of precipitation.



The test for measuring the gradient of the water table with precipitation lasted for 40 min, with a precipitation intensity of 0.1006 m3h−1. The three water level loggers were configured to collect data once every 20 s. Thus, 363 groups of data were collected during the experimental period. Measures were taken to prevent the outcrop of the aquifer in areas exposed to precipitation, which was important for preventing the formation of surface runoff, thereby ensuring experimental accuracy. First, the sandy medium was sprayed with water to simulate precipitation in the upstream position of the flow cell in the flow direction. Subsequently, the medium was sprayed uniformly with water in the middle position for 15 min. The intensity of the two precipitation episodes remained constant, and the total area affected by precipitation was 0.16 m2. Both precipitation episodes lasted for 15 min. The sampling frequency of the three water level loggers was further increased to obtain more water level data during the precipitation. These data can be used to improve the simulation of the changes in the gradient of the water table with precipitation. Moreover, the water table aquifer had already reached a steady state before the two precipitation episodes. Therefore, the precipitation was sufficient to induce significant changes in the aquifer.



The water table data measured in the three observation wells with and without precipitation were substituted into Equation (1) in Section 2.1 to determine the time-varying gradient of the water table under the two precipitation conditions.



	3.

	
Determination of tracer concentration and route of tracer transport







The test lasted for 12.5 h, and the time interval for data collection by the three water level loggers was consistently 30 min. The blank concentration of water injected into the sandy medium was 0.25 g/L, and the concentration of the injected tracer was 17 g/L. In the first 4.5 h, the tracer concentration was determined once every 30 min, and nine groups of data were collected in total. In the next 8 h, the tracer concentration was determined once every 1 h, and eight groups of data were collected. The water table data and the corresponding tracer concentration data were introduced into the mathematical model in Section 2.1 to obtain the route of the tracer transport at different time steps. See Section 3.3.



The duration (12.5 h) and precipitation intensity (0.22 m3/h) were the same for the tracer transport experiment with and without precipitation. Water table data were collected using the three water level loggers at a time interval of 1 min. The first precipitation episode began when the experiment had proceeded for 130 min. This episode lasted for 15 min and stopped when the experiment had continued for 145 min. The water table began to recover, and the water table data were collected continuously despite the discontinuation of precipitation. The second episode lasting for 15 min began when the experiment had continued for 155 min. The two episodes were spaced 10 min apart.





2.3. Numerical Model


To test the reliability of the analytical model, COMSOL Multiphysics 6.0 was employed to simulate the route of the tracer transport with and without the influence of precipitation. The elements and grid set up in the model are presented in Table 3 and Figure 2. The dimension of the model, which was 120 cm × 240 cm, was determined using the same method as the physical model. The laminar module and fluid flow tracking module were applied to simulate particle tracking with and without the influence of precipitation, respectively. Without the influence of precipitation, the velocity field was used to control the variation in velocity. Based on the hydrogeology data from the physical model, the velocity field can be obtained. Then, the route of the particle transport can be simulated given the length of the time step. For the condition with the influence of precipitation, the time-varying gradient of the water table from the physical model needs to be imported into the numerical model to solve the route of the particle transport. The transient solver was applied to acquire the distribution of particles with different velocities. The stability calculation method and mesh refinement processing were employed to guarantee the accuracy of the modeling results. The tolerance was set as 0.01.



The laminar flow module in COMSOL was employed to simulate groundwater flow. The velocities with and without precipitation were entered into the module to simulate groundwater flow. The velocity was calculated based on Darcy’s law. Because coefficients A and B in Equation (1) represent the gradient along the  x - and  y -directions, respectively, the velocities along the  x - and  y -directions can be calculated once A and B are obtained. The velocities were then entered into the module to track the particles, and the results were compared with those from the analytical model.





