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Abstract

:

Water plays a vital role in the weathering process of grottoes. Precipitation is a main water source in the grotto hosting mountain rock. In this study, time-lapse electrical resistivity tomography was adopted to track the movement of infiltrated water in a profile in the Yungang Grottoes. Our one-year monitoring data indicated a good resistivity response to rainfall in the shallow unconsolidated soil layers. There were only resistivity decreases in the near surface 5 m across the whole monitoring profile, and resistivity values quickly returned to a neutral state after the rain stopped. Based on the analysis of a typical rainfall event during the rainy season, we found that the infiltrated water cannot continuously move downwards to recharge local groundwater. It moves horizontally to a nearby gully due to the existence of a hydraulic conductive fine sand layer and low permeable mudstone and sandstone base rocks. An artificial infiltration experiment was carried out to further verify the fate of infiltrated water. Based on mass balance analysis, with 10 m3 of infiltrated water, it only saturated dry soil in the top 1.36 m soil layer on average and this was roughly consistent with our field borehole wetting front verifications at 1.2 and 1.3 m. There were limited horizontal expansions from the infiltrated water. Therefore, based on our monitoring data and analysis, infiltrated water was not the main source of the water involved in the weathering process of the Yungang Grottoes.
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1. Introduction


Grottoes usually refer to carved shrines built into a rock formation. Many of them are in the World Heritage Sites List [1] and are therefore famous tourist destinations. With their rock body nature, weathering processes create severe threats to the protection of these ancient treasures [2]. Water infiltration or moisture distribution in the rock plays a vital role in the process of grottoes weathering. Rain enters into topsoil layers and flows into fractures and pores of rocks. In the end, it may participate in the water–rock interactions on the grotto’s surfaces [3]. Therefore, tracking of water infiltration into the grotto’s hosting rock becomes a necessary step to cure the problem.



The ability of soil infiltration can be effectively quantified with existing mature methods, such as the double ring infiltrometer method [4], and its modified version [5]. The movement of infiltrated water can be tracked by directly taking soil samples from different depths and measuring moisture content through oven drying. More advanced methods are also available by neutron probe [6] or by TDR sensors [7]. However, the application of these methods has to disrupt the soil layers by digging open pits or borehole drilling. It is expensive over large areas, and may create potential damages to the precious grottoes. Moreover, it is hard to track the deep infiltration process.



Electrical resistivity tomography (ERT) is advantageous to take large-scale measurements with minimal invasions. Electrical resistivity is highly sensitive to soil property variations. Therefore, it is possible to characterize the subsurface with high resolution. It has been widely used in hydrogeological investigations [8,9]. Advancements in instrumentation have made monitoring of hydrological events possible [10]. By proper experiment designs, various research proved that time-lapse ERT can successfully detect the movement of water in the vadose zone [11,12]. By increasing the fluid salinity, the contrast between the movement of fluid and background porous media can be improved. As demonstrated by several researchers [13,14], time-lapse ERT can track the spatiotemporal evolution of salt plumes in real-time. With the obtained high-resolution images, flow and solute parameters can be therefore inferred [15,16]. So far, there are no ERT monitoring infiltration cases related to the studies of the grotto weathering process.



The Yungang Grottoes are located in the suburbs of Datong city in Shanxi Province, China. In 2001, the site was listed as a World Cultural Heritage Site by UNESCO. For the Yungang Grottoes, all the caves are carved out of sandstone rocks. The studies of their weathering problems have been prioritized since the 1950s [17]. As one of China’s largest coal production centers, influences of atmospheric particle depositions within the caves have been heavily studied [18,19]. Due to the lowering of the ground water table by coal mining, condensation water from air humidity by temperature difference has been emphasized [2,20]. However, research regarding the fate of infiltrated water has rarely been carried out [21].



