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Lead in yard soils has been recognized as the principal source of excess lead absorption among young children. The hazard imposed by soil lead is dependent on the geochemical forms of lead in soils. Soil properties such as pH, soil organic matter, clay, and carbonate content influence the geochemical forms of lead in soil. This study was conducted to investigate the correlation between soil properties and the geochemical speciation of lead in lead paint-contaminated residential soils from three major US cities. A comprehensive field survey was conducted, involving the collection of soils from ten houses in each of the cities: Baltimore, San Antonio, and Detroit. The influence of soil properties on geochemical speciation was analyzed to identify effective immobilization amendments for each soil type. Results showed that soils collected from San Antonio were slightly alkaline, whereas those from Baltimore were slightly acidic. Soils collected from Detroit were neutral to mildly alkaline in pH. San Antonio soils had relatively high soil salinity, high clay content, moderate to high soil organic matter (SOM), and high total carbon (TC). In contrast, soils collected from Baltimore had lower salinity and clay content, low SOM, and total carbon. Soils from Detroit exhibited relatively high salinity, clay, SOM, and TC contents. The average total soil lead concentrations were as follows; San Antonio 4,073 mg/kg, Baltimore 2,706 mg/kg, and Detroit 850 mg/kg. Geochemical speciation studies revealed significant differences in lead distribution among the studied soils. San Antonio soils exhibited high carbonate-bound and organic matter-bound fractions, while Baltimore soils had elevated soluble + exchangeable fractions. Detroit soils showed substantial lead in organic matter-bound fractions. Correlation analysis showed that the soil properties influencing exchangeable lead, were pH, total Al, and total Ca for San Antonio soils; pH and total P for Baltimore soils; and SOM and total Al for Detroit soils. Correlation analysis showed that there is a significant negative correlation (p < 0.05) between exchangeable lead and total Al (r = −0.653), and total Ca (r = −0.438) for San Antonio soils; pH (r = −0.286) and total p (r = −0.314) for Baltimore soils; and SOM (r = −0.628) and total Al (r = −0.408) for Detroit soils. Based on these results, the best potential immobilization amendments for each of these cities were predicted.
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1 INTRODUCTION
Several studies have documented the harmful health effects of exposure to lead. In residential areas, one of the primary sources of lead absorption in young children is lead present in soils, originating mainly from deteriorating lead-based paints in homes constructed before the 1978 ban on such paints by the US Consumer Product Safety Commission (Clark and Knudsen, 2013). Before 1955, white paint contained up to 50% lead. Federal law lowered the amount of lead allowable in paint to 1% in 1971. In 1977, the Consumer Products Safety Commission limited lead in most paints to 0.06%. Since 2009, the lead allowable in most paints is 0.009%. (Clark et al., 1991; LeBlanc et al., 2022). The deterioration of lead paint from inside and outside these older homes can result in dangerously high concentrations of lead in house dust and the soil.
Lead in peeling paint chips, soil, and dust pose a risk to human health, especially to children (Jacobs et al., 2002). Lead contamination from lead-based paint can result in soil lead concentrations much greater than the US Environmental Protection Agency (USEPA) lead hazard cutoff value of 400 mg/kg (USEPA, 2001). Urban children are at risk of increased blood lead levels (BLL) due to contaminated soils in their backyards (Laidlaw and Filippelli, 2008; Burki, 2020). Many studies reported that lead concentrations in urban residential soil are highly correlated with elevated BLL in children (Canfield et al., 2003; Brown and Margolis, 2012; Egan et al., 2021). Despite the efforts made by the government to reduce residential exposure to lead, there exists a significant number of houses in every city in the U.S. that were built before the 1980s, that contain lead-based paint. For example, in San Antonio, TX, 52% of all owner-occupied housing units and 49% of all renter-occupied units were built before 1980, which translates to 141,426 owner units and 97,843 renter units (Saminathan et al., 2010). Several studies have reported that remediation of yard soil in lead paint-contaminated homes results in a substantial lowering of (BLL) in children (Laidlaw et al., 2017).