3. Results


3.1. Changes in the Gradient of Water Table in the Absence of Precipitation


The water table data in the three observation wells in the absence of precipitation are shown in Figure 3. The water table data measured by the three water level loggers fluctuated within narrow margins. Specifically, each group of measurements fluctuated by less than 1 cm.



Figure 4 shows the results obtained from the mathematical model in Section 2.2 at four consecutive time steps. If the same water level data were selected, e.g., (30, 195), the biggest range of variation in the water level is only 0.38 cm, which is quite slight. Hence, these results also demonstrated a slight variation in the gradient of the water table over time without precipitation.




3.2. Changes in the Gradient of Water Table with Precipitation


The water table data in the three observation wells with precipitation are shown in Figure 5. The water table data measured in the three observation wells varied dramatically. The water table in observation well 01 varied within the range of 939 cm to 945 cm. The water table in observation well 02 varied within the range of 938.5 cm to 943 cm. The water table in observation well 03 varied within the range of 937.5 cm to 945 cm. The water table data rose more quickly in observation wells 01 and 02, which lay closer to the areas exposed to precipitation. By contrast, observation well 03 was further away from the areas exposed to precipitation, and the water table rose slowly.



Figure 6 shows the changes in the gradient of the water table at four consecutive time steps with precipitation. In this case, for the first time step, if the water level data at the same point as that of Figure 3 were selected, the water level was lifted from 6.65 cm to 7.66 cm. For the second time step, the water level was lowered due to the impact of precipitation. This was similar to the water level in the subsequent time steps. The gradient of the water table changed more significantly in the presence of precipitation, which indicated the importance of precipitation in changing the gradient of the water table.




3.3. Simulation of Tracer Transport Routes


During the same period, changes in the gradient of the water table and the route of the tracer transport are shown in Figure 7 and Figure 8, respectively. Figure 7 shows the magnitude of the hydraulic gradient in each direction from the experiment over the study period. The center of the circle represents the starting point of the groundwater or a fluid particle. The red points in the figure indicate the directions and magnitudes of the hydraulic gradients for the groundwater or fluid particles flow from the starting point. In Figure 7, the direction of the gradient mainly ranges from northeast to southwest. Without precipitation, the gradient of the water table changed slightly over time. Gradients with a higher magnitude are mainly distributed along the northwest–southeast 330–345 ° . As the tracer transport is mainly driven by the gradient, the tracer was primarily transported in the flow direction along the sandy trough (Figure 7, northwest–southeast 330–345 ° ). The slight variation of water table had almost no impact on the path of tracer transport. The tracer changed its route slightly along the route.



The simulation results for the route of the tracer transport through a numerical model is shown in Figure 8. There are 4% and 0.2% deviations between the two models for the  x -direction and  y -direction, respectively. The transportation routes predicted by the two models are similar—which both present the northwest–northeast direction—indicating that the prediction from the analytical model is reliable.



The changes in the gradient of the water table with precipitation are shown in Figure 9. In Figure 9, although the directions of the hydraulic gradient are diversified in other directions with different magnitudes, the higher magnitudes are mainly distributed along the northeast to southwest direction. It is suggested that the gradients of the water table are influenced by the limited number of precipitation events. The route of the tracer transport within the same period is shown in Figure 10. While the tracer was transported in the flow direction along the sandy trough, the route deviated toward the northwest–southwest direction by 0.4 m. It can be found from Figure 9 and Figure 10 that the route of the tracer transport was consistent with the direction in which the gradient of the water table changed. At the initial stage of particle transport (stage Ⅰ, 0 min to 130 min), the route barely changed as the gradient of the water table changed very slightly. At this stage, the route of the particle transport was mainly controlled by the flow direction along the sandy trough. The first precipitation episode occurred at stage Ⅱ (130 min to 145 min) and changed the gradient of the water table. As a result, the route of the tracer transport deviated compared with the situation at stage I. After the precipitation stopped (10 min), the route of the tracer transport changed considerably at stage III (in the northeast–southeast direction). Subsequently, the second precipitation episode began (155 min), which exerted further impact on the gradient of the water table. The route of the tracer transport was also altered (northwest–southeast 285–300 ° ). The second episode ended 15 min later, and stage Ⅴ began, with a mild change in the water table. Moreover, the route of the tracer transport was no longer deviated as before (northwest–southeast 330–345 ° ).



