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Abstract

:

A laboratory flume simulating a riverbed sand dune containing a low-permeability clay lens was constructed to investigate its influence on the quality and quantity of hyporheic exchange. By varying the depths and spatial locations of the clay lens, 24 scenarios and one blank control experiment were created. Dye tracers were applied to visualize patterns of hyporheic exchange and the extent of the hyporheic zone, while NaCl tracers were used to calculate hyporheic fluxes. The results revealed that the clay lens reduces hyporheic exchange and that the reduction depends on its spatial location. In general, the effect was stronger when the lens was in the center of the sand dune. The effect weakened when the lens was moved near the boundary of the sand dune. A change in horizontal location had a stronger influence on the extent of the hyporheic zone compared with a change in depth. The size of the hyporheic zone changed with the depth and position of the clay lens. There was a maximum of hyporheic extent with the lens at a depth of 0.1 m caused by changes of water flow paths.
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1. Introduction


Hyporheic exchange is the exchange of water and matter in river sediments, including organic matter, oxygen, and anthropogenic contaminants [1,2]. Hyporheic flows are commonly distinguished from surface water and groundwater flows by their bidirectional nature [3]. They are driven by head variations, which induce the movement of pore water and lead to an exchange between the stream and the saturated streambed. The mixing area of stream and groundwater (i.e., the hyporheic zone) is regarded as a transient storage zone where mass can be temporarily stored and then released back into the stream [4]. The hyporheic zone is present at a wide range of spatial scales from bedform (dunes, steps, riffle) to catchment [5], providing a natural habitat for a large number of organisms, which has a significant effect on the nutrient cycle and contaminant transport in river systems [6,7,8]. Hence, the hyporheic zone is of immense importance for the river aquifer, and is referred to as the “liver” of the river [9]. Hyporheic exchange plays an important role in many environmental and biogeochemical issues, such as water quality [10,11,12] and the functioning of riverine ecosystems [7,13,14,15,16].



In this paper, we focus on the sand dune, which is a typical topography feature that drives hyporheic exchange. As the one of hydrodynamic forces, sand dunes influence hyporheic flow at a fine scale in stream sediment. Surface water enters the bed in the high pressure zone on the upstream and then reemerges in the low pressure zone on the downstream [3,17]. Elliott and Brooks [18] performed laboratory experiments and confirmed that pumping exchange was dominant in hyporheic exchange when sand dunes were constant or moved slowly, and when sand dunes moved rapidly, the turnover exchange became the major form. This work primarily explains the characteristics of hyporheic flow induced by sand dunes, and similar studies have been conducted to develop the flow mechanism [19,20,21]. Compared with other hydrostatic forces, the influence scale of sand dunes is smaller, usually ranging from several centimeters to tens of centimeters.



Heterogeneity is one of the main factors that strongly influences the interaction of local hyporheic exchange with larger-scale surface–groundwater interactions [10,22]. The flux of a heterogeneous streambed was found to be one order of magnitude higher than that of a homogeneous streambed [23]. Several studies have been conducted to examine the effect of heterogeneity on hyporheic exchange [5,24,25,26,27,28]. The spatial pattern of streambed permeability was well representative of heterogeneity. Salehin [2] constructed a two-dimensional heterogeneous streambed structure and found that water preferred to pass through the region with higher permeability. Meanwhile, the anisotropy of sediment restrained the vertical water flow to some extent. In the real world, fine particles are carried with water flow before being deposited, which changes the structure of the sediment. A clay lens is a low permeability medium that looks like a spindle and exists extensively in the streambed [8,29]. Due to the clay lens, the sediment hydraulic conductivity of the local area decreases sharply, which has an impact on water flow and hyporheic exchange [30,31,32]. Fox et al. [33] studied the hyporheic exchange flux and solute residence time under different hydraulic conditions. A two-dimensional (2-D) heterogeneous structure was generated using a Gaussian random field generator. The sediment was formed by several layers of different particle-size media (consisting mainly of three classes of hydraulic conductivity). They concluded that hyporheic exchange flux and solute residence time declined considerably when either losing or gaining fluxes.



