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Abstract

:

Inorganic pollution is widespread in groundwater, and sulfate pollution is one of the important types, which has an important impact on the ecological environment and human health. Elevated concentrations of sulfate ion pollutants often come from the sewage discharge of chemical plants. This study takes a sulfate-contaminated site in Dongying City, Shandong Province, China, as the research object. Nine boreholes were arranged along the sewage discharge ditches in the site to collect and analyze soil samples and groundwater samples in layers. The concentration of pollutants and the change with depths were determined; the maximum concentration of sulfate ion was 10,330 mg L−1 in groundwater, and the maximum pollution depth was no more than 8 m. A hydraulic barrier was carried out to cut off the pollution sources. Based on a comprehensive understanding of the hydrogeological conditions and pollution degree of the site, the hydraulic capture technique was used to control the water pumping and injection volume, so that the scope of the pollution plume was gradually reduced. The pumping wells were arranged in the polluted area, and the water injection wells were arranged at the outer edge of the pollution zone. According to the calculation of the single well water inflow and influence radius, 28 pumping wells and 66 water injection wells were needed to be arranged on the site. The treatment process was divided into four stages according to the following steps: water pumping, water injection, stoppage of water injection, stoppage of water pumping, collecting water samples after the water level recovered, and the completion stage of treatment. The above process was repeated twice. Chemical precipitation was employed in the last step. The results of the remediation showed that the sulfate concentrations in 54 percent of the samples decreased significantly to less than 100 mg L−1, and the rest were between 100 and 200 mg L−1 after the treatment process. Two pumping wells with serious pollution were selected as long-term monitoring wells, and two-year continuous monitoring results showed that sulfate concentrations in the monitoring wells ranged from 110 to 220 mg L−1, indicating that integrated groundwater remediation techniques are more effective and more reliable than one single technique.
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1. Introduction


Groundwater pollutants, including inorganic compounds, organic compounds, heavy metal ions, and so on, vary greatly in different sites. Of all the contaminants, sulfate usually garners less attention. There have been few attempts to remedy cases of sulfate ion pollution. However, sulfate ions do cause significant water-quality issues in some areas, especially in residential regions. Sulfate ions can originate from various sources, such as the dissolution of soluble sulfate minerals and atmospheric sulfur dioxide deposition [1]. The main source of groundwater contamination is the discharge of untreated wastewater from chemical plants because sulfuric acid is widely used in industrial processes [2]. Surface water containing high concentrations of sulfate ions can infiltrate the groundwater. If the sulfate-contaminated groundwater is not treated, it remains a major human-health and building-safety issue. For example, excessive loading of sulfate in groundwater can cause diarrhea, dehydration, and gastrointestinal disturbances in humans [3]. Moreover, sulfate-contaminated groundwater is also detrimental to concrete foundations [4]. The plinths and piers of a 35-year-old building located in Northern Italy was found to be severely degraded by sulfate, resulting in a significant loss of strength and adhesion of the cement matrix [5].



Initially, groundwater is the most important drinking water resource. Though 70 percent of the population depends on groundwater as a source of drinking water in China, it is estimated that 90 percent of the groundwater has been contaminated by diverse substances [6]. Recently, groundwater and soil contamination has drawn people’s attention in China [7,8,9], and remediation work has been initiated, while the United States developed a Well Head Protection Program (WHPP) in 1986 and has achieved a lot to date [10]. Over the past several decades, a number of in situ remediation technologies have been developed to contain and/or treat groundwater and soil contamination, including the pump-and-treat system, physical barriers, permeable reactive barriers (PRBs), thermal treatment, air sparging, and bioremediation [11]. Each technology has advantages and disadvantages; for example, the common pump-and-treat method is the best and most reliable option for cases with a relatively large mass of contaminants, but its huge cost is a major concern [12]. Some physical barriers cannot actually remove contaminant masses from the groundwater. The bioremediation method has to be accurately adapted to each site [13]. Until now, few methods can be reliably employed as permanent solutions alone. Therefore, there is an urgent need to comprehensively utilize multiple technologies to treat highly contaminated groundwater that is closely related to the safety of buildings and drinking water for millions of people.