In this study, electrical resistivity measurements were utilized to assess the rainfall infiltration in the Yungang Grottoes. We aimed to see whether the accumulated water could ultimately enter into the grotto caves located at lower locations. First of all, time-lapse ERT monitoring was setup to record subsurface resistivity variations along a profile on top of the grottoes’ hosting mountain. At the end of the monitoring period, we further carried out an artificial infiltration test at one segment of the profile to validate the monitored resistivity responses. Soil cores were excavated to provide ground truth of infiltration depth. In the end, we conclude the usefulness of electrical resistivity measurements on infiltration monitoring and assessment. Based on the above information, the paper is organized in four parts. The background provides basic information about the study area. In the methodology, electrical resistivity tomography is explained, and the steps of artificial infiltration test is discussed. The Results and Discussion sections illustrate and analyze the findings from field surveys and infiltration tests. The conclusion shows the usefulness of electrical resistivity measurements on infiltration monitoring and assessment.




2. Background of the Study Area


2.1. Site Background


In the Yungang Grottoes, there are 252 caves and niches housing approximately 51,000 statues within a carved area of 18,000 square meters. Most caves were built in the Northern Wei Dynasty (460–534 AD). Caves deeply extend into rocks along the southern foot of the Wuzhou Mountains. As illustrated in Figure 1, our experiment site was close to the edge of the mountain, and on top of Cave No. 14 to No. 21. The bottom elevation of Cave No. 14 to No.21 was about 1042 m. The elevation of our survey site was roughly 1162 m. There are steep slopes on the north and west sides, and gentle slopes on the east and south sides, which makes the study site a miniature catchment for rainfall runoff. Therefore, the local administrative office is worried about the potential damage of rainfall water infiltration to the grottoes. There are two deep boreholes in the research site (Figure 2). The groundwater levels of boreholes B1 and B2 were 1131 and 1139 m and were stable during our one-year-long study period. Compared to the cave base elevation, the groundwater levels were all below the bottom of the caves.



The Yungang Grottoes are located in semi-arid areas, and the annual precipitation is 372 mm. Over half of the precipitation occurs in the summer period between June and September. The recorded maximum monthly rainfall is about 100 mm. The rainfall data were recorded in a nearby weather station approximately two kilometers from the research site. The lowest average temperature is −10 °C in January, and the highest average temperature is 20 °C in July.




2.2. Geology and Hydrogeology Information


The sculptures were mainly carved into the sandstone of the Jurassic age. This layer of sandstone is covered with two layers of Quaternary sediments on top. As shown by the B1 and B2 borehole profiles depicted in profile L1 of Figure 3, the upper layer is silt and a discontinuous layer of fine sand of 1 to 2.5 m in thickness was below this silt layer. On the research site, this silt layer became thinner towards the mountain edge, ranging from 0.5 to 2 m. There is a layer of mudstone above the Jurassic sandstone layer. The permeability of sandstone rock samples is rather low, ranging from 0.2 to 2.0 md. However, fractures are well developed in the Jurassic sandstone layers, and especially the top of the sandstone layer has gone through the weathering process. The flow of water could be significantly increased because of these fractures.





3. Methodology


3.1. ERT Method


Both electrical resistivity tomography survey and monitoring methods were adopted in this study. There were in total four resistivity survey lines and one monitoring line deployed (Figure 2). The location of the monitoring line was chosen to align with the existing boreholes B1 and B2, and this line also served as one of the resistivity survey lines. The remaining three lines were deployed to capture the general subsurface heterogeneity information as much as possible. For the resistivity survey, traditional stainless-steel bars were used as electrodes [22]. For the monitoring task, specially manufactured plate electrodes were buried 20 cm below the ground surface. In order to keep low contact resistance to endure long monitoring periods, each electrode was wrapped with saturated bentonite.



There were 32 electrodes on each resistivity profile, and 2 m electrode spacing was adopted. In order to obtain more information in deeper locations, the survey array was optimized based on the Compare R method [23,24]. We used 159 dipole–dipole combinations as the initial survey combinations. During each iteration, five quadrupole combinations were selected from comprehensive measurements based on the resolution by calculating their average model resolution. With 32 electrodes, there were 32 × 31 × 30 × 29/8 = 107,880 non-equivalent electrode combinations. In the end, a much smaller combination was selected to represent the comprehensive set. For the current study, there were 1297 quadrupole combinations in this optimized survey protocol after 24 iterations. Each survey took about 45 min. The survey was conducted in July 2021. For the monitoring function, the data were recorded every eight hours with a self-sustained system powered by solar panels. The data were wirelessly transferred through the internet. Data were processed and inverted on a local computer. Due to power consumption and system requirements, the gradient protocol was used for data monitoring and there were only 294 quadrupole data points for each monitoring task, and it only took about 10 min. ABEM LS2 Terrameter was used for the resistivity measurements and monitoring tasks. Inversion was carried out with Res2DInv using a robust (L1-norm type) method. Time-lapse datasets were inverted simultaneously using a robust smoothness constrain which minimizes the absolute changes in the model resistivity values [25].