The results from the numerical model are shown in Figure 10. For the first precipitation period, the direction of the routes of the particle transport from the two models are both along the northwest–southeast direction. The distances that the particle moved along the  x -axis and  y -axis for the analytical and numerical models are 11.44 cm, 22 cm and 10 cm, 29 cm, respectively. The discrepancies are 0.0005% and 17% at the  x -axis and  y -axis between the two models. For the second precipitation period, the route of the particle transport obtained from the two models are similar. The deviations between the two models are small: there are 0.001% and 0.003% discrepancies for the distances the particle moved along the  x - and  y -axis, respectively. Even though small discrepancies existed between the two models, the routes of the particle transport from the two models are almost the same, indicating that even under the precipitation conditions, the analytical model employed in this study could be reliable and this analytical model could be used to predict solute transport under changes in the gradient of the water table.



Figure 11 shows the variation of the tracer concentration over time. For the condition without the influence of precipitation, dramatic changes in the tracer concentration mainly occurred in holes 1 and 2. At the beginning of the injection, a high concentration was detected in hole 1 and the concentrations in the other four holes (2–4) remained low (Figure 11b). Then, the concentration in hole 1 gradually decreased as the tracer mainly moved to the next holes along the longitudinal direction. Correspondingly, the concentrations in holes 2 and 3 gradually increased. Lower concentrations were measured in holes 4 and 5 due to the dispersion, but these concentrations were still higher than the paralleled holes, 12–15. The tracer concentrations in holes 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15 remained at low values and stable (Figure 11a,e). The results indicate that without the influence of precipitation, the tracer mainly moved along the longitudinal direction, which is driven by topography.



For the condition with the influence of precipitation, along the longitudinal direction, the changes in the concentration in holes 1 and 3 showed similar trends compared with those from the condition without the influence of precipitation (Figure 11d). The concentration in hole 2 varied significantly during the experiment due to the changes in the gradient of the water table (Figure 6). Also, as holes 2–4 are located in the central part of the aquifer, the changes in the gradient of the water table had a greater impact on these three holes. Compared with the results in the absence of precipitation, the concentrations in holes 3 and 4 were both gradually increased due to the influence of the time-varying gradient of the water table. A low concentration was detected in hole 5, which suggests that the higher amount of tracer may not move there.



Variations in the concentration were also detected in holes 6–10 (Figure 11f). More significant changes in the concentration close to the end of the experiment in these three holes show that the tracer moved to the southeast direction after initially moving along the longitudinal direction. The lower concentrations detected in holes 7–15 indicate that the tracer may not move in the northern part of the aquifer (Figure 11b). In general, the route of the tracer changed with the time-varying gradient of the water table under the influence of precipitation. The route was consistent with the results from the model. For the condition without the influence of precipitation, the route is mainly along the longitudinal direction. The water level data obtained from the lab experiment were imported into the analytical model. Compared with the results from the lab experiment, the route from the model deviated a little to the southeast direction (Figure 8). To predict the route of the particle transport, the hydrogeological condition of the sandy aquifer in the physical experiment was assumed as homogeneous and isotropic. However, in the lab experiment, the homogeneity of the aquifer cannot by formed. Therefore, the heterogeneity of the aquifer could influence the route of particle transport. This is the reason why there is a deviation between the model and lab experiment.



Based on the results from the lab experiment and the model, the two scientific questions proposed in the introduction section have been answered: precipitation could have an impact on the gradient of the water table, and the route of solute transport could be influenced by this changing gradient of the water table.