However, there are few studies on the specific shape of clay lenses. An important objective for researching hyporheic exchange is identifying how a clay lens affects the process. Prior research was conducted by using a numerical model to simulate the flow field in a sand dune with a clay lens [34]. Thus, in order to quantity the influence of a low-permeability lens on the hyporheic exchange, especially the extent of the hyporheic zone, we constructed a two-dimensional sand channel model to perform laboratory physical experiments under a gaining condition. Twenty-five experimental schemes were designed by changing the spatial locations of the lens to investigate the hyporheic exchange flux, the depth of the hyporheic zone, and the area of hyporheic zone by injecting a tracer. We chose salt (NaCl) as the tracer to calculate the hyporheic exchange flux through the observed concentration attenuation. Moreover, we used a dye to visualize the hyporheic zone.




2. Materials and Methods


2.1. Experimental Setup


We constructed a similar sand channel model to the flume in Fox’s paper and conducted physical simulations (Figure 1) based on the experiments by Fox et al. [19,33], which used a laboratory flume system to simulate the change of the hyporheic zone under losing and gaining conditions. The model size was 2 m in length, 0.1 m in width, and 2 m in height, and this model consisted of a flume, a constant head device, a pump, and pipes. The flume was made of one main sand channel and three water tanks. The main channel filled with sand was the simulated streambed sediment. The depth of the streambed was 1.2 m. A triangular dune was pressed by a custom-made sand dune. Details about the size of the dune are described in Section 3.1. All components of the model flume were connected with pipes and a pump. A three-phase joint was set up at the upstream water tank for water supply and circulation. Similarly, another three-phase joint was set up at the downstream water tank for drainage and circulation. A groundwater tank was installed below the flume (Figure 1). The existence of the water tank influenced the water flow in the model to a certain degree and caused an upwelling flow. The head of the groundwater was equal to the upstream head so that the upwelling groundwater mixed with stream water in the hyporheic zone. In the preparing phase, valves were turned on so that the flume was connected with the water supply system in order to fill the whole flume with water. When the water level reached the specified height, the valves were turned off to cut off the connection before the experiments began. The bedform was pressed by a custom-made sand dune mold. We chose natural silica sand as the filling material of the sand channel and its mean grain size was 4 × 10−4 m. The porosity of the sand, measured by the water evaporation method, was 0.33, and the hydraulic conductivity of the sand was 0.12 m/s, as measured by the constant-head test [35,36]. The streambed was made of the same material, therefore the heterogeneity of the sediment and the anisotropy of hydraulic conductivity were not considered in this study. The priority was the change of the streambed’s inner characteristics that were influenced by the clay lens.




2.2. Clay Lens


Natural clay was used to manufacture the lens. The natural clay had good stability and was difficult to deform under the scoured condition. It could ensure that the conditions would not be changed and that the test would be carried out successfully and effectively. The lens was set up in the physical test using a random field generator, meaning that the lens was layered and had no obvious rule shape [2,33]. This experiment used a mold to make the specific size of the lens. The lens used in the test was an elliptic cylinder with same height, which was 0.1 m.





3. Methods of Test and Calculation


3.1. Scenario Design


We chose an industrial pigment as a tracer and injected it directly into the sediment bed to visualize the water flow. Traditional tracer tests in laboratory experiments often inject the dye into the surface water in order to observe the movement to determine water flow and the shape of the hyporheic zone [37]. However, this method is time-consuming in a small-scale laboratory physical test. Further, it can be difficult to see the specific flow patterns from the movement of the entire interface of the dyeing belt. Therefore, in our test, the tracer was injected on the inner surface of wall so that we could directly observe the variation of the dye. Before the test, we marked the positions of the injection points and the profile of the sand dune. The positions of the injection points had equal intervals. The injector was a special dropper, which was long enough to insert into the dune.