In order to better isolate the influence of moisture on the recorded resistivity responses, in situ temperature and moisture probes were installed between the sixth and seventh electrode at three different depths, 10, 30, and 70 cm. Its location is indicated as S1 in Figure 2. The temperature data allowed us to build a simple model used to correct resistivity measurements [26]. All the resistivity results were corrected to resistivity values at 25 °C before taking resistivity ratio calculations.




3.2. Infiltration Test


Based on the survey results, the resistivity variations from the above time-lapse ERT monitoring were further verified with two artificial infiltration tests. Here, we mainly focus on the first test conducted on 8 August 2021. Its exact deployment is shown in Figure 2. A rectangular area was chosen along survey line L1, with the left and right sides located at x = 41 and 50 m. The total surface area was 9 × 2.5 = 22.5 m2. The surrounding earth dams were 15 cm in height. Therefore, the released water was controlled to avoid overflow. The infiltration test lasted for about 2 h. In the end, a total of 10 m3 of water was poured directly from two storage tanks. The electrical conductivity of the water used for the infiltration test was about 1940 μS/cm. The second test was around the moisture probe S1 (Figure 2). It was performed the next day after the first infiltration test. This location was along a slope on the edge of the study area. This test mainly checked the moisture probe responses during the infiltration event. No resistivity data were collected. In total, 10 m3 of water was poured during the second test.



When conducting the first infiltration test, electrical resistivity monitoring was conducted to track the water movement. Reference measurements were carried out to obtain a resistivity image of the area under undisturbed conditions. The reference values were measured one hour before the test. For the infiltration test, we chose to use an optimized array to gain results in high resolution. The surveys were analyzed at five different times. Each repeated resistivity measurement was also inverted using time-lapse inversion, and then the percentage difference relative to the reference model was calculated.




3.3. Borehole Data Analysis


Borehole data are often necessary to aid the interpretation of resistivity inversion results more accurately. Soil samples were taken with a manual auger immediately after the infiltration test. There were six boreholes drilled, i.e., Z1 to Z6, with depths ranging from 1.5 to 1.9 m. Soil samples from three boreholes Z1, Z2, and Z3 were analyzed for grain size distributions. For boreholes Z4, Z5, and Z6, water was added to each borehole to the ground surface. We monitored the hydraulic head decreases inside each borehole. The decreasing trend was used for obtaining relative hydraulic conductivity magnitudes.





4. Results


4.1. ERT Survey


All the measured apparent resistivity data were inverted to obtain resistivity distributions within seven iterations. The RMS were all smaller than 5% which showed the good quality of survey data. Figure 3 gives the resistivity survey results with topography. In general, there is a thin layer of low resistivity on the shallow part. Based on the diagrams of boreholes B1 and B2, it belongs to the silt layer near the ground surface. However, the rather low resistivity (blue color) on the right and left parts of profiles L3 and L4 probably indicates a high percentage of clay content. In all four profiles, there were also relative resistive layers on the near-surface. This is due to the distribution of a discontinuous fine sand layer. This type (yellow or orange color) covers a large part of the right shallow segment of profiles L1 and L2, and most of profile L4. Based on the geological information from B1 and B2 diagrams, the deep rock is sandstone, which is the hosting stratum for grotto carving. It has resistivity values over 100 Ω·m. There is a layer of less resistive mudstone above this sandstone layer, but the thickness is not uniform as indicated by the resistivity results.




