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36 ABSTRACT

37 Effects of different treatments on the bioavailability of lead (Pb) in soil from a smelter emission 

38 contaminated site in Joplin, Missouri, were evaluated in a mouse model. Similar estimates of 

39 relative bioavailability for Pb in untreated or treated soil were obtained in mice and in the well-

40 established juvenile swine model. In the mouse model, treatments that used phosphate (phosphoric 

41 acid or triple superphosphate) combined with iron oxide or biosolids compost significantly reduced 

42 soil Pb bioavailability. Notably, effects of these remediation procedures were persistent, given that 

43 up to 16 years had elapsed between soil treatment and sample collection. Remediation of soils was 

44 associated with changes in Pb species present in soil. Differences in Pb species in ingested soil and 

45 in feces from treated mice indicated that changes in Pb speciation occurred during transit through 

46 the gastrointestinal tract. Use of the mouse model facilitates evaluation of remediation procedures 

47 and allows monitoring of the performance of procedures under laboratory and field conditions.

48
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49 INTRODUCTION

50 A coupled exposure-dose model has recently identified soil and dust as predominant sources 

51 of lead (Pb) exposure in 1 to 6-year old children.1 The significant contribution of soil Pb to 

52 childhood exposure to this toxic metal reflects persistent elevation of urban soil Pb levels over the 

53 past few decades2, a period during which Pb levels in other media (e.g., food, air) have declined.3-5 

54 Because children are vulnerable to myriad adverse effects of Pb, reducing exposure to Pb from 

55 soil or dust ingestion is an important public health goal.6 A variety of interventions have been used 

56 to minimize exposure of children to Pb, although the effectiveness of some strategies has not been 

57 fully demonstrated.7 Historically, exposure of children to Pb has been reduced by removal of Pb-

58 contaminated soil and replacement with uncontaminated soil.8 For example, removal and 

59 replacement of Pb-contaminated soil at the Bunker Hill Idaho Superfund site contributed to 

60 reduced exposure of children.9,10 Because soil removal and replacement can be expensive and 

61 difficult, in situ solidification and stabilization of metals in soil can be used to reduce risks 

62 associated with continued presence of contaminants.11 Successful remediation by metal 

63 stabilization results in formation of Pb compounds and sorption products in soil that are unlikely 

64 to migrate into groundwater or to be bioavailable if ingested.12 For Pb in soil, solidification and 

65 stabilization involves addition of phosphorus as phosphate (P) to promote formation of stable and 

66 relatively less soluble Pb-P species.13 

67 Here, we examined effects of various treatments on soil Pb bioavailability using soil samples 

68 from long-term test plots at a Pb, Zn, and Cd-contaminated Superfund site in Joplin, Missouri. All 

69 treatments evaluated involved P application to soil; in some cases, P treatment was combined with 

70 addition of iron-rich byproduct or biosolids compost.14 Effects of these treatments on soil Pb 

71 bioavailability were evaluated in a mouse model.15 To our knowledge, the current study examines 

72 the effect of the longest interval between amendment and RBA evaluation thus far reported. All 
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73 remediation strategies reduced tissue-specific Pb relative bioavailability (RBA) estimates for soils 

74 collected at 3 or 16 years after treatment. Changes in bioavailability were associated with changes 

75 in Pb species found in soil. Ultimately, understanding linkages between alterations in Pb speciation 

76 in treated soils and changes in Pb bioavailability will benefit public health by improving the 

77 effectiveness of soil remediation strategies.

78 METHODS AND MATERIALS

79 Origin of test soils - In 1997, a field trial to evaluate several soil remediation procedures began at 

80 a Joplin, Missouri, site contaminated by Pb smelter emissions.14 Additional information on soil 

81 treatments, sample collection and processing, and elemental composition of soils is provided in 

82 Supplemental Information. 

83 A <250 µm fraction prepared from untreated or treated soil was used to determine the Pb RBA. 

84 Soil treatments were 1% P as phosphoric acid (PA), 3.2% P as triple super phosphate (TSP), 2.5% 

85 Fe as iron-rich waste material and 1% P as TSP, and 10% biosolids compost and 1% P as TSP. 

86 The untreated soil was collected at the time of treatment and the 1% P as PA soil sample was 

87 collected about three years after treatment. Remaining soil samples were collected in 2013 about 

88 16 years after treatment. Mouse assays to determine Pb RBA for untreated and treated soils were 

89 performed in 2016.  

