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Abstract


Solidification/stabilization technology is commonly used in the remediation of heavy-metal-contaminated sites, which reduces the leaching capacity of heavy metals, but the total amount of heavy metals in the soil is not reduced, there is still a risk of heavy metal re-release and contamination of groundwater, and the risk of groundwater contamination of solidified/stabilized heavy-metal-contaminated sites needs to be assessed. Through the analysis of the system structure of solidified/stabilized heavy-metal-contaminated sites, combined with the integration method of pollution sources—the vadose zone-aquifer, based on the DRASTIC model and the special vulnerability of the solidification/stabilization site, a groundwater pollution risk assessment index system including 4 influencing factors such as site hazard, pollutant hazard, aquifer vulnerability, and natural conditions and a total of 18 evaluation indexes was constructed. Each evaluation index was graded and assigned a scoring value combined with the Analytic Hierarchy Process (AHP) to calculate index weights. The comprehensive weights of site hazard, contaminant stability, aquifer vulnerability, and natural conditions were 0.1894, 0.3508, 0.3508, and 0.1090, respectively. The isometric method was used to classify the pollution risk into five risk levels (very low risk [0, 2), low risk [2, 4), medium risk [4, 6), high risk [6, 8), and very high risk [8, 10]), and a groundwater comprehensive index pollution risk assessment model was established. The model was applied to the actual site. The results showed that under the scenario of direct landfill of remediated soil, the comprehensive indexes of groundwater pollution risk for As and Cd were 4.55 and 4.58, respectively, both of which were medium risk. When the surrounding protective measures were supplemented, the comprehensive indexes of groundwater pollution risk for As and Cd were 3.98 and 4.02, respectively. Cd remained as medium risk and As as low risk. In both scenarios, the combined groundwater contamination risk index of Cd was greater than that of As because the contaminant stability of As was higher than that of Cd. The average percentage of aquifer vulnerability score reached 45.50%, which was higher than the weight of site inherent vulnerability of 35.08%, indicating that the original site hydrogeological conditions are fragile, groundwater is vulnerable to contamination, and the in situ landfill solidification/stabilization of soil is at risk. In order to further reduce the risk, the topographic slope was increased, thereby increasing the surface drainage capacity, which reduced the combined groundwater contamination risk index for As and Cd to 3.94 and 3.90, both of which were low risk. This study provides a new method for assessing the risk of groundwater contamination at solidified/stabilized heavy-metal-contaminated sites. It also has reference significance for selecting solidification/stabilization remediation parameters
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1. Introduction


Heavy metals in soil can migrate downward with rainfall and pollute groundwater, threatening human health. According to the National Soil Pollution Survey Bulletin released in 2014, the number of inorganic pollutant exceedance sites in China accounted for 82.8% of the total number of exceedance sites, and the primary exceedance pollutants were Cd, Hg, As, Cu, Pb, Cr, Zn, and Ni [1]. Solidification/stabilization (S/S) is widely used due to its cost-effectiveness. According to USEPA’s statistics on remediation technologies for 216 sites contaminated with heavy metals and heavy metal compounds in the first 20 years of 2005, up to 80.6% of the sites were remediated by this method [2]. S/S fixes pollutants by physical or chemical methods or converts pollutants into chemically inactive forms, preventing pollutants from migrating into the soil environment. The remediation effect is affected by the type of agent and the physicochemical properties of the soil [3], mainly assessed by experimental methods such as toxic leaching and sequential extraction [4,5]. However, the leaching concentration of heavy metals and heavy metal forms in S/S soils is not constant [6]. With environmental changes, these methods can only assess the static risk during the implementation phase of S/S remediation, but not the long-term dynamic risk in the environment [7].



To address the drawback that it is difficult to assess the long-term environmental risk of heavy metals retained in soil [8], scholars have studied the long-term stability of S/S heavy metals by soil column leaching experiments [9] and quantitative accelerated aging experiments [10]. For example, Zha simulated 3 years of acid rain on cement-alkali slag cured/stabilized Zn-contaminated soil by soil column leaching experiments and found that the Zn concentration in the filtrate always met the requirements (<1 mg/L) [11]. Shen used the accelerated aging method and found that the stabilization effect decreased when the TCLP leaching concentration of Pb and Cd increased over a simulated acid rain period of 52 to 104 years [6]. Suzuki found that curing Pb-contaminated soil with magnesium oxide was still effective after 100 years of simulated acid rain by using the accelerated aging method (Pb < 0.01 mg/L) [10].



However, although these experimental methods achieved good results, there are two key problems. One is that it is difficult to simulate field sites in the laboratory realistically. The other is that the S/S heavy metal risk varies with stabilizer, heavy metal, and site conditions, and all situations cannot be studied experimentally. For the first problem, scholars have evaluated soil sampling from actual S/S sites [12], and Wang found that leaching concentrations of soil samples within S/S sites met drinking water standards after 17 years [13]. However, there are fewer cases of long-term monitoring implementation at S/S sites, the costs are greater, and it is difficult for the monitoring years to reach larger orders of magnitude. For the second problem, there is no systematic assessment method. Therefore, this paper attempts to establish an assessment system to describe the possibility of heavy metal re-release from S/S soils by some important evaluation indexes and to assess the environmental risk of groundwater at S/S heavy metal sites by using groundwater as the risk receptor.



The groundwater pollution risk results from the interaction between aquifer vulnerability and pollution load. Both the inherent vulnerability of aquifers and the special vulnerability of pollutants should be considered. Intrinsic vulnerability reflects the aquifer’s hydrogeological properties and evaluates the aquifer’s sensitivity to pollutants [14,15]; special vulnerability evaluates the possibility and harm of releasing pollution sources and its relationship with the load and type of pollution, storage methods, etc.