Traditional soil lead cleanup is achieved by soil removal for off-site disposal. Excavation of residential yards is disruptive to the residents and the neighborhood, and also very expensive. Hence, in situ lead immobilization techniques are considered more practical. These techniques aim to reduce the mobility and bioavailability of lead in contaminated soils, thereby minimizing its adverse health effects at a low cost. Immobilization can be achieved using inexpensive amendments that could be organic (e.g., biochar, compost), inorganic (e.g., phosphate-based compounds, lime), or soil stabilizers (e.g., iron oxides, clay minerals) (Bardy et al., 2003; Martin et al., 2008; Mahar, et al., 2015; Gomes et al., 2022). Adding phosphorus (p) to lead-contaminated soils from various sources has become a widespread practice to precipitate lead as stable compounds with low solubility. However, there is an ecological risk associated with this process. Although lead-phosphates (e.g., pyromorphites) are typically stable, some of the exchangeable p species can migrate out of the soil and cause eutrophication of surrounding water bodies (Guo et al., 2006). More sustainable amendments are being studied to immobilize lead in lead paint-contaminated soils.
The success of such amendments in mitigating lead mobility and bioavailability is governed by multiple factors, such as the extent of lead contamination, soil physicochemical characteristics, and geochemical speciation of lead in soil. Determining the total lead concentration alone is insufficient to fully assess lead availability, as soil properties play a crucial role in determining the mobility and potential health effects of lead (Manceau et al., 1996). Lead speciation, solubility, adsorption-desorption processes, availability for uptake by plants, and human bioavailability are influenced by soil properties, such as pH, organic matter content, cation exchange capacity, clay mineralogy, and redox potential (Saminathan et al., 2010). The determination of the concentrations of various geochemical forms of lead is thus central to risk assessment.
Despite its significance, there have been fewer studies characterizing geochemical lead speciation in residential soils (McBride et al., 1997; Andra et al., 2006; Zhang et al., 2022). Identifying the key soil properties that influence lead bioavailability can help design targeted soil management approaches for specific contaminated sites, ensuring the effective immobilization and long-term stability of lead in the soil matrix. Thus, a thorough understanding of the relationship between soil properties and the mobility of lead is crucial for the selection of effective soil management and remediation strategies. By elucidating these relationships, the most suitable soil immobilization amendments can be identified, and site-specific, targeted approaches for mitigating the environmental and health risks associated with lead-contaminated residential soils can be developed.
The objectives of the present study were to 1) Evaluate the concentrations and the geochemical speciation of lead in contaminated residential soils from Baltimore, Maryland; San Antonio, Texas; and Detroit, Michigan, in relation to their varying physico-chemical properties, and 2) Investigate the relationships between different soil properties and lead mobility and soluble and exchangeable lead fractionsin these contaminated soils. The results can guide the development of targeted remediation strategies in each city and facilitate the development of area-specific soil management techniques. Furthermore, the results from the present study can serve as a foundation for further research to explore the long-term effectiveness of soil amendments in lead immobilization, offering sustainable solutions for lead-contaminated soils in residential areas.
2 MATERIALS AND METHODS
2.1 Residential soil collection, preparation, and characterization
Ten houses each in the cities of Baltimore, San Antonio, and Detroit were selected, and a detailed grid survey of lead concentrations was conducted using a handheld portable X-Ray Fluorescence Analyzer (pXRF, Thermo Fisher Scientific, Niton XL3t) in 4 ft2 grids. Based on the pXRF analysis, at each housing unit, soil samples were collected from lead hotspots. These samples were collected at a depth of 0–15 cm from five distinct locations within each housing unit. Subsequently, a composite sample was generated by homogenizing these five individual samples. In the laboratory, soil samples were air-dried and passed through a 2 mm sieve before characterization.
The soils were characterized for texture, pH, salinity (EC), Cation Exchange Capacity (CEC), total lead, iron (Fe), aluminum (Al), calcium (Ca), magnesium (Mg), and P, Soil organic matter (SOM), and total carbon (TC). The standard protocols outlined in the Soil Science Society of America Handbook for Chemical and Mineralogical Analysis described in Sparks et al. (2020) were followed for soil characterization. Soil Organic Matter in samples was determined using the loss on ignition (LOI) method described in Schulte and Hopkins (1996). Total elemental concentrations were determined by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Agilent Technologies 5100). Total metals were determined after acid digestion with HNO3 and H2O2 following USEPA Method 3050B (USEPA, 1996a). Lead concentrations obtained using pXRF were compared with those obtained using ICP-OES to assess pXRF reliability. All extractions and analyses were done in triplicate. The Quality Assurance/Quality Control protocols in Soil Sampling Quality Assurance User’s Guide (U.S. EPA, 2023; Barth et al., 1989) and Acid Digestion of Sediments, Sludges, and Soils (USEPA, 1996a) were followed for soil sampling and analysis in this study.