4. Discussion


The impact of fluctuations in the water table on solute transport has been investigated by researchers. As mentioned above, Attie et al. [13] and Boumaiza et al. [14] used modeling to analyze instantaneous changes in the NAPL thickness in water wells caused by water table fluctuations. Guo et al. [9] found that water table fluctuations shortened or elongated the transport route of the dissolved phase in the NAPL. In addition, Pan et al. [16] used a numerical multiphase flow model for a vadose zone to show that changes in the moisture content due to water table fluctuations had direct controlling effects on the transport law and distribution characteristics of the NAPL. These studies indicate that water table fluctuations could have an impact on solute transport. A fluctuation in the water table refers to changes in the water table in the vertical direction. Under this condition, either the gradient of the water table would change slightly or no variations would occur in the gradient of the water table. Assuming that particles are placed on the water table or the saturated zone, the flow path of the particles could not change due to the constant gradient of the water table. However, whether changes in the gradient of the water table within a specific region has an impact on the solute transport process in groundwater still needs to be explored. Gao [20] reported that hydrological process, e.g., changes in the river stage in an adjacent river, could change the gradient of the water table throughout the years. He developed an analytical model and used water level data collected in a petroleum fuel terminal in Kansas City, Missouri, to simulate particle tracking near the Missouri River with variable river stages. He showed that during the period experiencing high and low stages, the flow path of particles would have obvious changes and the particle would not move in the original direction. Also, particles would move along the original direction when the high and low stages do not occur. Hence, he suggested that the variations in the stage in an adjacent river could change the gradient of the water table in the aquifer.



In this study, we aimed to investigate whether other hydrological processes, e.g., precipitation, could have an impact on the gradient of the water table and solute transport. The advection process is the focus of this study. The dispersion and diffusion processes could be analyzed in future research. It is believed that fluctuations in the water table slightly occurred during the experiment, while the flow path of the tracer did not change without the influence of precipitation. On the other hand, changes in the gradient of the water table occurred once the precipitation began or ended, and the tracer did not move in its original direction during these periods. As the number of precipitation events were limited in the experiment, the main moving direction of the tracer was northwest–southeast. Hence, in addition to the water table fluctuations reported in the previous research mentioned above, this study further analyzed whether the hydrological process could impact the regional gradient of the water table. For this study, at the beginning and end of the precipitation events, the moving directions of the tracer changed from its original one. But between the two ends and after the ending of precipitation, the tracer moved along the original direction. Therefore, the results further indicate that under a precipitation event, the gradient of the water table might not be influenced by the whole precipitation process, while the beginning and end of the precipitation event could have an impact on the gradient of water table and, correspondingly, the solute transport. The results further explore the mechanisms of solute transport under precipitation events.



Although the general moving direction of the tracer could be obtained from the lab experiment (Figure 12), the detailed route is still not clear based on the current detection resolution, which is also the limitation of this study. High resolution detection devices will be set in the experiment to be able to measure the concentrations throughout the aquifer in future research.



Numerical models have been widely employed to track the movement of fluid particles, depending on spatial and temporal discretization; however, they may not be able to capture dynamic aspects of groundwater flow for complex water surfaces with dynamic water levels. Specifically, for complicated boundary conditions, numerical models are the first choice to resolve particle tracking, even though they only contribute proximate answers; however, compared to numerical models, particularly for some simple boundary conditions, temporal and spatial discretization in numerical simulations may be insufficient for accurately tracking particles. Analytical methods are useful techniques that can be applied to many ground water flow problems. The analytical model employed in this study is a novel and precise method for tracking particles using continuous water level data, which can be obtained from a field site or a lab experiment, providing an efficient tool for predicting the movement of subsurface contaminants by tracking particles.




5. Conclusions


In this study, we employed an analytical solute transport model under a time-changing gradient of the water table, which was then verified through experiments. The modeling results were compared with those from a numerical model to analyze the modeling reliability. On this basis, we investigated the mechanism by which the time-varying gradient of the water table influenced the solute transport process. The results showed that:




	(1)

	
Precipitation did have an impact on the gradient of the water table within a specific region. The gradient of the water table barely changed over time without precipitation.