DRASTIC is the most commonly used model for evaluating the inherent vulnerability of aquifers based on a weighted combination of seven hydrogeological settings (depth to water table, net recharge of aquifer, aquifer media, soil media, topography, impact of vadose zone, and hydraulic conductivity). DRASTIC was named by the abbreviation of each index, an empirical model developed by USEPA for assessing groundwater contamination potential [16]. In DRASTIC, for the special vulnerability of groundwater, different scenarios require the construction of different evaluation models. Huan evaluated the risk of potential pollution sources by quantifying the nature of contaminants and potential infiltration load and generated a groundwater pollution risk map for Jilin City based on DRASTIC [17]. Zhang, based on landfill disposal technology by evaluating the landfill size, waste type, leachate collection system, top cover, etc., related to the potential damage degree, combined with DRASTIC to establish a landfill groundwater risk evaluation system [18]. Zhao constructed a groundwater pollution risk evaluation system combining groundwater vulnerability and pollution load based on simulated pollutant migration values and DRASTIC [19]. However, there is no groundwater risk assessment model for the special vulnerability of S/S heavy-metal-contaminated sites.



Based on the inherent vulnerability of aquifers and the special vulnerability of S/S heavy metal sites, this study uses AHP to establish a comprehensive index pollution risk evaluation model. This risk assessment method involves less work and requires less data, and it can provide support for risk identification and control of groundwater at S/S heavy-metal-contaminated sites. It can also provide a reference basis for remediation and treatment of heavy-metal-contaminated sites.




2. Methods


2.1. Conceptual Model


We combine the integration method of pollution sources—the vadose zone aquifer, taking S/S soil as the pollution source and considering the blocking effect of the underlying vadose zone. Taking groundwater as the risk receptor and screening the main influencing factors and evaluation indexes, the risk assessment conceptual model is shown in Figure 1. The risk assessment system includes four influences: site hazard (H), contaminant stability (S), aquifer vulnerability (V), and natural conditions (N). Aquifer vulnerability assesses the inherent vulnerability of groundwater, mainly the pollution resistance of the envelope and the ability of contaminants to disperse in the aquifer [20]. The remaining three influencing factors constitute the specific vulnerability of groundwater. Site hazard assesses the size of the site and protective measures. Contaminant stability assesses the possibility of heavy metal release from S/S soils and the long-term dynamic risk, which is determined by the stabilization effect, the properties of the heavy metals themselves, and the soil properties. Natural conditions assess the extent to which the site is affected by the natural environment, such as rainfall, freezing, and thawing.




2.2. Index System Construction


There are many factors affecting the risk of groundwater contamination at S/S sites. Following scientificity, characterizability, measurability, and operability principles, 18 evaluation indexes are selected from 4 evaluation factors (Figure 2).



2.2.1. Site Hazards


A larger site size represents an increase in the number of contamination sources, and some impermeable measures can be proactively deployed to prevent groundwater contamination from rainwater leaching and infiltration of contaminants [21]. In situ S/S injects remediation chemicals directly into the soil layer, which may lack bottom and side protection for contaminated soil [22], but when curing with cement-based materials, the cured soil has a high unconfined compressive strength (UCS) and low permeability coefficient [23], which is equivalent to having concrete protection in place. Ex situ S/S excavates the polluted soil and then performs S/S treatment. Protective measures can be installed to reduce environmental risks before the restored soil is buried [24]. Therefore, four evaluation indexes are selected: site size, top protection, side protection, and bottom protection.




2.2.2. Contaminant Stability


The stronger stability of the contaminant indicates the lower possibility of re-release. As mentioned above, the effect assessment of S/S includes the toxicity leaching method, sequential extraction method, etc. Three evaluation indexes that can be obtained experimentally are selected: toxicity leaching factor, stabilization efficiency, and leaching form ratio. However, these indexes are not sufficient to assess the long-term dynamic risk. Considering that the dynamic risk mainly originates from the change in soil environmental pH under the effect of acid rain and is also related to the type and content of heavy metals, three evaluation indexes of soil pH, organic matter and clay, and exceedance multiple of heavy metal are added considering the characteristics of heavy metals and the buffering effect of soil on pH. It is worth mentioning that although solidification and stabilization have different mechanisms on heavy metals, their long-term dynamic risks can still be assessed by the same indexes. The meaning of each index is described below.



(1) Toxicity leaching factor



Toxic leaching concentration needs to be lower than the standard limit. The toxicity leaching factor is defined as the ratio of leaching concentration to the hazardous waste identification standard limit. The lower the toxicity leaching factor, the lower the environmental risk. The calculation formula is shown in the following.


          k =    c 1   C  × 100 %  



(1)




where     c 1    is the stabilized soil toxicity leaching concentration of S/S soil, and    C   is the standard limit of hazardous waste identification, according to the “hazardous waste identification standards leaching toxicity identification (GB5085.3-2007)” requirements. The typical heavy metal hazardous waste identification standard limit values are shown in Table 1.



(2) Stabilization efficiency



Generally, the higher the stabilization efficiency, the lower the environmental risk. The calculation formula is shown in the following.


                    w =    c 0  −  c 1     c 0    × 100 %  



(2)




where    c 0    is the toxic leaching concentration of unstabilized contaminated soil.



(3) Leachable form ratio



The RAC model has been widely used to assess the environmental risk of heavy metals in soils and is based on the leachable form of the ratio of solid phase matrix (Tessier: exchangeable (T1) and carbonate-bound (T2) [25,26]; or BCR: weak acid extraction [27]) to total heavy metals to assess the level of potential environmental risk in five classes: environmentally safe (<1%), low risk (1–10%), medium risk (11–30%), high risk (31–50%), and very high risk (>50%) [12,28].



(4) Soil pH



Soil heavy metal stabilization mechanisms include adsorption, surface precipitation, and immobilization [29]. Soil pH is considered the most critical factor affecting heavy metal release. Lower pH creates a positive charge on the soil surface, leading to easy desorption of heavy metals [30], and also leads to carbonate dissolution, allowing the release of heavy metals in the carbonate-bound state, as well as the decomposition of other soil fractions, such as aluminum and iron hydroxides, leading to the heavy metal release in these phases [31]. Acid rain action lowers soil pH and increases the risk of heavy metal leaching.