90 Mouse assay – Young adult female C57BL/6 mice were exposed to Pb by consumption of 

91 powdered AIN-93G rodent diet which was amended with each soil described above or with Pb 

92 acetate, a soluble Pb compound.15 Test diets contained about 3 to 25 mg Pb per kg (parts per 

93 million, ppm). During the 9-day assay, mice were housed in groups of 3 in metabolic cages (Lab 

94 Products, Seaford, DE) with free access to amended diet and drinking water. At termination, mice 

95 were euthanized with CO2. A heparinized blood sample was collected by cardiac puncture and 

96 kidneys were removed. Following evisceration and skin removal, carcasses were defleshed in 
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97 dermestid beetle cultures to provide nearly complete skeletons for bone Pb determination. Because 

98 the unit of analysis was the metabolic cage, samples from the 3 mice in each cage were pooled by 

99 tissue type for determination of Pb concentrations.

100 Tissue Pb determination - Pooled kidneys and skeletons from each cage were homogenized using 

101 a model 6850 freezer mill (Spex, Metuchen, NJ). Aliquots of tissue homogenates were digested in 

102 a closed vessel microwave reaction system (CEM Microwave, Matthews, NC) in ultra-high purity 

103 nitric acid (SCP Science, Champlain, NY). Digested samples were diluted with deionized water to 

104 5 to 10% nitric acid concentration before analysis. Samples of test diets were acid digested as 

105 described for tissue samples. Pb concentrations in tissue and diet samples were determined by 

106 inductively-coupled plasma-mass spectrometry using a X-Series II ICP/MS (SCP Science). Pb 

107 levels in pooled blood samples from each mouse in a metabolic cage were determined by anodic 

108 stripping voltammetry (LeadCare Ultra, Magellan Diagnostics, North Billerica, MA). Quality 

109 control samples run with each digestion batch included reagent blanks, blank spikes, matrix spikes, 

110 and NIST SRM 955c (caprine blood) (Table S1), 1577c (bovine liver), 1486 (bone meal), and 

111 2710A (Montana I soil). 

112 Pb speciation -  Speciation of Pb in soil and feces was identified from X-ray absorption spectra 

113 collected at the DuPont-Northwestern-Dow Collaborative Access Team Sector 5, beam line 5BM-

114 D, at the Advanced Photon Source of the Argonne National Laboratory in Lemont, IL. Analytical 

115 details are provided in Supplemental Information.  

116 Data analysis - All statistical analyses were performed using SAS/STAT software, Version 9.3 of 

117 the SAS System for Windows SAS software. RBA was estimated as the ratio of linear regression 

118 slopes (m) for relationships between cumulative Pb dose (mg) and tissue Pb level (mg/kg or mg/L)

119 RBA = mtest/mref
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120 where mtest and mref are linear slopes for the test soil and reference groups, respectively.16 Effects 

121 of soil treatments on RBA were evaluated using two approaches that used different data to 

122 calculate mtest and mref. The first approach calculated mref using data for mice fed diets amended 

123 with Pb acetate (mPbAc). For the second approach, mref and mtest were calculated from data for mice 

124 fed diets amended with untreated (muntreated) or treated soil (mtreated), respectively. Rationales for 

125 the two approaches are presented in the Results and Discussion section. For either approach, 

126 regression slopes were estimated by simultaneously fitting test and reference group tissue data 

127 (blood, bone, kidney) to linear regression models sharing common intercepts using SAS PROC 

128 REG.17 Confidence intervals for RBAs and heteroscedastic-consistent covariances for parameter 

129 estimates were obtained as previously described.16,18 Studentized residuals (>3 or <-3) were used 

130 to identify statistical outliers, which were excluded from regression models. 