4.2. Monitoring Results


The annual soil moisture and resistivity monitoring results are shown in Figure 4. In Figure 4a, the weekly averaged apparent resistivity is shown in the red color. Due to the high contact resistance in winter (8 December 2020 to 4 February 2021) when the soil temperature near the ground surface is below zero degrees, there were no reliable data obtained. A power malfunction also interrupted the monitoring task from 10 July 2021 to 10 August 2021. The overall trend fluctuated from high resistivity in the winter season to low resistivity in the summer season. Precipitation was mainly concentrated in the wet summer season. However, the consistent responses of apparent resistivity to rainfall events were not obvious. As indicated by the moisture probes, there were only small moisture variations at a depth of 10 cm in the whole year. The sudden increase on August 8 was caused by the second infiltration test around S1 at x = 11 m, and it should not be related to any natural rainfall event. The datasets between 6 May and 31 May 2020 were zoomed in to provide more information. As shown in Figure 4b, with detailed daily data, we found that a rainfall event leads to a decrease in the averaged apparent resistivity in the whole profile, such as the rainfall event on 14 and 15 May. This correspondence is especially evident when there is a week-long dry period before a rainfall event. As shown in Figure 4, however, the point moisture data at S1 only showed fluctuations at a depth of 10 cm. It increased from 0.12 to 0.17 cm3/cm3. At depths of 30 and 70 cm, the moisture content was almost kept at a constant value of 0.1 cm3/cm3.



Next, we focused on the rainfall event from 14 to 15 May. There was in total 18 mm of rainfall in two days. The sequential apparent resistivity data were inverted from 14 May 10:00 to 17 May 2:00. The first dataset was carefully selected to show resistivity distribution before rainfall, and provided a background resistivity with less infiltration impact. The inverted resistivity profiles are shown in the left column of Figure 5, and the resistivity variation percentage with respect to the first profile are shown in the right column. From the resistivity variations, we can see there was a significant resistivity drop across the whole profile in areas less than 5 m [27]. On the left part, it looks like there was a preferential flow channel extending to deeper locations where it indicates a decreased resistivity from x = 10 to 20 m. After the rainfall stopped on 15 May at 9:00, the resistivity variation bounced back to normal on 16 May at 2:00. As time went on, the decreased resistivity region still occupied the near-surface areas, but most areas in the profile had already started going back to a neutral state, i.e., resistivity variation percentage equaled zero. There was still a sign of decreased resistivity due to the potential preferential flow path on the left of each profile, but it was less evident.



As mentioned above, the moisture probe located at S1 only had a subtle increase at a depth of 10 cm, and its projected location along profile L1 is shown with arrows in Figure 5. The moisture content responses in general fit the resistivity variations. We did not expect a perfect fit between the point probe data and pixel variations along the profiles. Moreover, the monitoring profile L1 went through the excavation pit which buried the moisture probes. Therefore, the profile measured the resistivity responses of disturbed and loosed soils. It was slightly different from the rest of the profiles.




4.3. Time-Lapse Monitoring of Artificial Infiltration Test


The resistivity variations in profile L1 during the artificial infiltration test are shown in Figure 6. The monitored resistivity results are shown in the left column of Figure 6, and the resistivity variations are shown in the right column. The scope of the infiltration pond is constrained with two arrows at x = 41 and x = 50 m on the right in each figure. The arrow on the left-hand side at x = 11 m represents the location of the moisture content probe. As for the first resistivity variation percentage t2/t1, there was already a weak resistivity decrease. This was because before the start of the first infiltration test, a trial test was initiated to test the configuration of the infiltration test and this decrease was a sign of this trial test.



After the end of the first infiltration test on 10 August at 16:00, we took a resistivity survey at t3 = 17:00. For all the monitoring results thereafter, there is a thin layer of decreased resistivity marked by a purple color close to the surface corresponding to the infiltration of water. However, there was an abnormally increased resistivity right below this thin layer between x = 42 and 50 m. There was also a resistivity decrease area below this abnormal high resistivity region. This abnormal increase or decrease in resistivity was due to the relatively large electrode spacing compared to the thin layer of water infiltration [28]. It is not a true reflection of the infiltration process. Other than these variations close to the infiltration site, the rest of the domain showed resistivity changes as well. However, we believe these variations were mainly caused by the noises during our field survey. Even though these areas showed a sign of resistivity decrease, there was no water accumulated on the ground surface at all or hydraulic connections to the infiltration area. For this kind of monitoring, we may need to add more geophysical monitoring methods to reduce uncertainty and help data interpretation, such as induced polarization monitoring which is insensitive to salinity and less sensitive to moisture content variations [10].