Besides the dye, we chose salt as a conservative tracer in this test to calculate the hyporheic flux. The solution, which was mixed with 30 g NaCl, was prepared and then added into the upstream water tank before testing. Packman [30] pointed out that the type of salt concentrations used here only produces negligible density gradients and thus will not induce buoyancy-driven flows. The process is regarded as an instantaneous point source delivery. The solute concentration was obtained based on the linear relationship between the salt concentration and electrical conductivity (EC). A conductivity meter (AZ8303, SENLOD) was used to monitor the EC values of the surface water flowing through the sand dune upstream slope. Eight pressure sensors (MEACON, MIK-P300) were installed on the back of the sand tank to measure the head in order to calculate the gaining flux (qG).



The lens was a symmetric figure, and we placed it horizontally to attach the two sides of the cylinder to the flume wall. Therefore, the height of the cylinder was equal to the width of the flume, which was 0.1 m. The bottom of the cylinder was regulated by changing the semimajor axis a and the semiminor axis b. The locations of the tracer and the clay lens were marked on the outer wall of the flume. The clay lens had different depths d and horizontal positions l at the different points. The interval between each two adjacent points was 0.025 m. The horizontal positions l were positive or negative depending on whether the lens was on the right or left of the sand dune top, respectively. The geometric center of the lens was regarded as the control center when changing the location of the lens. The geometry of the sand dune is shown in Figure 2.



Considering the scale of the lens and sand dune, we designed 24 scenarios based on different locations and one scenario as the reference, in which we did not put the lens in the sand dune. The experiment for each scenario was performed three times to prevent any discrepancies. Specific parameters are shown in Table 1.




3.2. Determining the Extent of the Hyporheic Zone


The basic principle for determining the extent of the hyporheic zone is that the water flow in the hyporheic zone is bidirectional, so that the water flows from the overlying water to the sand bed and returns back to the overlying water after a certain period of time [18]. Elliott and Brooks proposed an advective pumping model (AMP) based on the Darcy groundwater flow model, which has been validated experimentally to obtain an analytical description of the flow field [18,38]. This was seminal to many studies on the hyporheic zone performed using tracer experiments [2,39,40]. Based on the definition of the hyporheic flow, we found the points on the surface of the sand dune in terms of water inflow, water outflow, and the deepest streamline. Cardenas [1] pointed out that this streamline separated all of the streamtubes originating from and returning to the interface, from the deeper part of the porous media that is dominated by the mean flow from groundwater to surface water (i.e., upwelling flow). The area circled with the deepest streamline and the surface of the sand dune is the hyporheic zone.



Figure 3 shows the flow field diagram. The tracer test mentioned in Section 3.1 was modified in order to observe the water flow direction more clearly. Streamlines were determined by observing the movement of the tracer at each point.




3.3. Hyporheic Flux Calculation


The mass balance equations for a nonreactive tracer was adopted for hyporheic flux calculation [19,41]. Considering the interaction between surface water and groundwater, the equations are as follows when a net loss of water occurs:


  W   d C   d t   = A  [   q H   (   C S  − C  )  −  q L  C  ]   



(1)






   W S    d C   d t   = A  [  −  q H   (   C S  − C  )  −  q L   C S  +  q L  C  ]   
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The equations for gaining flow conditions are similar to those for the losing conditions, which become:


  W   d C   d t   = A  [   q H   (   C S  − C  )  +  q G   C S  −  q G  C  ]   



(3)
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(4)




where t is the time after the test starts, W is the total volume of the surface water (including water tanks, pump, and pipes), WS is the pore water volume, C(t) and CS(t) are the average tracer concentrations in the surface water and pore water, respectively, A is the streambed area, qH is the hyporheic flux, and qL and qG are the imposed losing and gaining flux per unit bed area, respectively. Because of the location of the circulatory system, the water in the tank beneath the flume flew vertically into the surface water so that gaining flow conditions were enforced in the sand bed (i.e., qL = 0). The mass balance equations then become:


   {      W   d C   d t   = A  [   q H   (   C S  − C  )  +  q G   C S  −  q G  C  ]        C  |  t = 0   =  C 0         C S   |  t = 0   = 0        



(5)







The equation is simply given by dividing W on both sides of the equation:


    d C   d t   = −   (  q H  +  q G  ) C  D   



(6)




where D = W/A represents the equivalent depth of the surface water. This equation is a first-order homogeneous linear differential equation and the solution is:


  C =  C 0   e  −    q H  +  q G   D  t    



(7)







The qG is calculated by Darcy’s law:


   q G  = K i = K   Δ h   Δ L    



(8)




where K is the hydraulic conductivity of sand in this test, i is the vertical hydraulic gradient, Δh is the head difference of two points in the vertical direction, and ΔL is the distance between these points.