(5) Organic matter and clay



Organic matter forms complexes with heavy metals; this binding form is less susceptible to desorption and poses less environmental risk. Strawn found that Pb desorbed slowly from the SOM fraction of the soil and that the type of complex formed between Pb and SOM was stronger than the complex formed on the mineral surface [32]. Yujun found that the higher the organic carbon content of the soil, the higher the content of anti-desorption Hg(II), probably due to the preferential binding of Hg(II) to high-energy sites [33]. In addition, the higher the organic matter, the greater the soil cation exchange capacity and the greater the pH buffering effect [34,35,36].



Clay has a large specific surface area, a high CEC, and specific sorption sites; therefore, it also has a pH buffering capacity [31]. Curtin found that soil buffering capacity was strongly correlated with organic matter and positively correlated with clay content, but the correlation was weak (but significant, p < 0.05); however, the contribution of clay remained significant due to the much larger mass of clay than organic matter in the soil. Clay is estimated to contribute 12–37% (mean 21%) of the pH buffer [34]. Thus, although organic matter has a greater pH buffering effect than clay, the two are considered together because soil clay content is generally greater than organic matter.



(6) Exceedance multiple of heavy metals



The toxicity leaching experiment evaluated the leaching concentration, the proportion of heavy metal form was assessed by the sequential extraction method, and the total metal concentration was not considered. Even though the toxic leaching concentration met the requirements, an increase in soil heavy metal concentration implies an increase in the total amount of potentially releasable metals. In addition, although the leachable form ratio may be low, the amount of leaching increases with the increase in heavy metal concentration. Moreno conducted sorption and desorption experiments on ten soils, and it was found that Pb desorption was low (10%) for Pb concentrations of 500 and 1000 mg/kg; 30~35% for concentrations of 2000, 3000, and 4000 mg/kg; more than 50% for 5000 and 6000 mg/kg [3]. Considering the different toxicity of different heavy metals to the environment, the same concentration standard cannot be used. Thus, we define the exceedance multiple of heavy metals as the ratio between the total amount of heavy metals in soil and the screening value limit of the first type of land in the “Soil Environmental Quality-Construction Land Soil Pollution Risk Control Standard (GB 36600-2018) “. The limit value is set to protect human health and is based on the toxicity of different kinds of heavy metals. When the total amount of heavy exceeds the screening value, there may be risks to human health, and further risk assessment should be carried out. Typical heavy metal screening values for the first type of land are shown in Table 1.




2.2.3. Aquifer Vulnerability


DRASTIC assesses the potential of groundwater contamination based on a weighted combination of seven hydrogeologic parameters. Each DRASTIC parameter is assigned a weight of 1–5 depending on the relative importance of influencing contaminant inflow to groundwater, and different gradations of each parameter are assigned a score of 1–10. The higher the DRASTIC score, the higher the likelihood of contamination [14]. DRASTIC is often used in combination with other assessment indexes and is widely used to assess groundwater risk under various scenarios [14,15,17,18,20]. However, there are still some shortcomings, such as the determination of the scoring scale, weighting factors, and selection of evaluation indexes being subjective and having limitations in application in different regions [37]. Due to the lack of sensitivity of the soil medium (S) [20], while the soil pH, organic matter, and clay can reflect S/S soil properties, we delete the soil medium to better match the s/s heavy-metal-contaminated site characteristics, so the aquifer vulnerability includes the remaining DRATIC for a total of 6 evaluation indexes.




2.2.4. Natural Conditions


The driving force of the long-term risk of S/S heavy metals is mainly the variability in the natural environment, and the influencing factors of natural conditions mainly include indexes such as average annual rainfall, rainfall pH, and the number of freeze–thaw cycles. As the net recharge in DRASTIC is derived from rainfall calculation, the average annual rainfall is no longer included. Acid rain leaching can decrease soil pH, and the lower the rainfall pH, the higher the risk of heavy metal release [30,31]. Freeze–thaw causes changes in the size and stability of soil aggregates, resulting in increased permeability [38], and also accelerates the release of Fe-Mn oxides and dissolved organic matter from the soil, promoting the formation of soluble complexed heavy metals [39], thus allowing heavy metals to enter the aquifer. Therefore, natural conditions include two evaluation indexes: rainfall pH and freeze–thaw cycles.




2.2.5. Index System


Through the analysis and summary, the S/S heavy metal site groundwater pollution risk assessment index system is determined, as shown in Table 2.





2.3. Grading and Scoring Methods of Evaluation Indexes


Selection basis: ① refer to the literature on landfill and regional groundwater risk assessment; ② refer to information on examples of S/S remediation sites; ③ refer to the literature on the correlation between typical heavy metal desorption and soil properties; ④ according to national, industry, and locally prescribed standards; ⑤ grading and scoring of indexes by the expert scoring method.




2.4. Determination of Evaluation index Weights


The weights of each index reflect their importance in groundwater vulnerability assessment. The Analytic Hierarchy Process (AHP) is a multi-criteria decision-making method proposed by Saaty, which has become one of the most commonly used multi-criteria analysis methods to determine the weights of parameters in multi-criteria problems [20,40]. In the AHP method, each problem is modeled from top to bottom in a hierarchy consisting of an objective level, a criterion level, and an indicator level. The scaling method proposed by Saaty (Table 3) is used to score and create a two-by-two comparison matrix to assess the level of importance between the indexes included in a level. The weights are determined by normalizing the two-by-two comparison matrix. The weights are in the range of 0–1, and their sum equals 1.



A certain degree of inconsistency may occur when two criteria comparisons are made in the AHP method. Therefore, the logical consistency of the two-two comparisons must be checked. To measure the consistency of pairwise comparison judgments, the consistency ratio proposed by Saaty is used. The upper limit of this ratio proposed by Saaty is “0.10”. If the consistency ratio calculated for a judgment is lower than 0.10, the judgment is considered to show sufficient consistency to continue the evaluation. If the consistency ratio is higher than 0.10, the judgment is considered inconsistent, and further modifications are needed to reduce the consistency ratio.