Sulfate contamination in groundwater is neither as common as nitrate and heavy metal contamination nor as toxic as arsenic contamination, but sulfates are associated with aesthetic problems and may cause health issues, and it is of great value to treat them. Despite advanced groundwater remediation technologies and numerous successful cases [14,15], large site applications for sulfate remediation are still sparse. Numerous studies have illustrated that using just one technology is not enough to successfully remove all contaminants [16]. Furthermore, other technologies such as chemical or biological treatment would take too long and are not the best options for emergencies with high levels of public concern. As a result, integrated utilization of several in situ remediation techniques is increasingly promising. This study takes a sulfate-contaminated site as the research object. The objective of this study is to demonstrate the integrated applications of several groundwater remediation techniques about a site sulfate remediation case. The integrated remediation methods will be valuable and conductive to other groundwater contaminated sites with similar hydrogeological conditions and contaminants involving landfills, wetlands, or other contaminated sites with sulfate and high-mobility/solubility contaminants.




2. Materials and Methods


2.1. Study Site


The study area is situated south of Dongying City, Shandong Province, China (Figure 1). It is a part of the alluvial plain of the Yellow River delta and the estuary of the Yellow River. The perennial mean temperature is 12.5 °C; the annual rainfall is 500 mm to 600 mm and mainly occurs in the summer. To the west of the study site is a large area of agricultural land, and to the east is the pond filling area with a large elevation difference. The ground elevation of the study area ranges from 2.78 m to 7.90 m with partial areas of puddles and ditches.



The pollution source is located to the south of the study site. It is a chemical factory producing detergent, which has been abandoned for many years. Untreated wastewater was discharged into ditches in the west and east of the study area. Therefore, the affected area is limited to the site around the trenches (Figure 1). The concentration of sulfate, chloride, and other dissolved components in the wastewater seriously exceeds the standard. In addition, no anti-seepage treatment was carried out at the bottom or either sides of the ditch, and the ditch was later filled and buried. Both situations led to the penetration of pollutants into the soil and aquifers, causing severe groundwater contamination. Site investigations indicated that sulfate is the main contaminant in this site. The pollution plume is mainly distributed in the south and east and west sides of the western ditch. The contaminated soil is off-white due to the physicochemical reactions of the contaminants with the silt, clay soil, and other soil constituents. The soil also gives off a pungent odor and can make people dizzy and sick. The contaminants are detrimental to humans and the environment.




2.2. Concrete Corrosion in the Study Area


When the underground space was developed at the site, it was found that the original concrete pile foundation was corroded, and a more intensive study of the site was required. The pile foundation of buildings in the site was corroded owing to the influence of sulfate interests in soil and groundwater. Concrete corrosion is mainly caused by the elevated sulfate content. The main reactions of sulfate and the interior components of concrete are given by:


  Ca     OH    2  +   SO  4  2 −   + 2  H 2   O    →   CaSO  4  · 2  H 2  O   Gypsum   + 2   OH  −   



(1)






  3     CaSO  4  · 2  H 2  O   + 3 CaO ·   Al  2   O 3  + 26  H 2   O    →   3 CaO ·   Al  2   O 3  · 3   CaSO  4  · 32  H 2  O  



(2)






  6   Ca   2 +   + 3   SO  4  2 −   +   Al  2   O 6     6 −   + 32  H 2   O    →   3 CaO ·   Al  2   O 3  · 3   CaSO  4  · 32  H 2  O  



(3)







In order to determine the degree of sulfate corrosion of the foundations of buildings in the study site and to reduce corrosion damage, laboratory tests and experimental analyses were necessary to evaluate the corrosion state of the foundations. Some corroded building pile foundation samples were collected in the contaminated site for microscope testing. It was observed that the Portland cement in samples had already been partially replaced by ettringite (arrow), and there were dark regions, which indicated that this part had undergone de-calcification (Figure 2a). Thus, the adhesion of the concrete was weakened. Although the adhesion of the concrete shown in the upper right of Figure 2a remained basically unchanged, corrosion by sulfate will eventually impair its strength. Figure 2b shows that the C–S–H gel of the non-corroded concrete contained a complete and compacted structure, and the Ca(OH)2 crystalline particle was also orderly and intact, whereas the C–S–H gel of the corroded concrete was very loose and with more cracks and even through-cracks (Figure 2c). There was also a large number of gypsum crystals and no Ca(OH)2 crystalline particles in the corroded concrete.