According to the changes of measured concentrations over time, we fitted data based on the principle of least squares to calculate the characteristic parameter so that the hyporheic flux could be obtained.





4. Results and Discussion


4.1. Hyporheic Flux


Figure 4 shows the observed concentrations from nine scenarios. Concentrations at different times were calculated according to the relation between the concentration and EC, as well as the drawn time-concentration curves. Five scenarios (N1, N4, N9, N17, N23) that had the same x-location (l = 0 m) and five scenarios (N7, N8, N9, N10, N11) that had the same depth of clay lens (d = 0.1 m) were chosen as representatives. Among them, N9 was a duplication, i.e., the nine scenarios formed a vertical line (d = 0.1 m) and a horizontal line (l = 0 m) in the cross-section of the sand dune, and N9 was the intersection.



It was found that the concentrations basically followed an exponential type of decreasing trend. The measured points in the nine scenarios matched well with the fitting curve, and all of the coefficients of association were more than 0.99 except for the N4 scenario. It was also seen that the initial points fluctuated slightly. Variations between parallel tests, i.e., the length of the error bar in N1 and N4 were about 0.15 g/L, and the concentration in the whole test were more than 1.50 g/L. These two characteristics were slightly different than the other scenarios. Because of the clay lens, the flow field displayed apparent changes. This indicated that the flow field was sensitive when the lens was located in these zones. On the other hand, when the clay lens was far away from center of the sand dune, the flow field was smooth and the deviation from repeated measured data was relatively small. The “edge effect” (the mixing of solutions and surface water for several minutes) would affect the concentrations in the initial ~5 min. Hence, the initial concentrations were not used to fit the attenuation curves.



We performed several tests under different conditions, i.e., we changed the positions of the lens, and found that the deviation value of qG was negligible. The parameters of the fitting curves were plugged into Equation (7) to calculate the hyporheic flux when the clay lens was located in different positions. The results are summarized in Table 2 and Figure 5. The unit of exchange flux, including qH and qG, was cm/d, which is consistent with the units in the studies of Fox et al. [19,33].



The average hyporheic flux of the 25 experimental scenarios was 477 cm/d. The maximum hyporheic flux was 1227 cm/d, which appeared at l = 0 m and d = 0.1 m (N9) in the middle of the sand dune. The minimum hyporheic flux was 48 cm/d, which appeared at l = 0.025 m and d = 0.15 m (N24). In addition, flux at l = −0.025 m and d = 0.15 m (N22) and l = −0.05 m and d = 0.075 m (N2) were also very low; 81 cm/d and 99 cm/d, respectively. It was found that most hyporheic fluxes were below the flux of the blank control. Hyporheic flux in the sand dune was mainly influenced by surface water velocity, streambed topography, hydraulic conductivity of sediment, and so on [42]. The buried clay lens changed the spatial distribution of sediment hydraulic conductivity and led to the heterogeneity and anisotropy of local hydraulic parameters, which eventually suppressed hyporheic exchange. Meanwhile, there were still several fluxes (e.g., N6, N13, N16, and N17) close to the flux of the blank control. These results indicated that the suppression effect for hyporheic exchange was not strong compared to the other locations when the clay lens was in the middle or near the upstream surface of the sand dune. Specifically, when the clay lens was located at l = 0 m and d = 0.1 m, the hyporheic flux was even higher than the flux of the blank control. In addition, the hyporheic flux produced an abnormal and abrupt increase when the lens was near the upstream surface of the sand dune. From the above results, we concluded that the clay lens in the sand dune would restrain the hyporheic exchange overall. This effect would be weak or would even transform to enhance the hyporheic exchange in some specific zones (in this test, this was in the middle or near the upstream surface of the sand dune). When the clay lens moved out of this area (e.g., moved deeper or closer to the downstream surface of sand dune), the suppression effect was obviously enhanced. Considering the influence of depth (see three groups’ scenarios of l = −0.025 m, 0 m, and 0.025 m), it was found that the trend of the hyporheic fluxes increased first and then decreased as the depth of the lens increased. While considering horizontal locations (see three groups’ scenarios of d = 0.075 m, 0.1 m, and 0.125 m), the trend was similar to the depth, i.e., hyporheic fluxes increased first and then decreased as the lens moved from upstream to downstream. These trends also confirmed our opinion. Xiaoru Su [34] studied the impact of a low-permeability lens on dune-induced hyporheic exchange by using a VS2DH model and found that the clay lens in a streambed can hinder or enhance hyporheic exchange depending on its relative spatial location to dunes. This conclusion was consistent with our research.