2.5. Comprehensive Index Risk Evaluation Model


The four influencing factors are weighted and summed, while the risk assessment index of each influencing factor is equal to the weighted sum of its respective evaluation index. The comprehensive index of groundwater pollution risk (R) of the S/S site is calculated.


  R =   ∑   i = 1  4   X i   W i  = H ×  W H  + S ×  W S  + V ×  W V  + N ×  W N   



(3)






  H =   ∑   i = 1  4   C  1 i    W  1 i    



(4)




where Xi and Wi are the i-th influencing factor score and weight values, respectively;    C  1 i     and    W  1 i     are the score and weight of each index in the site hazard (H), respectively; the rest of each influencing factor is calculated by referring to Equation (4).





3. Results and discussion


3.1. Index Classification and Scoring


Evaluation indicators are divided into qualitative and quantitative indicators, qualitative indicators are classified into different risk levels according to different categories of indicators, and quantitative indicators are classified into different risk levels according to different value ranges of indicators. Each evaluation indicator is scored from 1 to 10 according to the risk level, with 1 representing the least risk and 10 representing the most risk.



The grading method and scoring values are shown in Table 4, Table 5, Table 6 and Table 7. The following is the grading and scoring process for several significant indexes.



3.1.1. Site Hazard Index Classification and Scoring


In evaluating the site size index, reference is made to the landfill size classification and the literature related to the status of Remediation of contaminated sites in China. The landfill’s first level is 5000 m3 and the maximum level is 500,000 m3 [18,41]. As landfills are generally large, it is necessary to reduce the corresponding value when evaluating the site scale index of contaminated sites. Ma surveyed 76 contaminated sites in China to support future remediation decisions of contaminated sites [42], and the scale of 76 sites ranged from 100 to 1,530,000 m3. To make these sites roughly evenly distributed in each grading, we take the first level as 2500 m3. The rest of the grading is shown in Table 4. After grading, the 76 sites in each grading proportion are 26%, 18%, 21%, 21%, and 13%; the most is in the 1st level, the least is in the 5th level, and the other levels are roughly the same distribution.



When evaluating the indexes of bottom protection, the environmental risk of heavy metals to groundwater can be significantly blocked when the site is equipped with a double-layer composite impermeable, so a minimum score of 1 is given. When no protection measures are equipped, and the underlying medium is natural sand and gravel, it means that almost all heavy metals can enter the groundwater after being re-released, and the environmental risk is greatest, so a maximum score of 10 is given. Other protective measures are given intermediate scores according to the protective effect.




3.1.2. Contaminant Stability Index Grading and Scoring


In evaluating the organic matter and clay indexes, we refer to the Siga model rating curve for assigning scores. The Siga model establishes the vulnerability rating curve of the soil by the dry weight content of clay and organic matter, and the vulnerability rating is inversely proportional to the organic matter and fines content, with the maximum risk (CNS = 10) set at 0% and the minimum risk (CNS = 1) ≥ 65% [43], calculated as follows.


     C  N S   = 10 − 13.85    F A  +  F  M O      



(5)




where    C  N S     is the soil vulnerability class, and    F A    and    F  M O     are the clay and organic matter content, respectively.



In evaluating soil pH index, the effect of pH on soil buffering capacity and heavy metal leaching is considered comprehensively. As pH exhibits different properties for heavy metals in cationic groups (Pb, Cu, Zn, Cd, Ni, Hg) and heavy metals in anionic groups (Cr, As), they need to be discussed separately.



For cationic heavy metals, remediation agents can increase soil pH to increase soil resistance to acid erosion [36,44], while increasing pH also causes heavy metals to precipitate or adsorb into the soil, reducing heavy metal leaching [45,46]. Thus, a soil pH of 7.5–10 is the lowest risk. However, many heavy metals will exhibit amphoteric behavior in alkaline regions with high pH. Leaching of Pb increases with an increasing dosage of stabilizing agents [47]; Cu leaching rate is usually lowest at slightly alkaline pH, but at high alkaline conditions (>10), leaching increases due to the formation of soluble hydroxide complexes instead [48]. In addition, at high-alkaline conditions, partial dissolution of soil organic matter increases the leachability of heavy metals by binding Pb and Cu to dissolved organic matter [49], so when pH ≥ 10, we give a slightly higher risk value of 3. The risk gradually increases when the pH decreases; therefore, the assigned score also gradually increases.



Cr and As occur as oxygen anions and are at greatest risk in the strongly acidic range as cationic heavy metals. In the alkaline pH range, on the one hand, it increases soil buffering capacity, but the increased OH- also competes with anionic heavy metals for sorption sites while increasing the risk of conversion of Cr(III) to Cr(VI) and As(V) to As(III), both more mobility and toxicity [48]. In addition, under highly alkaline conditions, soil-dissolved organic matter can compete with As for adsorption sites [50]. In the weak acid range, soil surface H+ increases, leading to the adsorption of anions [51]. Many studies have also found the lowest Cr and As leaching concentrations in the 6.5–7.5 range [52,53], thus giving a minimum score of 1, a higher score in the highly alkaline and acidic regions, and intermediate values in the rest.




3.1.3. Aquifer Vulnerability Index Classification and Scoring


Considering that the DRASTIC model is widely used with better results [14,20], we directly use the range of values and scores of the parameters in DRASTIC.




3.1.4. Grading and Scoring of Natural Condition Indexes


The greater the number of freeze–thaw cycles, the greater the effect on soil damage [54]. Zhongping found that the rate of increase in Pb2+ leaching concentration was relatively low when the number of freeze–thaw cycles was less than 30, and the rate of increase in Pb2+ leaching concentration increased as the number of freeze–thaw cycles increased [55]. We use the website of the China Meteorological Administration to find the meteorological statistics of representative cities in China during 1997–2006 and count a freeze–thaw cycle when the temperature is below −5 °C and the temperature increases to above +5 °C on the same day. We calculate the number of freeze–thaw cycles in the representative cities of China and find that the number of freeze–thaw cycles in the representative cities of China ranges from 0 to 78. As the effect on S/S heavy metals is not obvious at a lower number of freeze–thaw cycles (compared with 30) [55], the first level is set to 5 times and the maximum level is set to 50 times.