131 RESULTS AND DISCUSSION

132 Comparison of RBA estimates from mouse and juvenile swine models - The juvenile swine 

133 model has been widely used to estimate RBA of Pb in soil.16 Similar estimates of tissue-specific 

134 Pb RBA for NIST SRM 2710A in juvenile swine and mouse indicated that the mouse model was 

135 a useful alternative to the swine model.15 This conclusion was confirmed by an independent 

136 comparison of soil Pb RBA estimates from juvenile swine and mouse.19 In the work reported here, 

137 we compared tissue-specific RBA estimates from mouse and juvenile swine using an untreated 

138 and a treated soil sample. Tissue-specific RBA estimates for untreated soil were relatively high (> 

139 60%) in both animal models (Supporting Information, Figure S1). A comparison of RBA estimates 

140 for PA-treated soil in juvenile swine and mouse were also similar; although, based on 90% 

141 confidence limits, mouse RBAs based on the bone metric tended to be higher (p<0.1) than 

142 corresponding RBA estimates from swine (Supporting Information, Figure S2). 
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143 Effect of remediation on soil Pb RBA -  RBAs for Pb in untreated and treated soils shown in 

144 Figure 1 were calculated in two different ways. For results in Figure 1a, RBAs were calculated as 

145 the ratio of slopes of the dose-tissue regression models for soil and Pb acetate (RBA = msoil/mPbAc). 

146 This approach has been commonly used to calculate RBA.15,16 Figure 1a shows the treatment effect 

147 ratio (TER), the ratio of mean RBAs (100*RBAtreated/RBAuntreated) for each tissue.13 TERs for 

148 treated soils for which 95% confidence limits on the mean RBA did not overlap with the mean for 

149 untreated soil were considered significantly different (p<0.05) from control RBA. In Figure 1b, 

150 RBAs were estimated from dose-tissue regression slopes for treated and untreated soils (RBA = 

151 mtreated/muntreated). This approach directly compared regression slopes for treated and untreated soils 

152 and eliminated uncertainty in the estimate of the slope derived from tissue data from Pb acetate-

153 treated mice. Mean tissue-specific RBAs for treated soils for which the 95% confidence limits 

154 excluded 1 were considered significantly different (p<0.05) from the corresponding tissue-specific 

155 RBA for untreated soil.  

156 Based on the common approach (RBA = msoil/mPbAc), all soil treatments had tissue-specific 

157 effects on RBA estimates (Figure 1a). The decrease in RBA (1-TER) ranged from 32% to 74% for 

158 bone, 49% to 68% for blood, and 38% to 70% for kidney (Figure 2). For all treated soils, RBAs 

159 estimated from blood data were significantly lower than those estimated for untreated soil. RBAs 

160 estimated from bone data for TSP, Fe/TSP and C/TSP treatments, but not PA treatment, were 

161 significantly different from untreated soil. RBAs estimated from kidney data were not significantly 

162 different for untreated, PA-, or TSP-treated soil. However, both Fe/TSP and C/TSP treatments 

163 significantly reduced RBA estimates based on kidney data. TERs ranged from 0.26 to 0.69, with 

164 the lowest TERs observed for Fe/TSP- and C/TSP-treated soils. Adsorption of Pb to or its 

165 incorporation into Fe (hydr)oxides present in Fe/TSP-treated soil could account for the reduced Pb 
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166 RBA.20,21 Reduced Pb RBA for Fe/TSP-treated soil could also reflect competition between soil-

167 derived Fe and Pb for divalent metal transporter 1-mediated transfer across the gastrointestinal 

168 barrier.22-24 Reduced Pb RBA in C/TSP-treated soil was consistent with findings that soil 

169 amendment with biosolids compost reduced Pb bioavailability and bioaccessibility.25,26 

170 Notably, mean RBAs of untreated soil based on bone tended to be greater than 1; however, based 

171 on the 95% confidence limits, the means were not significantly different from 1. Estimates of  RBA 

172 >1 suggest that the soil contained for a Pb species that was more bioavailable than Pb+2+ produced  

173 from dissociation of lead acetate, the soluble reference Pb compound.  RBAs>1 have been reported 

174 from swine studies of soils enriched with highly soluble lead carbonate41. However, as noted 

175 below,  there was no evidence of lead carbonate or other highly soluble forms of Pb in the diets 

176 that were amended with soil and fed to mice.