Bardini [43] found that permeability heterogeneity produced more irregular flow cells within shallow sediments, which has a positive role in hyporheic flux. It partly explains why the hyporheic flux in N9 was significantly larger. Based on a laboratory physical model test, Fox et al. [19] found that on the upstream slope of a sand dune, the hyporheic exchange flux was greater and the extent of the hyporheic zone was wider. Because of that, when the clay lens was in the sand dune near the upstream slope, the hyporheic flow had the ability to go around the lens due to the change of the pressure field. However, when the lens was near the downstream slope, the extent of the hyporheic zone was smaller and the influence caused by the lens on the hyporheic exchange was more noticeable. Compared with the conditions in which the lens was near the upstream slope, the water flow could not overcome the obstruction from the lens, which showed a more significant inhibitory effect.




4.2. Change of Hyporheic Zone Flow Field: Three Different Kinds of Water Flow


The tracer experiments were used to determine the range of the hyporheic zone. We intended to show the range of the zone in a more intuitive way and explore the main factors influencing the range. In the dye test, we observed the movement of the tracer with time to draw the direction of the water flow and determine the extent of the hyporheic zone. Through several tests, we found that the hyporheic flow field would be basically stable after 30 min from the beginning of the test and that the EC declined steadily. Thus, each test was conducted by recording the observations during the first 30 min. Figure 6 shows the process of the tracer movement from t = 0 min to t = 30 min in the condition of l = 0 m and d = 0.1 m (N9).



The heterogeneity and anisotropy of streambed media mainly affected the flow path of water in the sand dunes and the residence time. This natural characteristic produced spatially variable interfacial fluxes and complex hyporheic exchange patterns [2]. From Figure 6, we can see that the tracer on different spatial positions mainly had three patterns of motion tendency movement. The first was that water flow moved along the direction perpendicular to the surface of the sand dune and eventually left the sand dune (see the red line in Figure 6). This type of tracer was distributed in the bottom of the upstream and downstream slopes. The second pattern of motion tendency movement was that water flow adhered to the surface of the clay lens from the upstream slope to the downstream slope (see the yellow line in Figure 6). This type was near the clay lens. The third was that the movement was curved irregularly and had horizontal flow trends, and the dying circle was obviously distorted so that a vortex appeared near the clay lens (see the blue line in Figure 6). This type was distributed in a small-scale area that was at the top of the upstream and downstream slopes. The water flow in the hyporheic zone was bidirectional in the flow direction, which was different from one-way recharge and discharge between the surface water and groundwater [44,45]. The vertical water flow was influenced by the pumping exchange. Jin [46] pointed out that shear flow induced by a triangle bed produced pressure change, which led to the movement of pore water and an exchange between the stream and the saturated bed. This exchange was called the pumping exchange. The horizontal water flow from the upstream slope to the downstream slope was mostly influenced by the surface water. The third flow, which did not have a specific flow direction, was influenced by both the pumping exchange and surface water.




4.3. Influence of the Spatial Distribution to the Extent of Hyporheic Zone


Gomez-Velez [47] pointed out that the extent of the hyporheic zone was modulated by the upwelling groundwater and the presence of a low-permeability layer, resulting in stagnation zones above and below the sediments. Our research focused on the clay lens, which was a typical low-permeability layer. The presence of the lenses increased the residence time and accumulation in the higher permeability zone.