2.2 Geochemical speciation of lead in soil
Soil samples were sequentially extracted following the scheme established by Tessier et al. (1979) and modified by Carbonell-Barrachina et al. (1999). Five geochemical fractions of Pb (i.e., F-1 Soluble + Exchangeable; F-2 carbonate-bound; F-3 oxides-bound; F-4 organic matter-bound; and F-5 residual silicate-bound) in all soil fractions were determined. Briefly, (1) 1 g oven-dried soil sample was extracted soil at room temperature (25°C) for 30 min with 8 mL 0.5M Mg (NO3)2, adjusted to a pH of 7.0, to obtain the F-1 fraction. (2) The residual soil was extracted using 8 mL of 1M NaOAc, adjusted to pH 5.0 with acetic acid for the carbonate-bound Pb fraction (F-2). (3) Extraction of the F-3 fraction from the residual soil from step 2 was done at 96°C for 6 h with 20 mL 0.08M NH2OH.HCl in 25% acetic acid, adjusted to pH 5.0 with acetic acid. (4) The Organic matter-bound Pb fraction (F-4) was extracted from the residual soil obtained from the previous step at 85°C for 5 h with 3 mL 0.02M HNO3 and 5 mL 30% H2O2 (adjusted to pH 2.0 with HNO3). After cooling, 5 mL of 3.2M CH3COONH4 in 20% (v/v) HNO3 was added. (5) The residual silicate bound Pb (F-5) was then obtained by digestion of the residual soil sample from step 4 with 25 mL concentrated HNO3 at 105°C. The mixture from each step were centrifuged for 20 min at 3,500 x g to separate the supernatant from the residuals. The supernatant was collected and filtered for ICP-OES analysis for lead. The residual soil from each step were weighed and used for the next step in the sequential extraction procedure.
2.3 Statistical analyses
Pearson’s correlation analysis was employed to identify the relationship between various soil properties and lead fractions. The significance level of correlations was determined at a 95% confidence interval (p < 0.05). Parametric statistical tests necessitate data to follow a normal distribution, but frequently, data from polluted sites exhibit a positive skewness (Davies, 1997). Therefore, Shapiro–Wilks’ W test for normality (Shapiro and Wilk, 1965) was conducted on the data of all soil properties for collected soils, and data were log-transformed as needed, using the natural log(ln) to attain normal distribution. Regression equations were developed to compare lead concentrations obtained by field pXRF and laboratory ICP-OES. Data analysis was performed using Microsoft Excel (Version 2018) and the JMP statistical software package (JMP 14, SAS Institute Inc.).
3 RESULTS AND DISCUSSION
3.1 Physicochemical characteristics of the studied residential soils
The physicochemical properties of lead-contaminated San Antonio, Baltimore, and Detroit soils are summarized in Table 1, Table 2, and Table 3 respectively. Soils collected from San Antonio were slightly alkaline (pH ranging from 7.43 to 7.87), whereas those from Baltimore were slightly acidic (pH ranging from 5.16 to 6.25). Soils collected from Detroit were characterized by neutral to mildly alkaline pH (ranging from 6.28 to 7.88). The alkaline nature of San Antonio soils is the result of both geological and climatic influences. San Antonio is situated in an area abundant in limestone bedrock, and this geological feature significantly impacts the soil properties (Ewing, 1996). The weathering of the underlying limestone is a primary mechanism responsible for elevating the pH of many San Antonio soils. Furthermore, the semi-arid to arid climate experienced in San Antonio, characterized by limited rainfall, plays a vital role in maintaining the alkalinity of the soils (Hernandez and Uddameri, 2014). Baltimore’s geological heritage is significantly influenced by its location within the Piedmont geological province (Yesilonis et al., 2008; Hunt, 1967). Soils found in the Piedmont region are typically underlain by acidic rocks, and the nature of these rocks significantly influences soil acidity (Levin and Griffin, 1998).