177 As shown in Figure 1b, direct comparison of dose-tissue slopes for treated and untreated soils 

178 (RBA = mtreated/muntreated) indicated that application of each soil treatment significantly reduced 

179 bioavailability relative to the control soil. The decrease in RBA (1-TER) ranged from 31% to 72% 

180 for bone, 43% to 55% for blood, and 32% to 47% for kidney. 

181

182
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185
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200

201

202

203

204

205 Figure 1. Tissue-specific Pb RBAs for untreated or treated soils in the mouse. Treatments are 

206 phosphoric acid (PA), triple super phosphate (TSP) alone or combined with iron oxide (Fe) or 

207 biosolids compost (C). Error bar show 95% confidence limits for mean values. Each soil was 

208 assayed in 27 mice; Pb acetate was assayed in 135 mice.

209 a). RBAs for untreated or treated soils expressed relative to bioavailability of Pb acetate. (RBA= 

210 slopesoil/slopePb acetate). Number above bars are tissue-specific TERs.  As defined, there is no TER 

b
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211 for the untreated control. Asterisks denote TERs for treated soils for which 95% confidence limits 

212 on the mean RBA do not overlap with untreated soil.  

213 b). RBAs for treated soils expressed relative to untreated soil (RBA= slopetreated/slopeuntreated). 

214 Number above bars are tissue-specific RBAs.

215

216 The present study provides unique data on long-term effects of remediation on Pb RBA, 

217 showing that soil treatments produced changes in bioavailability that persisted for years after 

218 application. Earlier work found that PA treatment of this soil reduced Pb RBA at 78 months after 

219 application.14,27 Comparison of Pb RBA estimates for TSP-, C/TSP-, or Fe/TSP-treated soil with 

220 that for untreated soil showed that effects of each remediation procedure persisted for 16 years 

221 under field conditions. Because the mouse RBA estimates were obtained using soils collected 

222 approximately 16 years following treatment, these results provide no information about temporal 

223 changes in RBAs during the interval between treatment and our study. Based on overlapping 95% 

224 confidence limits of tissue-specific RBAs for all treatments, the magnitude of effect of different 

225 treatments on tissue-specific RBA estimates were indistinguishable. However, for some tissues, 

226 there appeared to be a treatment-related trend in TER. For example, for bone Pb, the rank order of 

227 TERs was PA > TSP > Fe/TSP > C/TSP. Although this study did not examine the value of the 

228 different tissue-specific RBA estimates in prediction of the efficacy of treatment, a toxicokinetic 

229 argument can be made for bone as a useful metric of cumulative Pb absorption. In the mouse 

230 model, skeletal Pb accounted for about 90% of the retained Pb dose which was less than 3% of the 

231 ingested Pb dose. Because higher Pb concentrations were attained in bone than in other tissues, 

232 determination of bone Pb levels provided a more precise estimate of Pb absorption. Furthermore, 
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233 the role of bone as a site for long-term retention of Pb28-30 and as a target for chronic Pb toxicity31 

234 underscored the importance of bone Pb as a metric of cumulative absorbed Pb dose.