4.4. Borehole Data Verification


After the infiltration test, three boreholes were excavated with a manual auger. The field falling head experiment results from boreholes Z4, Z5, and Z6 are shown in Figure 7. Since they were open boreholes, water will dissipate from the whole borehole. The infiltration areas shrink with the decrease in the water table inside the borehole. It was hard to attain an analytical solution for this transient process [29]. Therefore, only the speed of the decreasing head was compared. Based on the open-pit falling head experiment and the head decrease trend in the three boreholes [30], a steeper slope of the head decrease trend around the soils in Z6 indicated a relatively larger hydraulic conductivity than soils around Z4 and Z5. Based on field inspections of soil samples, the infiltration front reaches 1.3 m in Z4, and 1.2 m in Z5. This slight difference was also consistent with the slightly steeper hydraulic head drop in Z4 than Z5. Grain size distribution results from boreholes Z1, Z2, and Z3 are shown in Figure 8. Since the total amount of grains larger than 75 μm was less than 50%, the soil samples were all categorized as silt. This result was consistent with B1 and B2 diagrams as shown in Figure 3. Based on all the 15 samples in the shallow 2 m depth, their grain size distributions almost followed the same trend. This indicates the homogeneity of the near-surface soil. Therefore, the subtle grain size differences can create minor hydraulic variations as indicated by the artificial infiltration test and borehole infiltration falling head experiment. This further indicated the representation of the survey results from the current study.





5. Discussion


As seen from the resistivity ratios of the infiltration test, the maximum penetration was roughly 1.2 m and this depth was also validated from the excavation of boreholes Z4 and Z5. Below this depth, only dry soil samples were found. The porosity of soil samples from these two boreholes has an average value 0.43 [21]. A field water content of 0.10 cm3/cm3 below our infiltration site was seen from moisture probe data in S1. If we assumed that lateral flow could be neglected, all the infiltrated water advanced vertically. With a total amount of 10 m3 of water infiltration and 22.5 m2 of the infiltration area, the depth of infiltration can be calculated 10/(22.5 × 0.33) = 1.35 m. It roughly equals our field excavation depths of 1.2 and 1.3 m. Therefore, the 10 m3 water was all consumed for soil saturation rather than moving further downwards. However, due to the limited amount of water infiltration in our experiments, the infiltration front does not go deeper as shown by field monitoring results (e.g., Figure 5). We also need to emphasize here that observation data taken in two-dimensional and electrode spacing was assigned at 2 m. Infiltrated water moved in both downwards and horizontal directions. These details can be retrieved with three-dimensional monitoring work and smaller electrode spacings. Our current setup can only capture the general trend of the infiltration process.



With results from our artificial infiltration test and as observed during the one-year-long field test, water can indeed quickly enter the subsurface. On the other hand, based on the topography of the study areas, it became a small catchment, and this phenomenon further raised concerns about the rainfall infiltration problems on top of the Yungang Grottoes’ hosting mountain. Indeed, it drives the resistivity monitoring task of this study. Where does infiltrated water go? Based on our annual field resistivity monitoring data, the resistivity decrease region shrinks quickly after the stop of rainfall events, and decreased resistivity only stays in areas close to the ground surface (right column of Figure 5, after time t6). The resistivity variation percentages around depths 2 to 5 m quickly returned to zero. The borehole profile of B2 indicated a layer of fine sand from 2 to 6 m. Based on the resistivity survey results, this fine sand layer was well distributed around this artificial infiltration test site. The high hydraulic conductivity could quickly dissipate the infiltrated water. However, there were no resistivity variations in deeper locations, such as the intermediate mudstone layer and sandstone base rock. Considering the low permeable nature of mudstone and sandstone, the infiltrated water can only move laterally rather than moving further downwards. Moreover, on the east of borehole B2, there is a gully which is not shown in Figure 2, where water can move freely in a downhill direction. Therefore, based on the monitored resistivity data in a whole year period and infiltration test, we believe the rainfall can infiltrate the subsurface quickly, but most infiltrated water dissipates horizontally and discharges back to the surface again. The rainfall water can hardly go deep in the grottoes’ hosting mountain, and therefore does not threaten the statues carved in the sandstone. Moreover, according to the topography of the research site, the ground surface can be paved for easy runoff production. This can further reduce the amount of infiltration which in turn protects the safety of the grottoes.