2.3. Sulfate Concentrations in Groundwater


To determine the scope of the groundwater contamination in terms of depth and magnitude in the site, 9 investigation boreholes were drilled (Figure 1). The strata distribution was obtained according to the drilling exploration data, and a histogram of a representative borehole is shown in Figure 3. The permeability of soil layer was obtained through an indoor test. The permeability coefficients in the vertical and horizontal directions were 8.39 × 10−7–1.40 × 10−4 cm/s and 3.90 × 10−7–1.46 × 10−4, respectively. The groundwater was unconfined with very slow velocity and a small water head difference. The results of site exploration showed that the shallow surface was composed of plain fill and cultivated soil with underlying silty sand, silty clay, and clay at depths from 1.5 m to 12.0 m. The strata in the area were primarily composed of the recently deposited quaternary soil and commonly deposited soil, and the hydrogeological conditions were relatively simple.



Water samples were collected from different depths ranging from 2 m to 8 m (Figure 4). Notably, boreholes No. 1 to No. 6 were located in the region influenced by contamination, while No. 7 to No. 9 were not. Based on the environmental site assessment standards (Table 1) [17], the polluted water and soil were strongly or moderately corrosive to the reinforced concrete of buildings under the conditions of alternation of wetting and drying (Table 2). Groundwater quality data from the investigation wells indicated that the study site was seriously polluted by sulfates.



The distribution of the sulfate ion concentration indicated that several extreme values appeared near the west drainage ditch, which is in accordance with the discharge of the chemical plant. The wastewater was predominately discharged along the west ditches during the period of detergent production. The ditch turns east at the northwest corner, resulting in sulfate accumulation at this corner. The sulfate concentration of No. 1 well was up to 10,330 mg L−1, far higher than that of its surroundings. Since the northeast corner was not the part of the influence range of the pollution plume, the sulfate concentration in this corner was relatively low. According to the evaluation criteria (Table 1), sulfate corrosion of concrete at this site was strong; therefore, immediate water and soil treatments and remediation are urgently needed.





3. Site Pollution Control and Remediation Technique


3.1. Hydraulic Barrier


The most direct pollution source was located in the south of the site. Although the chemical plant has been closed for many years, the pollution in the southern area was still severe. The pollution source needed to be removed or isolated from the study site. To prevent the chemical plant from polluting the study area through groundwater flow, an L type concrete continuous wall was placed between the south of the study site and the chemical plant. The depth of the hydraulic barrier was 12 m to 14 m, and the bottom was embedded in the clayey aquitard to prevent pollutants from flowing around the bottom of the continuous wall. Additionally, an eastern barrier was set up to hinder pollution between the pond and chemical plant.




3.2. Hydraulic Capture Technique and Chemical Precipitation


The hydraulic capture technique was proposed to design a well field to alter the groundwater flow direction, thereby halting or reversing the spread of a contaminant plume at minimum cost [18,19]. Each pumping well can form a certain pollutant capture area, and many pumping wells arranged in a certain shape can control the polluted area. This technique has been widely used to remediate aquifers contaminated by undesirable chemicals. It is essential to design an effective capture system to collect the polluted groundwater without allowing any of it to escape [20,21]. Tosco et al. used the automatic protection area (APA) model to provide an automatic post-processing encirclement of capture zones [22,23], and finally the goal of eliminating pollution was achieved. Based on a case study in Piedmont, Italy, they proved that APA is a useful tool to seize zone delineation. Chen et al. also used the hydraulic capture zone method to effectively remove the petrochemical contaminants in a karst-fractured aquifer [24].