3.2. Calculation of Weights


The judgments (relative importance of the parameters) in the two-by-two comparison matrix are determined by reviewing the relevant literature and consulting a team of experts through a questionnaire to synthesize the opinions. We use the example of contaminant stability to illustrate the process of calculating the weights.



First, the judgment matrix (Table 8) is constructed, the judgment matrix is solved using the sum-product method, the eigenvectors of the judgment matrix are calculated as ω = [0.2218, 0.0459, 0.0459, 0.3831, 0.2218, 0.0814]T, the maximum eigenvalue λmax = 6.03, the consistency index CI = 0.0054, and the random consistency index RI = 1.24. Consistency ratio CR = 0.0043, CR < 0.10, indicating that the consistency of the judgment matrix hierarchical single ordering is acceptable. Therefore, C21–C26 weights are 0.2218, 0.0459, 0.0459, 0.3831, 0.2218, and 0.0814, respectively. The weights of the remaining indexes are shown in Table 2, the hierarchical total ranking weights also need to be tested for consistency, and the hierarchical total ranking value CR = 0.0082, CR < 0.10 indicates that the consistency of hierarchical total ranking is acceptable.



After obtaining the original weights of the 4 influencing factors in the criterion level and the 18 evaluation indicators in the indicator layer, the original weights of the criterion level and the original weights of the evaluation indicators in the indicator layer are multiplied to obtain the comprehensive weights of each evaluation indicator, and the sum of all indicator weights is also 1.



The comprehensive weights of the evaluation indicators within the 4 influencing factors are added to obtain the comprehensive weights of the 4 influencing factors. The comprehensive weights of site hazard, contaminant stability, aquifer vulnerability, and natural conditions are 0.1894, 0.3508, 0.3508, and 0.1090, respectively, which also represent the weighting of the 4 influencing factors on the groundwater pollution risk assessment of 18.94%, 35.08%, 35.08%, and 10.90%, respectively. This indicates that the contaminant stability and aquifer vulnerability of the S/S site has the most significant degree of influence on groundwater. Increasing the stability of S/S contaminants and selecting sites with higher aquifer vulnerability can reduce the risk of groundwater contamination by S/S heavy metals. We also reduce the risk of groundwater contamination by installing additional engineering protection measures to reduce the site hazard.



According to Figure 3, it can be seen that the most significant weight among the 18 evaluation indicators is the leachable form ratio, which is 0.1344, followed by depth to water table and impact of vadose zone, both of which are 0.1013. The leachable form ratio determines the percentage of S/S heavy metals easily re-released by external influence, which directly reflects the remediation effect of S/S remediation agents, and this evaluation indicator should be considered first when selecting S/S remediation agents. Depth to water table and impact of vadose zone reflect the inherent vulnerability of groundwater at S/S sites, and these two indicators need to be considered first when selecting a site for S/S heavy metal soil landfill.



The least weight is given to side protection at 0.0112, followed by topography and the number of freeze–thaw cycles, both with a weight of 0.0158, indicating that these indicators can be appropriately dropped from consideration when weighing groundwater risk and remediation costs. However, although these indicators have a small weight among all evaluation indicators, it should be noted that the weights only assess the relative importance of these indicators and do not mean that they are absolutely unimportant.




3.3. Evaluation Level Classification


The sum of all evaluation index weights is 1, and all evaluation index scores are between 1 and 10, implying that the R calculated by Equations (3) and (4) takes a value between 1 and 10. The equal spacing method is used to classify the pollution risk into five intervals (Table 9), corresponding to five risk levels in turn (very low risk [0, 2), low risk [2, 4), medium risk [4, 6), high risk [6, 8), and very high risk [8, 10]). Environmental management can establish regulatory measures adapted to the risk level.




3.4. Case Study


3.4.1. Study Site


The study area is located in a site left after the relocation of a chemical enterprise in Liaoning Province, Northeast China. The site has about 20 years of history so far. The soil heavy metals As and Cd in the site exceed the standard. The contaminated area is 89,036 m2. After the contaminated soil is stabilized to meet the standard, the site is planned as a park green space and square. Most of the site is flat. Some areas are slightly undulating, and the shallow stratigraphic lithology mainly consists of clay, gravel, industrial waste, etc., with a gravel content of 30% to 50%, particle sizes of 1 to 15 cm, a seed diameter greater than 20 cm block, and a deep stratigraphic lithology of medium weathering block gray dolomite, debris structure, and laminar structure. The groundwater level is shallow, generally about 0.40~3.60 m underground. The main aquifer is a miscellaneous fill and strongly weathered dolomitic tuff, and groundwater mainly receives atmospheric precipitation and infiltration recharge from surrounding rivers. The project area belongs to a temperate continental monsoon climate, four distinct seasons, and mild climate. The average annual temperature is 11.6 °C, the average yearly rainfall is 581.30 mm, and precipitation is mainly concentrated in the May–September flood season, accounting for about 70% of the total annual rainfall. The heavy-metal-contaminated soil in the project area has been remediated with stabilizing agents in the early stage. The stabilizing agents are mainly alkaline oxides. The compound curing/stabilizing agents contain Ca, Si, Al, and other components, with an addition ratio of 3%, and the toxic leaching concentration of heavy metals in the soil after remediation meets the limit value.




3.4.2. Risk Assessment


Our objective is to apply a risk assessment model to evaluate the risk of groundwater contamination when the stabilized soil is landfilled in situ by collecting information and remediation parameters in the project area, and it can provide a reference basis for later project decisions. We assume two scenarios. Scenario 1: Stabilization of heavy-metal-contaminated soil and direct landfill in place. Scenario 2 is supplemental protective measures around the landfill site. The parameter values of each evaluation index are shown in Table 10 below.