TABLE 1 | Selected physical and chemical characteristics of lead-contaminated residential soils collected from San Antonio. Values are mean (±standard deviation) of three replicates.
[image: Table 1]TABLE 2 | Selected physical and chemical characteristics of lead-contaminated residential soils collected from Baltimore. Values are mean (±standard deviation) of three replicates.
[image: Table 2]TABLE 3 | Selected physical and chemical characteristics of Pb-contaminated residential soils collected from Detroit. Values are mean (±standard deviation) of three replicates.
[image: Table 3]Generally, the San Antonio soils had relatively high soil salinity; the EC values ranged between 217 and 11,051 μS/cm. These soils also had relatively high clay content with values reaching up to 65.22% and characterized by moderate to high SOM ranging from (5.23%–12.89%). Also, San Antonio soils were characterized by high TC (ranging from 32% to 47%), and relatively high CEC (12–42 meq/100 g) (Table 1). In contrast to the San Antonio soils, soils collected from Baltimore were characterized by lower salinity with EC ranging from 97 to 715 μS/cm, and lower clay content (2.1%–5.2%). Soils collected from Baltimore had relatively low SOM that ranged from 0.64% to 2.27% and low TC ranging from 4.5% to 5.5% (Table 2). Compared to San Antonio soils, soils collected from Baltimore had lower CEC ranging from 5 to 10 meq/100 g. Soils with high clay content or high organic matter content have been reported to have higher CEC values (Peter et al., 1994; Jeon et al., 2023). Soils collected from residential properties in Detroit were characterized by relatively high salinity (EC ranging from 301–780 μS/cm) and relatively high clay content ranging from 6.77% to 19.98%. These soils had high SOM content with values up to 20% and relatively high TC content with values up to 37%. The CEC of Detroit soils was high ranging from 12 to 54 meq/100 g (Table 3).
Total concentrations of Al, Fe, p, Ca, and Mg in the study soils from San Antonio, Baltimore, and Detroit are shown in Tables 1–3 respectively. Generally, total Al was higher in Detroit soils compared with soils collected from San Antonio and Baltimore, whereas Baltimore soils contain the highest concentrations of total Fe, p, and Mg. The total concentration of Ca was higher in San Antonio soils compared with Baltimore and Detroit soils.
3.2 Total lead concentrations in the studied residential soils
The total lead concentration in the soils collected from San Antonio, Baltimore, and Detroit is presented in Figures 1A, C, E. A wide variation in total lead content was observed in the San Antonio soils, which ranged from 361–7,786 mg/kg (Figure 1A). Soils from all sites, except for SA4, exceeded the maximum permissible level (MPL) of lead in soils (400 mg/kg) prescribed by the U.S. Environmental Protection Agency (USEPA, 1996b). Previous research reported a considerable range in total lead concentrations within residential soils in San Antonio. This range was evident in a previous study, where lead levels ranged from 306 to 4,182 mg/kg (Andra et al., 2006). Furthermore, an even broader range of lead concentrations was reported, with the highest recorded value reaching 14,721 mg/kg in sites contaminated with Pb-based paint in San Antonio (Zhang et al., 2022).
[image: Figure 1]FIGURE 1 | Total lead concentrations in lead-contaminated residential soils of San Antonio (A), Baltimore (C), and Detroit (E). Data are shown as mean (n = 3) ± standard deviation. Simple linear regression of soil Pb concentrations (mg/kg) measured by pXRF against ICP-OES in residential soils of San Antonio (B); Baltimore (D), Detroit (F) soils.
A wider variation of lead concentrations was observed in the soils collected from Baltimore which ranged between 39–5,373 mg/kg (Figure 1C). About 70% of tested Baltimore soils exceeded the USEPA’s MPL of 400 mg/kg for soil lead (USEPA, 1996b). Previous studies in Baltimore have documented maximum concentrations of 5,650 mg/kg (Yesilonis et al., 2008) and 2,165 mg/kg (Sarkar et al., 2008) in residential soils. The overall lead concentrations in Detroit samples were lower than those of San Antonio and Baltimore (Figure 1E). The lead concentration in the Detroit soils ranged from 124–1,575 mg/kg with about 70% of the collected samples exceeding the USEPA’s MPL of 400 mg/kg for soil lead. Earlier studies have recorded average lead levels of 910 mg/kg (Mielke et al., 2020) and 1,147 mg/kg (Bickel, 2010) in Detroit soils.