The geological and hydrogeological conditions of the site are the most important factors for the treatment and restoration of progressive pollution, especially the structure of the stratum and the permeability coefficient of the soil layer. Since the stratum structure of the site is relatively simple and there is no obvious confined aquifer, the hydrogeological conditions of the site can be generalized as a phreatic aquifer with porous media. Therefore, it can be calculated by using the theory of stable flow pumping of complete wells.



In order to determine the optimum number of extraction wells and the pumping water inflow rate at which each well should be pumped, the method described in Fetter’s book [25,26], which was first proposed by Javandel and Tsang [27], was used. They used single well and multi well solutions to derive equations to obtain simple type curve shapes. Equations are also available to compute the maximum extent of the capture zone under the assumption of a confined aquifer with a uniform thickness, B (m). Prior to pumping, there is a uniform regional specific discharge (Darcian velocity), U (m/s); all extraction wells are fully penetrating, and the well discharge rate is Q (m3/s). The equation of the line that divides the area that will be captured by the well from the rest of the flow field is:


  y = ±  Q  2 B U   −  Q  2 π B U     tan   − 1    y x   



(4)




where x and y are the x-axis and y-axis of the coordinate system at the center of the well group as the origin. The only parameter in Equation (4) is the ratio Q/BU. All the water within the given type curve will flow to the well. Nevertheless, there is a maximum quantity of water that can be pumped from a single extraction well. If the plume is wider than the capture zone generated by the maximum pumping rate, then multiple extraction wells are required. One concern with multiple extraction wells is that their catch zones must overlap, or groundwater flow can pass between them. If the distance between the extraction wells is less than or equal to Q/πBU, then the capture zones will overlap. The optimum well spacing is therefore Q/πBU. If there are two extraction wells and the distance between them is less than or equal to Q/πBU, then the capture zone is defined as


  y +  Q  2 π B U       tan   − 1     y − d  x  +   tan   − 1     y + d  x    = ±  Q  B U    



(5)




where d is half the distance between the two extraction wells. If there are three wells, one with an origin is located on the x-axis, and the other two are placed at a distance +d and −d from the origin on the y-axis, respectively. The result of formula derivation shows that the optimum well spacing is 1.26 Q/πBU, and the equation for the capture zone boundary is expressed as


  y +  Q  2 π B U       tan   − 1    y x  +   tan   − 1     y - d  x  +   tan   − 1     y + d  x    = ±   3 Q   2 B U    



(6)




When four wells are considered, the optional well spacing is approximately 1.2Q/πBU.





4. Implementation of Remediation Technology


4.1. Preliminary Design of Pumping and Injection Wells


It is widely known that a single well is far from adequate for large area remediation; therefore, group wells were required for the study site. The hydraulic slope between pumping wells, injection wells, and the surrounding flow field will increase during hydraulic capture, thereby improving the water-flow velocity into pumping wells and the efficiency of remediation. The water yield and radius of influence of a single well was calculated using the Dupuit stable well flow mode. Then, the number and distribution of group wells were determined by the site construction conditions. As there are buildings and public facilities in the site, the spacing between pumping wells and water injection wells was adjusted according to the site conditions. Finally, 28 pumping wells and 66 injection wells were used for site contamination remediation. Figure 5 shows the plan layout of pumping and water injection of group wells.



If the pumping well is taken as the center and the water injection well is set up on both sides, the structure diagram is shown in Figure 6. The depth of the pumping well was 12.5 m, and the well diameter was Φ400 mm, while the depth of the water injection well was 10.0 m, and the well diameter was Φ110 mm. The filter length of the pumping well and water injection well was 7.5 m and 10.0 m, respectively. The underground water level was such that the pumping wells worked only, and the pumping well and the water injection well worked at the same time, and the water level recovered when the pumping well stopped working, and the water injection well continued to work.