The combined groundwater contamination risk indices for As and Cd are 4.55 and 4.58 at a direct landfill, respectively, both being medium risk, and when supplemented with protective measures, the combined groundwater contamination risk indices for As and Cd are 3.98 and 4.02, respectively, with the risk of As to groundwater reduced to low risk, but Cd still being medium risk.



In both scenarios, Cd’s integrated index of groundwater contamination risk is greater than that for As. As we can see from Figure 4, the reason is that the stability scores of Cd and As are 1.16 and 1.12 for contaminants in both scenarios, which indicates that the stability of Cd in S/S soil is lower than that of As in this site, resulting in a greater risk of groundwater contamination. Further analysis of the differences in the evaluation indexes of the indicator layer shows that Cd and As have different scores in the leachable form ratio and soil pH, with 0.67 and 0.40 for the leachable form ratio and 0.08 and 0.31 for the soil pH, respectively. A proportion of 12.5% of the Cd leachable form ratio is greater than 9.05% of the As, resulting in the index levels of level 3 and level 2 for the leachable form ratio of Cd and As, respectively (Table 5) and assigning scores of 5 and 3, respectively, with greater risk for Cd. There have been many studies showing that Cd in soil heavy metals belong to high activity and easy release [51,56,57], and further research is needed to reduce the leachable form ratio of Cd.



Although the soil pH is 9.05, Cd and As have different properties for pH changes due to their cationic and anionic group heavy metals, respectively.



In the soil pH index, Cd and As are graded as level 2 and level 3 and assigned different scores of 1 and 4, respectively (Table 5), with As being more risky.



The different scores assigned to the two heavy metals multiplied by the evaluation index weights result in different scoring values. Therefore, for compound heavy-metal-contaminated sites, the effect of soil pH change on different heavy metal ions needs to be considered comprehensively, and the soil pH control near 7.5 may be less risky for different heavy metals (Table 5) [45,46,52,53].



We calculate the sum of the scores of aquifer vulnerability as a percentage of the total score of all evaluation indicators in each scenario and then find the arithmetic mean. The average percentage of aquifer vulnerability score reaches 45.50%. However, the weight of the aquifer vulnerability is only 35.08%, indicating that the site groundwater is vulnerable to contamination and in situ landfill S/S soil is at risk.



It can also be seen that to reduce the risk of in situ landfill S/S soil, on the one hand, the stability of S/S heavy metals can be improved, and the other is to actively deploy protective measures. To further reduce the risk, the terrain’s slope can be increased to improve the surface drainage capacity. When the slope of the ground is increased to 6%, the index score can be reduced from 10 to 5, so the comprehensive index of groundwater pollution risk of As and Cd can be reduced to 3.94 and 3.90, both of which are low risk.






4. Conclusions


S/S heavy-metal-contaminated soils still have the risk of secondary groundwater contamination, and if the stabilized soils are all transported to landfills for disposal, not only is the economic cost high, but land resources will also be wasted. There is a lack of groundwater risk assessment models for the special vulnerability of S/S heavy-metal-contaminated sites. Therefore, we constructed a groundwater pollution risk assessment index system including 4 influencing factors such as site hazard, pollutant hazard, aquifer vulnerability, and natural conditions with a total of 18 evaluation indexes by analyzing the system structure of solidified/stabilized heavy-metal-contaminated sites. Each evaluation index was graded and assigned a scoring value; combined with AHP to calculate index weights, the isometric method was used to classify the pollution risk into five risk levels, and a groundwater comprehensive index pollution risk assessment model was established.



The model was applied to the actual site, and the results showed that the combined groundwater contamination risk indices for As and Cd were 4.55 and 4.58 for the direct landfill scenario of remediated soil, respectively, both of which were medium risk. When the perimeter protection measures were supplemented, the combined groundwater contamination risk indices for As and Cd were 3.98 and 4.02, and the risk of As to groundwater was reduced to low risk, but Cd was still medium risk. In both scenarios, the combined groundwater contamination risk index for Cd was greater than that for As because the contaminant stability of As was higher than that of Cd at the modified site.



The original site’s hydrogeological conditions are fragile, groundwater is susceptible to contamination, and in situ landfilling of consolidated/stabilized soil is risky. To further reduce the risk, the topographic slope was increased, thereby increasing the surface drainage capacity, which reduced the combined groundwater contamination risk index to 3.94 and 3.90 for As and Cd, respectively, both of which were low risk.



This study provides a new method for assessing the risk of groundwater contamination at solidified/stabilized heavy-metal-contaminated sites, which is simple and practical and requires less work and data. It is easy to operate and also suitable for comparative evaluation of S/S sites, allowing priority levels to be set for effective management of S/S heavy-metal-contaminated sites. In addition, the assessment system can provide a reference for the selection of remediation agents for S/S remediation, evaluation of remediation effects, and also for the selection of new landfill areas for S/S heavy metal soils; the proposed method can suggest better site selection and construction strategies to protect the surrounding environment.



Due to the limitations of the collected data and evaluation methods, the established risk evaluation index system and evaluation results have a certain degree of uncertainty. Long-term soil and groundwater environmental monitoring of S/S heavy-metal-contaminated sites is needed to further verify the method’s practicality.
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Figure 1. The conceptual model for risk assessment of groundwater contamination at S/S sites. 
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Figure 2. Groundwater pollution risk assessment framework diagram of the S/S site. 
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Figure 3. Evaluation indicators weights. 
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Figure 4. Influence factor score values. 
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Table 1. Soil pollution risk screening value and toxic leaching concentration limits of typical heavy metals.
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	Heavy Metal Type
	Pb
	Cu
	Zn
	Cd
	Ni
	Cr(VI)
	As
	Hg





	Screening value (mg/kg)
	400
	2000
	-
	20
	150
	3
	20
	8



	Leaching concentration limit (mg/L)
	5
	100
	100
	1
	5
	5
	5
	0.1










 





Table 2. Index system for assessing the risk of groundwater contamination at S/S heavy metal sites.