We changed the depth d and horizontal location l to determine the spatial distribution of the clay lens. The method delimiting the extent of the hyporheic zone was mentioned above. For the photographs shown in Figure 6, we needed to obtain coordinate definitions in ArcGIS based on the actual size of the sand dune. According to the image resolution and the number of grids in the target area, the area of the hyporheic zone was calculated as the product of the resolution and numbers and compared in different spatial distributions.



4.3.1. Influence of the Depth on the Extent of the Hyporheic Zone


In order to investigate the influence of the depth of the clay lens on the extent of the hyporheic zone, we chose three columns of points (l = −0.025 m, 0 m, and 0.025 m) to test and then compared the data at each point. Figure 7 demonstrates the comparison of the hyporheic zone for which the clay lens was located at points with different depths in three columns. The arrow represents the direction of water flow in different locations, which was determined by the images of the hyporheic flow changing with time (Figure 6). The hyporheic zone was circled by asymptotes in the flow field and the sand dune boundaries. Therefore, asymptotes were the key to delimit the hyporheic zone. In the test, we determined the asymptotes through the hyporheic flow, which was represented by the movement of the tracer in each point. The yellow line in Figure 7 represents the asymptotes and the sand dune boundaries, and the circled area shows the hyporheic zone. It was found that when the clay lens was at different depths, there were obvious differences in the shape of the hyporheic zone. When the lens was in a shallow area (the depth was less than 0.075 m), it tended to insert into the hyporheic zone and cover a part of the hyporheic area. In particular, when d = 0.05 m and l = 0 m (N1), and d = 0.075 m and l = 0 m (N4), the lens was in the hyporheic zone. We could observe that the hyporheic water was hindered and driven to flow along the surface of the lens. With the lens moving to a deeper area, the shape of the hyporheic zone gradually became stable and was largely consistent with the shape found in the blank control. We believe that the influence for flow direction reduced and eventually disappeared as the depth of the lens increased. Comparing different scenarios, obvious changes of water flow appeared around the lens. For the points at the surface of the lens, water flow was attached to the outline of the lens. At the points near the lens, flow paths were distorted so that water flow would deviate from the lens. Wanger [48] pointed out that interstitial water preferentially flows in a complex network of areas of high hydraulic connectivity. It was changed or even cut off by a clay lens because the hydraulic conductivity of the clay lens was much lower than that of the sand dune. The clay lens would produce more resistance to water flow, which made it choose the “easiest” path. This was the reason why it appeared that the streamline was wrapping around the lens. For the points far from the lens, for which the distance between the lens and the hyporheic zone was about 0.025 m (i.e., the distance between two adjacent points), the influence from the clay lens was not obvious.



According to the area of the hyporheic zone, we drew the curves of the area so that they varied with depth and compared them with the hyporheic flux that varied with the depth location of the lens (Figure 8). Figure 8a shows that the area varied with depth. The solid line is the actual hyporheic zone area, and the imaginary line is the area removing the area of the clay lens when the lens was in the hyporheic zone. Figure 8b shows that the hyporheic flux varied with depth.



The largest and smallest areas of the hyporheic zone were 106.62 cm2, when the lens was located at l = −0.025 m and d= 0.075 m, and 40.42 cm2 when the lens was located at l = 0 m and d = 0.075 m, respectively. Significantly, there were two special scenarios (N1 and N4), in which the lens was in the hyporheic zone, which would increase the area greatly. Hester modeled the mixing of surface water and groundwater induced by riverbed dunes and found that introducing heterogeneity increased the mixing primarily by increasing the mixing-zone (i.e., hyporheic-zone) thickness [20]. In our test, each area of the hyporheic zone with the clay lens was higher than the area in the blank control. From Figure 7, it can be seen that the hyporheic exchange appeared near the top of the sand dune because of the upwelling water. Several studies have also claimed that, compared to neutral conditions, the hyporheic zone is restricted by the upwelling water [19,39]. The presence of the clay lens seemed to be a “barrier” that could block the upwelling water and decrease the influence on the hyporheic exchange. Focusing on the tendency of the three conditions (see Figure 8), the area of the hyporheic zone firstly increased and then dropped as the depth increased. This was similar to the change of the hyporheic flux that varied with depth (Figure 8b), which also increased in the beginning and then decreased. Apparently, each curve had a maximum. For the area of the hyporheic zone, the maximum appeared at d = 0.125 m in three horizontal locations. For the hyporheic flux, the situation was slightly different in that the maximum appeared between d = 0.1 m and d = 0.125 m.