4.2. Initial Concentration Field Distribution of Sulfate


Considering the hydrogeological conditions of the site, and the needs of soil and groundwater remediation, the Dupuit formula was used to calculate the influence radius of single well pumping. According to the pollution scope of the site, 28 pumping wells were preliminarily designed along the ditches to obtain more complete and correct information about the groundwater contamination. The layout of these wells, which are the potential sites for the pumping wells in the remediation stage, through the water quality analysis of groundwater samples collected from 28 boreholes, was designed on the basis of the contamination plume that was predominantly distributed in the west and south side of the site. The Kriging algorithm was employed to acquire a contour map of the approximate sulfate concentrations [28]. The distribution of sulfate concentrations is shown in Figure 7.




4.3. Procedures of Groundwater Treatment


There are a total of 28 pumping wells and 66 injection wells. The treatment process is divided into 4 stages. At the first stage, the following steps are conducted: (1) water pumping; (2) continue pumping and start water injection; (3) stop water injection and continue pumping; (4) stop pumping; (5) collect water samples after the water level recovers and complete the first stage of treatment. The first stage includes 21 days of water pumping, 14 days of tap water injection, 7 days of water level recovery, and 3 days of sampling analysis to test the effect of treatment and remediation, totaling 30 days. The above process is repeated 3 times. Chemical precipitation is employed in the last stage. Water samples are collected for analysis at the end of each working stage.



In the first three stages, the total pumping output is 100,000 t, and the injection volume is 45,000 t. The pumping rate of each pumping well is approximately the same during the entire treatment procedure. Similarly, the injection rate of injection wells should also be identical. All the water extracted from the pumping well is precipitated through two lime water ponds prepared on the ground for double sedimentation, thereby decreasing the sulfate concentration and preventing secondary pollution. During pumping, it is found that No. 25–No. 28 water pollution monitoring results are good, and the operation is stopped in the second and third stages. The proper configuration of pumping and injection wells are able to remove sulfates from large contaminated area and be also time-saving and cost-effective when the pumping and injection wells worked together and when only the pumping wells worked.



In the last stage, lime water is injected into the original pumping well and the water injection well instead of clean water. The injection volume is about 30,000 t. The water injection lasted for 21 days, and the water samples are collected for analysis after the water level was stable for 9 days.



After the treatment and remediation work is completed, all the wells are buried except wells No. 4 and No. 8, which are left as monitoring wells for approximately two years to evaluate the treatment effects. The sulfate concentration contour maps of the four stages are shown in Figure 8, and the trending line is demonstrated in Figure 9.





5. Results and Discussion


5.1. Distribution of Sulfate Concentrations at Depth


The investigation showed that the sulfate infiltrated up to 8 m in depth. It is clear from Figure 3 that the soil in the site is mainly silt clay with small hydraulic conductivity. However, the sulfate infiltration almost reached the impervious layer, indicating that the soil has experienced long-term exposure to sulfate contaminants. Moreover, there are no impervious barriers in the site to halt sulfate transport and the spread of the plume. Transport of the groundwater pollutants near the ditch’s corner are approximately vertical, which complies with the recharge–runoff–discharge law. Therefore, sulfate concentrations in investigation boreholes No. 1, No. 2, and No. 3 at different depths were approximately equal (Figure 4). In boreholes No. 3, No. 4, and No. 5, sulfate concentrations decreased with depth. This is because they are near the west ditches; here, wastewater first infiltrated the shallow surface and made it more contaminated than in the deeper zones. Sulfate concentrations were approximately 500 mg L−1 at shallow depths of investigation in boreholes No. 8 and No. 9 and increased with depth. It is clear that although they were far from the ditches, the sulfate contaminant had already been transported to the middle parts of study area through groundwater flow. It is obvious that the pollution caused by sulfate ions varied greatly in different positions and depths of the site.