In the end, we would like to mention that our long-term monitoring survey was only carried out at one profile and the artificial infiltration test was quantitative, with a small infiltration perturbation. Here we are trying to illustrate the usage of the ERT method for site characterization and infiltration monitoring. Three-dimensional coverage and more hydraulic tests are needed to give more accurate results.




6. Conclusions


In this study, we conducted a long-term resistivity monitoring task in a profile on top of the Yungang Grottoes’ hosting mountain. We aimed to test the density of the rainfall water for grotto protection. Our results prove that time-lapse electrical resistivity tomography can be a useful tool to track the moving infiltration front. The following major conclusions and future developments based on the current findings can be made from our research.



The one-year-long resistivity monitoring shows rainfall water can infiltrate into a maximum depth of about 5 m, and the quick dissipation in depths of around 2 to 5 m is caused by a layer of fine sand. Our field infiltration test further proves the advantage of resistivity monitoring function. But our existing 2 m spacing creates several artifacts in the resistivity profile. Future similar experiments should consider smaller electrode spacings to characterize thin layer moisture dynamic distribution, and the test site should be better placed in the central part of the resistivity line. If possible, dense three-dimensional resistivity lines can be deployed to capture the overall shape of the infiltration front.



Based on the topography of the field site, the infiltrated water does not go further into the sandstone layer where the carved statues stand, and it quickly discharges in the gully areas. Therefore, based on our field monitoring data and analysis, the rainfall infiltration is not the main source of the water formed on the surface of the Yungang Grottoes statues.
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Figure 1. Illustration of Yungang Grottoes and study site. Our study site was between No. 14 and No. 21 caves on top of the grottoes at Wuzhou Mountain. Geophysical survey lines and the infiltration site were all deployed inside the study site. It is marked by the black rectangle. The ERT survey was shown in blue solid lines. Elevation contour lines were shown to depict the topology of the study area. 
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Figure 2. Illustration of survey deployment. There were four resistivity survey lines and L1 served as a long-term monitoring line. Six boreholes Z1 to Z6 were drilled with a manual auger set up to a maximum depth 1.9 m. B1 and B2 were existing deep observation boreholes. The pit at S1 was used for soil and temperature probes. The black rectangle shows the artificial infiltration site. 
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Figure 3. Electrical resistivity results of the four survey lines with surface topography. Borehole B1 and B2 profiles are superposed with profile L1. 
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Figure 4. Precipitation, average apparent resistivity, and moisture content data from monitoring line L1. Moisture content data were extracted at three different depths: 10, 30, and 70 cm. (a) It shows the annual data variations with weekly average data. (b) Data from 6 May to 31 May were used as an example to show the correlations between rainfall events and corresponding resistivity variations. 
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Figure 5. An example of time-lapse resistivity profiles from 14 to 17 May. The depth axis is exaggerated for better illustration. The left column shows the inverted resistivity profiles at nine different times with eight-hour intervals. On the right column, it shows the resistivity variation percentages with respect to the first profile on 14 April at 10:00 in the first column. The arrow marks the soil moisture probe location S1 at x = 11 m. 
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Figure 6. Time-lapse resistivity profiles during the infiltration tests. The depth axis is zoomed in for better illustration. The left column shows the inverted resistivity profiles at five different times. On the right column, it shows the resistivity variations with respect to the resistivity result from the first profile on 9 August at 10:00 in the left column. The arrows mark the soil moisture probe at x = 11 m on the left side and infiltration site location on the right side. 
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Figure 7. Decrease in hydraulic heads from falling head experiments in three open boreholes Z4, Z5, and Z6 in the artificial infiltration site. 
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Figure 8. Grain size distributions (GSD) of the soil sample from boreholes. The dashed line shows the percentage corresponding to the grain size at 75 μm. (a) GSD for borehole Z1, (b) GSD for borehole Z2, (c) GSD for borehole Z3. The dashed line shows the percentage corresponding to the grain size at 75 μm. 
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