3.3 Assessment of reliability of portable X-ray fluorescence analyzer (pXRF) data
The performance of pXRF for field soil lead measurement was assessed by comparing pXRF data with ICP-OES data. The average lead concentrations of triplicated samples measured by both methods are shown in Figure 1 for San Antonio (B), Baltimore (D), and Detroit (F). Regression equations were developed to compare both techniques. The obtained scatter plots represented a linear regression relation with the coefficient of determination of (R2 = 0.98, R2 = 0.97, R2 = 0.97) for San Antonio, Baltimore, and Detroit samples respectively. This result indicates a strong positive correlation between both techniques. These R2 values consistently displayed a stronger correlation, outperforming the reported value of 0.89 in Maliki et al. (2017). Previous studies have used pXRF analysis to assess metal contamination in a variety of soils (Zhang et al., 2022). Reports indicate that the accuracy of pXRF measurements is variable, based on the source of the metals, soil moisture, organic matter content, and the types of metals being analyzed (Caporale et al., 2018; Ravansari et al., 2020; Barzingi, 2023). In the current study, the data from all sites showed good correlations indicating the differences in soil properties between San Antonio, Baltimore and Detroit did not significantly affect the accuracy of pXRF measurements.
3.4 Geochemical speciation of lead in the residential soils
Although total lead concentration in soil is an important parameter from the regulatory standpoint, various other soil properties play a significant role in determining what fraction of the lead can be considered bioavailable (Ruby et al., 1993; Saminathan et al., 2010; Kastury et al., 2023). The distribution of lead in the geochemical fractions of the residential soils collected from San Antonio, Baltimore, and Detroit are presented in Figure 2. The mean values of lead recovery were 97.27% for San Antonio, 98.09% for Baltimore, and 97.14% for Detroit soils.
[image: Figure 2]FIGURE 2 | Geochemical fractionation of lead in residential soils collected from San Antonio (A), Baltimore (B), and Detroit (C). F-1 Soluble + Exchangeable; F-2 carbonate-bound; F-3 oxides-bound; F-4 organic matter-bound; and F-5 residual silicate-bound.
The results of San Antonio soils indicate that most of the lead existed within the carbonate-bound (F2) (average percentage of 32% ± 6.5%) and organic matter-bound (F4) fractions (average percentage of 25% ± 2.3%) of the soils (Figure 2A), which can be explained by the higher pH and the higher organic matter content in these soils respectively (Table 1). In contrast, in Baltimore soils, the majority of lead was in the soluble + exchangeable fraction (F1) (average percentage of 42% ± 3.8) and Fe/Mn oxide-bound fractions (F3) (average percentage of 26% ± 2.5%) (Figure 2B). This result could be attributed to the acidic nature of the soils and their high Al and Fe content respectively (Table 2). These results are consistent with those obtained from our previous study on residential soils of San Antonio and Baltimore (Sarkar et al., 2008). Lead adsorption on soil components is typically controlled by soil pH, which controls the surface charge of the adsorbent, as well as the degree of ionization and speciation of metal cations (Elliott and Huang, 1981; Andra et al., 2006). Despite the higher levels of total lead concentration in San Antonio soils compared to Baltimore soils, F1 fraction in San Antonio soils had lower lead levels (Figures 2A, B). The results of the geochemical speciation of lead in Detroit soils revealed that the highest percentage of lead was located within F4 fractions (average percentage of 49% ± 4.6%) and F3 fractions (average percentage of 21% ± 2%) (Figure 2C). The abundance of organic-bound lead in these soils can be explained by their high organic matter content while the high concentrations Al and Fe may contribute to the high percentage of oxide-bound lead (Table 3). The lowest lead content in the F1 fraction in San Antonio (average of 9%) and Detroit soils (average 6%) could be attributed to their alkaline nature. In contrast, the lowest lead concentration in Baltimore soils residing in the silicate-bound fraction (F5) (average 6%) could be attributed to their low clay content.
According to these results, soil pH, SOM, and clay content have the most influence on lead distribution in soil geochemical fractions. This coincides with the results of several previous studies (Covelo et al., 2007; Vega et al., 2008; Vega et al., 2010; Cerqueira et al., 2011; Luo et al., 2024). The results obtained in this study highlight the importance of considering the influence of soil physicochemical properties on lead dynamics while developing suitable remediation strategies for the cleanup and proper management of lead-contaminated soils.