Table 2. Index system for assessing the risk of groundwater contamination at S/S heavy metal sites.





	
Target Layer A

	
System Layer B

	
Index Layer C




	
Influencing Factors

	
Weight

	
Evaluation Indexes

	
Original Weight

	
Combined Weight






	
Risk assessment of groundwater contamination at S/S heavy metal sites

	
Site Hazard B1

	
0.1893

	
Site Size C11

	
0.5132

	
0.0972




	
Top protection C12

	
0.1478

	
0.0280




	
Side protection C13

	
0.0594

	
0.0112




	
Bottom protection C14

	
0.2800

	
0.0530




	
Contaminant stability B2

	
0.3509

	
Exceedance multiple of heavy metals C21

	
0.2218

	
0.0778




	
Stabilization efficiency C22

	
0.0459

	
0.0161




	
Toxicity leaching factor C23

	
0.0459

	
0.0161




	
Leachable form ratio C24

	
0.3831

	
0.1344




	
Soil pH C25

	
0.2218

	
0.0778




	
Organic matter and clay C26

	
0.0814

	
0.0286




	
Aquifer Vulnerability B3

	
0.3509

	
Depth to water table C31

	
0.2887

	
0.1013




	
Net recharge of aquifer C32

	
0.1724

	
0.0605




	
Topography C33

	
0.0451

	
0.0158




	
Impact of vadose zone C34

	
0.2887

	
0.1013




	
Hydraulic conductivity C35

	
0.1024

	
0.0359




	
Aquifer media C36

	
0.1024

	
0.0359




	
Natural conditions B4

	
0.1094

	
Rainfall pH C41

	
0.8559

	
0.0936




	
Freeze-thaw cycle C42

	
0.1427

	
0.0156











 





Table 3. The comparison scale in AHP.






Table 3. The comparison scale in AHP.





	Scale
	Definition (Compare Impact Factors a and b)





	1
	Equal importance



	3
	Weak importance of one over another



	5
	Essential or strong importance



	7
	Demonstrated importance



	9
	Absolute importance



	2,4,6,8
	Intermediate values between the two adjacent judgments



	Reciprocals
	If activity a has one of the above nonzero numbers assigned to it when compared with activity b, then b has the reciprocal value when compared with a










 





Table 4. Site hazard risk assessment index system grading and scoring.






Table 4. Site hazard risk assessment index system grading and scoring.





	
Evaluation Indexes

	
Classification of Indexes




	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5






	
Site size/m3

	
<0.25 × 103

	
0.25 × 103~1.5 × 104

	
1.5 × 104~5 × 104

	
5 × 104~20 × 104

	
≥20 × 104




	
Rating

	
1

	
2

	
4

	
7

	
10




	
Top protection

	
Concrete

	
Compacted clay

	
Soil

	
None

	




	
Rating

	
1

	
3

	
5

	
10

	




	
Side protection

	
Double-layer composite impermeable

	
Single layer protection

	
Concrete

	
None

	




	
Rating

	
1

	
3

	
4

	
10

	




	
Bottom protection

	
Double-layer composite impermeable

	
Single layer protection

	
Concrete

	
Natural powdered clay

	
Natural gravel




	
Rating

	
1

	
3

	
4

	
5

	
10











 





Table 5. Contamination stability risk assessment index system grading and scoring.
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Evaluation Indexes

	
Classification of Indexes




	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5






	
Exceedance multiple of heavy metals/times

	
<1

	
[1, 5)

	
[5, 10)

	
[10, 20)

	
≥20




	
Rating

	
1

	
3

	
5

	
7

	
10




	
Stabilization efficiency/%

	
≥95

	
[90, 95)

	
[80, 90)

	
[70, 80)

	
<70




	
Rating

	
1

	
2

	
4

	
7

	
10




	
Toxicity leaching factor

	
<0.1

	
[0.1, 0.3)

	
[0.3, 0.6)

	
[0.6, 0.9)

	
≥0.9




	
Rating

	
1

	
2

	
4

	
7

	
10




	
Organic matter and clay/%

	
≥65

	
[40, 65)

	
[30, 40)

	
[10, 30)

	
<10




	
Rating

	
1

	
3

	
5

	
7

	
10




	
Soil pH (cation)

	
≥10

	
[7.5, 10)

	
[6.5, 7.5)

	
[5, 6.5)

	
<5




	
Rating

	
3

	
1

	
4

	
7

	
10




	
Soil pH (anionic)

	
≥10

	
[7.5, 10)

	
[6.5, 7.5)

	
[5, 6.5)

	
<5




	
Rating

	
7

	
4

	
1

	
3

	
10




	
Leachable form ratio/%

	
<1

	
[1, 10)

	
[10, 30)

	
[30, 50)

	
≥50




	
Rating

	
1

	
3

	
5

	
7

	
10











 





Table 6. Aquifer vulnerability risk assessment index system grading and scoring.
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Evaluation Indexes

	
Classification of Indexes




	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5

	
Level 6

	
Level 7

	
Level 8

	
Level 9

	
Level 10






	
Depth to water table/m

	
≥30.5

	
[22.9, 30.5)

	
[15.2, 22.9)

	
[9.1, 15.2)

	
[4.6, 9.1)

	
[1.5, 4.6)

	
<1.5

	

	

	




	
Rating

	
1

	
2

	
3

	
5

	
7

	
9

	
10

	

	

	




	
Net recharge of aquifer/mm

	
<51

	
[51, 102)

	
[102, 178)

	
[178, 254)

	
≥254

	

	

	

	

	




	
Rating

	
1

	
3

	
6

	
8

	
10

	

	

	

	

	




	
Topography/%

	
≥18

	
[12, 18)

	
[6, 12)