4.3.2. Influence of the Horizontal Locations on the Extent of the Hyporheic Zone


Figure 9 shows the comparison of the hyporheic zone when the clay lens was located at different horizontal positions. The study of the influence of the horizontal positions was similar to the abovementioned methods. In this test, we chose d = 0.075 m, 0.1 m, and 0.125 m as three rows of data to compare the influence of the horizontal locations on the extent of the hyporheic zone. The hyporheic zone changed significantly with the lens moving to different horizontal positions. Observing the hyporheic zone, there were two scenarios in which the lens was in the hyporheic zone. This also occurred when the lens was located in the shallow zone (l = −0.05 m and d = 0.075 m, and l = 0 m and d = 0.075 m). The distinction was that the different horizontal positions influenced the lowest position and the depth of the hyporheic zone. Due to the shape of the lens, the lowest position of the hyporheic zone was the same as the lowest position of the lens. The lower boundaries of the zone and the lens overlapped. When the lens was at d = 0.1 m or 0.125 m, the lens was out of the hyporheic zone. In the conditions in which the lens was near the surface of the sand dune, it did not make contact with the hyporheic zone. Thus, the lens had little influence and the water flow was steady, with only some vortexes between the lens and the hyporheic zone. With the lens moving to the middle of the sand dune, the influence became apparent. Firstly, the lowest point of the hyporheic zone gradually approached the lens as if there was an “attraction” effect from the lens to the hyporheic zone. When the lens was near the middle of the sand dune, there was a small area in the hyporheic zone that was covered by the lens as if the lens was embedded into the zone. The overlapped zone was also observed in the results shown in Figure 7. The lens had obvious “transformation” effects on the lower boundary of the hyporheic zone. Compared with the variation of the depth, the x-locations of the lens had more influence on the “barrier effect” than the shape; in particular, the length of the hyporheic zone varied more obviously as the lens moved horizontally.



According to the area of the hyporheic zone, we drew a figure that area varied with the horizontal positions (Figure 10). Figure 10a shows that the area of the hyporheic zone varied with the horizontal positions. The solid lines are the actual area of the hyporheic zone. The imaginary lines are the area of the hyporheic zone, deducting the area of the clay lens when the lens was in the hyporheic zone. Figure 10b shows that the hyporheic flux varied with the horizontal positions.



From the data, the largest area was 106.62 cm2, which was seen when the lens was located at the shallow part of the sand dune (l = 0 m and d = 0.075 m). This is consistent with the depth mentioned above. The smallest area was 40.42 cm2, which was seen when the lens was shallow and near the upstream slope of the sand dune. Further, there were several points (e.g., l = −0.125 m and d = 0.125 m; l = 0.1 m and d = 0.125 m; and l = 0.05 m and d = 0.1 m) for which the area was close to the minima, which were 46.84 cm2, 48.27 cm2, and 47.72 cm2, respectively. Accordingly, the hyporheic fluxes were close to the value of the blank control. We found a similarity in situations in which the lens was in the deep area (bottom of the sand dune) and near the surface of the sand dune. We suspected that the lens in these areas was far from the hyporheic zone in the control. Thus, the areas of the hyporheic zone and the hyporheic flux were close to the corresponding values in the control. Compared with the depth, the variation of the area was more intuitive and fluctuation did not exist. When the clay lens was located at l = 0 m, the area of the hyporheic zone was largest at the current depth, and when the lens moved to both sides of the sand dune, the area of the hyporheic zone began to decrease gradually and linearly.