3.5 Relationship between soil properties and exchangeable lead
Soil properties such as pH, SOM, carbonate levels, and clay content can affect the equilibrium between the exchangeable and immobilized lead pools. The water soluble + exchangeable lead fractions are considered the most bioavailable, followed by the carbonate-bound form. The reducible form bound to Fe/Al oxides and oxidizable form bound to SOM is believed to be potentially bioavailable, while the residual form is not bioavailable (Rinklebe and Shaheen, 2014). Physical and chemical properties of soil affect how much of the total lead present is extracted as each of the fractions (Finzgar et al., 2007; Yan et al., 2019).
The exchangeable fraction consists of metal ions that are weakly bonded or sorbed to the solid phase, which are easily mobilizable and, hence, are available for the biota (Haque et al., 2021). The exchangeable fraction of lead determined from sequential extractions was correlated with the soil properties to identify which soil properties exert the maximum influence on determining the exchangeable form of lead that is more likely to become bioavailable. Hence, Pearson’s correlation analysis was performed to understand the relationship between the physicochemical properties of soil samples and the exchangeable fraction of lead in lead paint-contaminated residential soils of San Antonio, Baltimore, and Detroit (Table 4). Shapiro–Wilks’ W test for normality (Shapiro and Wilk, 1965) was conducted on the data of all soil properties. The arithmetic values for clay%, EC, and CEC in San Antonio; pH, EC, and TC% in Baltimore; clay %, pH, and total Al, in Detroit soils yielded a probability value of less than 0.05 from Shapiro–Wilks’ W test. This suggested that these data were not normally distributed and hence we transformed those data into logarithmic values before running the correlation analysis.
TABLE 4 | Pearson’s correlation coefficients (r) between the exchangeable Pb and various soil physicochemical properties of Pb-contaminated residential soils of San Antonio, Baltimore, and Detroit.
[image: Table 4]The exchangeable fraction of lead in San Antonio soils is influenced by the total amount of Al and Ca which is represented by the statistically significant negative correlation with total Al (r = −0.653) and total Ca (r = −0.438) (Table 4). Generally, the correlation coefficient between SOM and exchangeable lead is reported to be higher in alkaline soils compared to acidic soils (Sauve et al., 1998). Our results on San Antonio soils (alkaline) and Baltimore soils (acidic) support the same observation that the greater the amount of organic matter, the greater the extent of soluble lead in the alkaline San Antonio soils (r = 0.360, p < 0.05). These results coincide with the results obtained from our previous study (Sarkar et al., 2008). Soil pH is negatively correlated with the exchangeable lead forms in the San Antonio, Baltimore, and Detroit soils. Soil acidity favors the mobilization of lead from insoluble to soluble pools and increases the free- and solvated ions and ion pairs of lead by about two orders of magnitude with each unit drop of soil pH (Jin et al., 2005; Sarkar et al., 2008). For Baltimore soils, the exchangeable fraction is governed by the pH and total p levels in the soil as demonstrated by the significant negative correlations between exchangeable lead fraction and pH (r = −0.286, p < 0.05) and total p (r = −0.314). Solubility of lead generally increases with decreasing soil pH; hence, lead is likely to be more available for plant uptake in the Baltimore soils, which are slightly acidic. There were also negative correlations between lead mobility in Baltimore soils and clay content, EC, SOM, TC, and total Al content but they were not significant (Table 4). For Detroit soils, the exchangeable fraction of lead was significantly influenced by the total Al and SOM levels in the soil as represented by the significantly negative correlations between exchangeable lead and total Al (r = − 0.628, p < 0.05) and SOM (r = −0.408). A negative non-significant correlation between exchangeable lead and clay content, pH, EC, and TC was also observed in Detroit soils (Table 4).
3.6 Recommendation of sustainable soil amendment for lead immobilization
Knowledge of the various soil properties that influence the geochemical forms of lead in soils is essential to develop remediation technologies for lead immobilization. This knowledge represents the key to understanding the potentially bioavailable fractions of lead, as well as the extent of lead that might be potentially remobilized under certain environmental conditions. This will result in an improved efficiency of a given remediation technique geared towards lowering soil lead-induced environmental and human health risks.