	(2)

	
The changing gradient of the water table had a large bearing on the route of the tracer transport. The tracer was mainly transported along the flow direction along the sandy trough. The stable water table hardly had any impact on the route of the tracer transport. As the gradient of the water table changed dramatically with the influence of precipitation, the route of the tracer changed correspondingly.




	(3)

	
For future experiments, by shortening the time interval for collecting data to determine the changes in the gradient of the water table using water level loggers, the accuracy of the model in simulating the route of solute transport in an aquifer could be improved.









In this study, the main objective was to highlight the impact of precipitation on the gradient of the water table and to analyze how solute transport in an aquifer could be influenced by this changing gradient of the water table. Hence, some hypotheses have been made—e.g., the aquifer is homogeneous and isotropic—to calculate the route of particle transport to highlight the influence of precipitation on the gradient of the water table. Therefore, although the numerical model was also used to test the reliability of the analytical method, there were still limitations. The hypothesis presented in this study is an ideal condition, which has little reference to real conditions. Further, the physical experiment was conducted in the lab. The results also have discrepancies with those obtained from the fieldwork. For this model to better reflect real conditions, practical, in-situ testing, such as a pumping test, needs to be conducted in order to acquire real hydraulic conductivity values and other hydrogeological data in future research. Also, adsorption, chemical reactions, and retardation factors, as well as in-situ data, need be put into this analytical model for the predictions to be more applicable to the real conditions. We did not pay attention to the hydrogeology conditions in this study. However, precipitation can occur anywhere, so the gradient of the water table can be impacted by precipitation universally. Researchers and engineers could apply this analytical model by importing local hydrogeological data obtained from pumping tests or other in-situ data to predict solute transport much more precisely.
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Figure 1. (a) Schematic diagram of test equipment; (b) test experiment used in the lab. 
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Figure 2. Grid setup in the numerical model. 
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Figure 3. Water level data in the three observation wells without precipitation. 
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Figure 4. Changes in the gradient of water table at four consecutive time steps without precipitation. 
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Figure 5. Changes in water table data in the three observation wells with precipitation. 
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Figure 6. Changes in the gradient of water table at four consecutive time steps with precipitation. 
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Figure 7. Variation of gradient of water table without precipitation. The red points in the figure indicate the directions and magnitudes of the hydraulic gradients for the groundwater or fluid particles flow from the starting point. 
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Figure 8. Route of tracer transport without precipitation. 
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Figure 9. Variation of the gradient of water table with precipitation. 
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Figure 10. Route of tracer transport with the influence of precipitation. 
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Figure 11. Variation of tracer concentration over time. (a,c,e) Variation of tracer concentration in detection holes over time without the influence of precipitation; (b,d,f) variation of tracer concentration in detection holes over time with the influence of precipitation. 
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Figure 12. Measured direction of tracer transport. 
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Table 1. Key parameters of flow cell.






Table 1. Key parameters of flow cell.





	    Q /  mL  ·   min   − 1      
	    A /  c    m  2     
	     θ w     





	2000
	72,000
	39%







Note  Q  is the flow rate of the pump;  A  is the cross-sectional area of the lateral face of the flow cell;    θ w    is the volumetric moisture content.













 





Table 2. Physical parameters of the medium.






Table 2. Physical parameters of the medium.





	    ρ /  g  ·   cm   − 3      
	    K /  m  ·   d   − 1      
	   φ   





	1.5
	12
	0.4445







Note:  ρ  is the bulk density;  K  is the hydraulic conductivity;  φ  is porosity.













 





Table 3. Mesh parameters used in the numerical model.
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	Vertex Element Number
	Boundary Element Number
	Number of Element
	Minimum Cell Mass





	8
	171
	2425
	0.1797
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