5. Conclusions


The objective of this paper was to identify the influence of a low-permeability clay lens on the hyporheic exchange and hyporheic zone induced by a sand dune. An indoor sand channel flume and tracer experiments were self-designed and constructed to investigate the influence. How the clay lens influenced the extent of the hyporheic zone and hyporheic flux in different spatial locations and depths were evaluated based on our experiments.




	(i)

	
In the test, under the gaining streamflow condition, there was a ubiquitous inhibitory effect of the clay lens on the hyporheic flux in the sand dune, and this effect was related to the spatial positions of the lens. When the lens was in the middle region of the sand dune, the effect was weakest. It enhanced when the lens moved to the surface of the sand dune. Based on the scale itself, the effect had a range in the sand dune. When the lens was out of the range, the inhibitory effect was significantly reduced or disappeared altogether.




	(ii)

	
Influenced by surface water flow and groundwater flow, there are three different kinds of hyporheic flow in sand dunes. When the surface water dominates, water flows horizontally. When the pumping exchange dominates, water flows perpendicularly to the surface of a sand dune. When the influences are combined, water flows irregularly and variably at any moment.




	(iii)

	
Unlike the hyporheic flux, the area of the hyporheic zone is larger when there is a lens in the sand dune because the lens can reduce the restriction of the upwelling flow on the hyporheic zone. Different spatial positions of the clay lens will affect the extent of the hyporheic zone by changing the direction of the hyporheic flow. In addition, the lens is contained in the hyporheic zone when it is located near the top of the sand dune.









However, there are still some problems and flaws in our work. Due to the size of the sand dune and the clay lens, the data points, especially the depths, are relatively few. The tracer test using dye was good at reflecting the water flow in the sand dune, but the results were subjective. In the future, we will improve the test equipment and observation techniques and pay more attention to the shape and scale of the clay lens, i.e., the thickness, length, and quantity of the lens.
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Figure 1. The main view of the experimental setup. 
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Figure 2. The geometry of the sand dune. Black points and black crosses are the locations of the tracer injections. Black crosses are also the locations of the clay lens in different scenarios. 
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Figure 3. Schematic illustration of the flow field diagram of the sand dune. The black arrows represent water flow and the red dashed lines are the margins of the hyporheic zone. The area enclosed by red dashed lines is the hyporheic zone. 
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Figure 4. The attenuations of concentrations in the surface water in nine scenarios. Black spots represent measured data. Red lines are fitting curves. Black vertical lines are error bars. 
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Figure 5. Hyporheic flux qH when the clay lens was located in different positions. The dotted line is the qH in the blank control. 
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Figure 6. Transport of the dye depicts the major flow path in the hyporheic zone. Three different types of water flow are displayed by yellow, blue, and red arrows, respectively. The location of the lens is l = 0 m and d = 0.1 m. The stream flow velocity is 0.12 m/s. 
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Figure 7. The extent of the hyporheic zone and flow field in the sand dune under different depth conditions. The three columns indicate that the results were captured from l = −0.025 m, 0 m, and 0.025 m, respectively. 
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Figure 8. The area of the hyporheic zone (a) and the hyporheic flux (b) varied with depth in conditions of l = −0.025 m, 0 m, and 0.025 m. The area and the hyporheic flux in the blank control were 34.62 cm2 and 822 cm/d, respectively. 
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Figure 9. The extent of the hyporheic zone and flow field in the sand dune when the lens was at different horizontal positions. The depth was 0.075 m, 0.1 m, and 0.125 m, respectively. 
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Figure 10. The area of the hyporheic zone (a) and hyporheic flux (b) varied with the horizontal positions in conditions of d = 0.075 m, 0.1 m and 0.125 m. The area and the hyporheic flux in the blank control were 34.62 cm2 and 822 cm/d, respectively. 
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Table 1. Summary of the number of test scenarios, x—location (l) and depth (d) of clay lens. N1–N25 are the test numbers. l = 0, l < 0 and l > 0 indicate the crest, upstream, and downstream of the sand dune, respectively. The velocity of the surface water was 0.12 m/s.
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Table 2. Hyporheic flux qH (cm/d) according to the location and depth of the clay lens. The dimensions of the clay lens were 0.1 m in length and 0.05 m in height. qG was 450 cm/d.
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