Based on the correlation analysis results (Table 4) in which the exchangeable fraction of lead in soil was correlated against several physicochemical soil properties, we recommend potential amendments for each soil type for lead immobilization. Considering the significant negative correlation of exchangeable lead in San Antonio soils with the total amount of Ca, calcium sulfate (gypsum) could represent a potential sustainable immobilization amendment for this type of soil. Gypsum is a cheap source of Ca, and its application could improve the physical and chemical properties of soils, aid in plant growth, and minimize the transport of dissolved organic carbon (DOC). The relatively high SOM content of San Antonio soils (Table 1), and the significantly positive correlation between SOM and mobilized lead (Table 4), SOM may decompose with time releasing all the associated lead content. High levels of DOC in the soil could enhance the complexation of lead by organic ligands, thereby increasing lead mobility in the soil (Almås et al., 2000; Weng et al., 2002; Cao et al., 2003; Kim et al., 2018). Gypsum can act as a bridge between negatively charged DOC and soil particles, assisting DOC coagulation and resulting in decreased soil DOC concentrations (Udeigwe et al., 2011).
Since Baltimore soils showed a significant negative correlation of the exchangeable fraction of lead with pH and total p, applying high P-containing biochar represents a good sustainable amendment for lead immobilization in these soils (Larson, et al., 2005). High P-containing biochars (e.g., pistachio shell biochar, soybean stover biochar, or bone char) can lead to the precipitation of lead as chloropyromorphite (Mashyekhi et al., 2020; Awad et al., 2021). Additionally, biochar has been recognized as a liming material. Its liming effects have been proven to successfully immobilize lead (Yang et al., 2016; O’Connor et al., 2018). That is an additional beneficial property concerning the significant negative correlation of mobilized lead with Baltimore soil pH.
Similar to San Antonio soils, the exchangeable fraction of lead in Detroit soils was significantly correlated with total Al content (Table 4). Aluminum sulfate (Alum) could be one of the best immobilization amendments for this type of soil containing relatively high SOM (Table 3). Aluminum is known to bind readily with SOM and such Al–OM complexes could lead to the reduction of DOC concentration (Udeigwe et al., 2011). This is generally beneficial since high DOC concentrations increase lead bioavailability. Regarding the significant negative correlation of exchangeable lead with SOM, biochar could also potentially be used as a sustainable immobilization technique for Detroit soils. Immobilization of lead by complexation or precipitation with high SOM has an advantage over adsorption approaches because organic matter could suppress the sorption of contaminants by blocking the micropores (Zhang et al., 2013).
These suggested sustainable amendments offer an environmentally friendly and economically feasible approach and align with the principles of sustainability. Biochar, for instance, is a byproduct of biomass pyrolysis, contributing to carbon sequestration while simultaneously aiding in lead immobilization. Gypsum, a naturally occurring mineral that can be sourced from industrial byproducts, not only minimizes lead mobility but also enhances soil structure, promoting long-term soil health. Similarly, alum, a common water treatment additive, exhibits dual benefits by reducing lead bioavailability and improving soil water-holding capacity.
4 CONCLUSION
This study investigated the concentrations and geochemical fractionation of lead in paint-contaminated residential soils with a wide range of physicochemical characteristics across three major U.S. cities. It aimed to identify the most suitable immobilization amendments based on soil-specific features and their correlation with mobile lead fractions. Field surveys at 10 residential sites each in San Antonio, Baltimore, and Detroit found that 77% of soil samples exceeded the EPA’s 400 mg/kg lead hazard threshold. Portable X-ray fluorescence (pXRF) analysis provided a cost-effective, rapid method for on-site lead level assessment, correlating with laboratory results. Geochemical lead distribution was influenced primarily by soil pH, organic matter (SOM), and clay content. In San Antonio, total Ca and Al content played a role, while pH and total p content influenced Baltimore soils, and SOM and total Al were key factors in Detroit. Recommended amendments include gypsum for San Antonio, biochar for Baltimore, and alum for Detroit soils, offering effective lead immobilization. This study emphasizes the significance of soil physicochemical properties in lead dynamics for developing efficient remediation strategies. Ongoing laboratory and greenhouse studies are assessing these the effectiveness of these amendments in reducing lead mobility and bioavailability in paint-contaminated soils.
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