5.2. Distribution of Sulfate Concentrations in the Plane


Figure 7 demonstrates that sulfate concentrations around the west ditches were much higher than in other areas; therefore, the west areas are the main areas of pollution. The preliminary investigation showed that sulfate concentrations in boreholes No. 1, No. 2, and No. 3 were significantly higher than in other boreholes. The average and maximum sulfate concentration in boreholes No. 1 and No. 2 were 3845.68 mg L−1 and 10,330 mg L−1, respectively. The average value was nearly 30 times the standard value of V class groundwater, which is absolutely not suitable for drinking [29]. Particularly, sulfate concentrations in boreholes No. 1, No. 2, and No. 3 were more than three times higher than in other boreholes. Owing to the low velocity of the groundwater flow in this area, there is plenty of time for more wastewater to infiltrate the groundwater. Consequently, groundwater in boreholes No. 1, No. 2, and No. 3 was highly corrosive to concrete structures and that in boreholes No. 4 through No. 9 was moderately corrosive.




5.3. Removal Efficiency Analysis


The results of sulfate concentrations measured from samples during the four stages of remediation indicate that the integrated application of a hydraulic barrier, hydraulic capture zones, and chemical immobilization was effective in achieving the less than 300 mg L−1 cleanup goal. The pollution source was isolated from the study area by a hydraulic barrier, thereby stopping further contamination. The hydraulic capture zone removed masses of sulfate from the groundwater, and sulfates that could not be eliminated by pumping wells were precipitated by chemical immobilization.



The contour map of Figure 8 demonstrates that sulfate concentrations were much lower than pre-treatment concentrations. Nevertheless, the areas with the highest contamination were still distributed along the west ditch. The detected results of the second stage showed little difference to that of the first stage, although the range of high concentration areas became smaller. Sulfate concentrations in some areas were higher than previous levels. This is because the location of the pumping well was not the place with the most serious pollution. The pollutants were dredged by pumping, and the concentration of sulfate ions in the groundwater increased instead of decreased. At the same time, there were obvious differences in the pollution degree of pollutants at different depths, maybe because some sulfates that were absorbed by the soil were mobilized by pumping and injection, introducing more mobile sulfates into the groundwater. On the whole, however, sulfate concentrations in most of the wells decreased in the first two stages. The decrease was small, indicating that the hydraulic connection had already come into effect. After the third and fourth stages, sulfate concentrations declined significantly. With the injection of lime water in the fourth stage, sulfate concentrations in those wells, which had not performed an obvious drop in the previous three stages, declined substantially.



The main reason is that sulfate reacts with calcium ions to produce calcium sulfate precipitation, thereby reducing the mobile sulfate concentration. Finally, sulfate concentrations in the fourth stage in the entire study site were all less than 300 mg L−1.



Specifically, sulfate concentrations in 54% of the samples were less than 100 mg L−1, and the rest were between 100–200 mg L−1. After the four stages of treatment, all the wells showed decreases in total sulfate concentration of 80–98% from pre-treatment concentrations. The groundwater quality after remediation satisfied the requirements of Class II groundwater, which can be widely used for various purposes.



Wells No. 4 and No. 8 in the highly polluted areas were left to be long-time monitoring wells, and samples selected here after the fourth stage were utilized to evaluate the treatment effects. Sulfate levels in the samples stayed under 300 mg L−1 and fluctuated between 110 mg L−1 and 220 mg L−1 (Figure 9). Fluctuations in the sulfate concentrations during monitoring are normal and are caused by seasonal variations and groundwater level fluctuations. The expected effectiveness of the integrated application of multiple groundwater remediation methods were completely realized in the study site.



Two similar cases were found in China. Gu et al. (2014) took a landfill site of hazardous waste as a case and used Visual MODFLOW software to establish a groundwater pollutant migration and diffusion model. This modeling lasted 365 days. The results showed that the six pumping and one injection well group system had the best remediation effect when the pumping rate of a single well was 350 m3/d, which could reach the goal of remediation [30]. Li et al. (2019) conducted a 69-day hydraulic capture test in the Tugou section of the Beiyun River Basin in China. The results showed that after 69 days of remediation, the concentration of most groundwater quality indicators showed a downward trend, among which the sulfate concentration decreased by 57.9% [31]. The integrated techniques of a hydraulic barrier, hydraulic capture zones, and coagulant sedimentation were applied to treat the sulfate-contaminated groundwater and soil in our study. After 120 days of remediation, the results proved that the integrated techniques were effective in both plume cutoff and field remediation. Above 80% of the sulfate was removed by this remediation method. Thus, the removal efficiency of integrated hydraulic capture techniques is better than other cases, which is mainly related to the selection of technical parameters.