	
[2, 6)

	
<2

	

	

	

	

	




	
Rating

	
1

	
3

	
5

	
9

	
10

	

	

	

	

	




	
Impact of vadose zone

	
Clay

	
Loam

	
Sandy loam

	
Silt

	
Fine Sand

	
Sand

	
Medium sand

	
Coarse sand

	
Sand and gravel

	
Gravel




	
Rating

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
Aquifer media

	
Clay

	
Loam

	
Sandy loam

	
Silt

	
Fine Sand

	
Sand

	
Medium sand

	
Coarse sand

	
Sand and gravel

	
Gravel




	
Rating

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10




	
Hydraulic conductivity (m/day)

	
<4

	
[4, 12)

	
[12, 28)

	
[28, 40)

	
[40, 80)

	
≥80

	

	

	

	




	
Rating

	
1

	
2

	
4

	
6

	
8

	
10

	

	

	

	











 





Table 7. Grading and scoring of natural conditions risk assessment index system.
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Evaluation Indexes

	
Classification of Indexes




	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5






	
Rainfall pH

	
≥5.6

	
[5, 5.6)

	
[4, 5.5)

	
<4.5

	




	
Rating

	
1

	
5

	
7

	
10

	




	
Freeze–thaw cycle/time

	
<5

	
[5, 15)

	
[15, 30)

	
[30, 50)

	
≥50




	
Rating

	
1

	
3

	
5

	
7

	
10











 





Table 8. Contaminant stability judgment matrix.






Table 8. Contaminant stability judgment matrix.





	Contaminant Stability B2
	Exceedance Multiple of Heavy Metals C21
	Stabilization Efficiency C22
	Toxicity Leaching Factor C23
	Leachable Form Ratio C24
	Soil pH C25
	Organic Matter

and Clay C26





	Exceedance multiple

of heavy metals C21
	1
	5
	5
	1/2
	1
	3



	Stabilization efficiency C22
	1/5
	1
	1
	1/7
	1/5
	1/2



	Toxicity leaching factor C23
	1/5
	1
	1
	1/7
	1/5
	1/2



	Leachable form ratio C24
	2
	7
	7
	1
	2
	5



	Soil pH C25
	1
	5
	5
	1/2
	1
	3



	Organic matter

and clay C26
	1/3
	2
	2
	1/5
	1/3
	1










 





Table 9. Risk level grading.






Table 9. Risk level grading.





	Grading
	Very Low Risk
	Low Risk
	Medium Risk
	High Risk
	Very High Risk





	Rating value (R)
	[0, 2)
	[2, 4)
	[4, 6)
	[6, 8)
	[8, 10]










 





Table 10. Groundwater risk assessment under each scenario.
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Influencing Factors

	
Evaluation Indexes

	
Indicator Values

	
Rating




	
Scenario 1

	
Scenario 2

	
Scenario 1

	
Scenario 2




	
As

	
Cd

	
As

	
Cd

	
As

	
Cd

	
As

	
Cd






	
Site Hazard

	
Site size/m3

	
118,439

	
118,439

	
118,439

	
118,439

	
0.68

	
0.68

	
0.68

	
0.68




	
Top protection

	
None

	
None

	
Concrete

	
Concrete

	
0.28

	
0.28

	
0.03

	
0.03




	
Side protection

	
None

	
None

	
Double-layer composite impermeable

	
Double-layer composite impermeable

	
0.11

	
0.11

	
0.01

	
0.01




	
Bottom protection

	
Natural silty clay

	
Natural silty clay

	
Double-layer composite impermeable

	
Double-layer composite impermeable

	
0.27

	
0.27

	
0.05

	
0.05




	
Contaminant Stability

	
exceedance multiple of heavy metals/times

	
3.25

	
3.55

	
3.25

	
3.55

	
0.23

	
0.23

	
0.23

	
0.23




	
Stabilization efficiency/%

	
96.5%

	
95.1%

	
96.5%

	
95.1%

	
0.02

	
0.02

	
0.02

	
0.02




	
Toxicity leaching factor/%

	
0.55

	
0.02

	
0.55

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02




	
Leachable form ratio/%

	
3.02

	
12.5

	
3.02

	
12.5

	
0.40

	
0.67

	
0.40

	
0.67




	
Soil pH

	
9.05

	
9.05

	
9.05

	
9.05

	
0.31

	
0.08

	
0.31

	
0.08




	
Organic matter and clay/%

	
36.5

	
36.5

	
36.5

	
36.5

	
0.14

	
0.14

	
0.14

	
0.14




	
Aquifer Vulnerability

	
Depth to water table /m

	
2.4

	
2.4

	
2.4

	
2.4

	
0.91

	
0.91

	
0.91

	
0.91




	
Net recharge of aquifer /mm

	
93.09

	
93.09

	
93.09

	
93.09

	
0.18

	
0.18

	
0.18

	
0.18




	
Topography e/%

	
1.2

	
1.2

	
1.2

	
1.2

	
0.16

	
0.16

	
0.16

	
0.16




	
Impact of vadose zone

	
Clay/Gravel

	
Clay/Gravel

	
Clay/Gravel

	
Clay/Gravel

	
0.41

	
0.41

	
0.41

	
0.41




	
Hydraulic conductivity (m/d)

	
18.5

	
18.5

	
18.5

	
18.5

	
0.14

	
0.14

	
0.14

	
0.14




	
Aquifer media

	
Clay/Gravel

	
Clay/Gravel

	
Clay/Gravel

	
Clay/Gravel

	
0.14

	
0.14

	
0.14

	
0.14




	
Natural Conditions

	
Rainfall pH

	
5.6

	
5.6

	
5.6

	
5.6

	
0.09

	
0.09

	
0.09

	
0.09




	
Freeze–thaw cycle/times

	
12

	
12

	
12

	
12

	
0.05

	
0.05

	
0.05

	
0.05




	
Composite Index (R)

	
4.55

	
4.58

	
3.98

	
4.02
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