6. Conclusions


Integrated applications of groundwater remediation techniques are adopted to treat the highly sulfate-contaminated groundwater in this study. The results could be instructive for the utilization of hydraulic capture techniques and applications of these technologies under more challenging circumstances. The following conclusions are obtained:




	(1)

	
The study site is closely connected to the safety of the building and the water supply for thousands of local residents. It is heavily contaminated by sulfates from an abandoned chemical plant. The highest concentration of sulfate recorded was 10,330 mg L−1, and the maximum depth of contamination was 8 m. The remediation time is the most significant factor when choosing a remediation method for such an emergency with high levels of public concern.




	(2)

	
The integrated application of a hydraulic barrier, hydraulic capture zones, and coagulant sedimentation treated the sulfate-contaminated groundwater and soil effectively. After four stages of remediation, the results demonstrated the integrated techniques to be effective in both plume cutoff and field remediation; 98% of the sulfate masses were captured approximately by this remediation method. Sulfate concentrations in the two monitoring wells were maintained between 200 mg L−1 and 220 mg L−1 and have sustained this level for a total duration of two years. The expected remediation effects have been realized.




	(3)

	
It is normal for sulfate concentrations to fluctuate after the treatment because of seasonal variations and groundwater level fluctuations, and concentrations do not exceed 300 mg L−1. More studies are required to optimize remediation efforts. Factors influencing the removal efficiency should be in the scope of future research.
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Figure 1. Location of the study site and the preliminary survey bores. 
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Figure 2. Scanning electron micrographs of sulfate-corroded concrete: (a) corroded, 100 μm; (b) non-corroded, 10 μm; and (c) corroded, 50 μm. 
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Figure 3. Schematic diagram of strata distribution in the study site. 
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Figure 4. Sulfate concentrations in the 9 investigation boreholes. 
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Figure 5. The contamination plume and locations of pumping and injection wells. 
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Figure 6. Structure of injection and pumping well, and water level distribution under different working conditions. 
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Figure 7. Locations of the 28 pumping wells and the distribution of sulfate concentrations before treatment. 
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Figure 8. Sulfate concentration distributions after treatment for 30 d (a), 60 d (b), 90 d (c), and 120 d (d). 
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Figure 9. Changes in sulfate concentrations at different treatment and remediation stages. 
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Table 1. Evaluation criteria of sulfate corrosion of concrete.
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	Indicators of Sulfate Corrosion of Concrete

    S    O  4  2 −      (mg L−1)
	Corrosion Intensity





	<1500
	None



	1500–2500
	Weak



	2500–5000
	Medium



	5000–20,000
	Strong
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Table 2. Evaluation of sulfate corrosion of concrete in the groundwater.
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	Well Number
	Sampling Depth
	Concentration of     S    O  4  2 −      (mg L−1)
	Corrosion Intensity





	1#
	4 m
	10,157
	Strong



	
	6 m
	10,464
	Strong



	2#
	4 m
	10,362
	Strong



	
	6 m
	10,567
	Strong



	3#
	2 m
	7541
	Strong



	
	4 m
	8259
	Strong



	
	6 m
	7797
	Strong



	4#
	4 m
	2770
	Medium



	
	6 m
	1795
	Weak



	5#
	2 m
	2565
	Medium



	
	4 m
	2308
	Weak



	
	6 m
	1539
	Weak



	6#
	4 m
	2052
	Weak



	
	8 m
	2514
	Medium



	7#
	6 m
	3386
	Medium



	8#
	2 m
	564
	None



	
	4 m
	564
	None



	
	6 m
	1077
	None



	9#
	2 m
	616
	None



	
	4 m
	693
	None



	
	6 m
	2154
	Weak
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