235 Pb speciation and bioavailability. Linear combination of spectra from diets and feces provided 

236 information on Pb speciation (Figures S3 and S4). In addition, changes in the elemental 

237 composition of untreated and treated soils reflected persistent changes in soil P levels consistent 

238 with remediation strategies focused on formation of relatively insoluble Pb-P complexes 

239 (Supporting Information Figure S5).  Pb speciation profiles in diets consumed by mice and in feces 

240 produced by mice during feeding of these diets were examined to provide insights into the relation 

241 between Pb speciation and gastrointestinal bioavailability. Figure 3 shows the fractional 

242 composition of Pb species consumed in diet and excreted in feces. 

243
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244 Figure 2. Decrease in Pb RBA (%) for treated soils evaluated in mouse model tissues.  Numbers 

245 are % decrease (1-TER for RBA = msoil/mPbAc).

246

247

248

249

250 Figure 3. Pb speciation in diet consumed and feces excreted by mice ingesting soil-amended diets. 

251 Relative amounts of each Pb species (fraction of total Pb) present in diet (D) and in feces (F) during 

252 the standard assay period were calculated using Pb speciation data derived from spectral analysis 

253 of diet and feces. Treatments as identified in Figure 1. PbP is trilead diphosphate (Pb3(PO4)2), Ang 

254 is anglesite (PbSO4), Gal is galena (PbS), Pyr is pyromorphite. Linear combination fitting spectra 

255 are shown in Fig. S3, and Pb standards utilized are shown in Fig. S4.

256 Determination of Pb species in diets containing untreated or treated soil provided information 

257 on effects of treatments and of incorporation of soil into diet on Pb speciation. Compared to diet 

258 prepared with untreated soil, diets prepared with treated soils were distinguished by the absence 

259 of galena (Gal), lower levels of anglesite (Ang) and adsorbed Pb, and the presence of pyromorphite 
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260 (Pyr) and trilead diphosphate (PbP). The presence of Pyr and PbP and reduced levels of Gal and 

261 Ang in all diets prepared with treated soils suggested that extensive chemical transformation was 

262 associated with treatment of soil and incorporation of soil into diet. Earlier work found that 

263 treatment of soils with P in various chemical forms led to Pyr formation.13,32-35 The fraction of Pb 

264 bound to organic molecules was lower in diets prepared with PA-, TSP-, or Fe/TSP-treated soils 

265 and higher in diet prepared with C/TSP-treated soil than in diets prepared from untreated soil. 

266 Comparison of Pb species in diets and feces provided information about transformation and 

267 fate of Pb species during gastrointestinal tract transit. Gal and Ang, which accounted for about 

268 40% of Pb in diet prepared with untreated soil, were absent from feces. Ang, a component of all 

269 diets prepared from treated soils, was also absent from feces. Thus, in the mouse, Gal and Ang 

270 were highly bioavailable or were transformed to other Pb species in the gastrointestinal tract. By 

271 comparison, estimated Pb RBAs from juvenile swine for Gal-enriched soils (RBA = 1%) or Ang-

272 rich soils (RBA=36%) were relatively low.16 Different estimates of Pb RBA for Gal- or Ang-

273 enriched soils obtained in mouse and juvenile swine could reflect uncharacterized differences in 

274 the physical and chemical properties of soils used in different assays, different ratios of Pb species 

275 present in test soils, or species-specific differences in gastrointestinal transformation and uptake 

276 of these Pb compounds. Adsorbed Pb fractions in diet and feces were similar in mice that ingested 

277 diet with PA-, TSP, or C/TSP-treated soil. In mice ingesting diet amended with untreated or 

278 Fe/TSP-treated soil, the adsorbed Pb fractions in feces were higher than in diet. The fraction of 

279 organically bound Pb was higher in feces than in diet for mice that ingested any of the soil-

280 amended diets. All diets prepared with treated soils contained Pyr and PbP. Notably, in feces from 

281 mice ingesting a diet prepared with treated soil, the fraction of Pyr was lower and the fraction of 

282 PbP was higher than in the corresponding diet. Different fractional Pyr levels in diet and feces 
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283 could reflect abiotic or biotic transformation of Pyr in the gastrointestinal tract. Bacteria of genus 

284 Pseudomonas can dissolve Pyr to provide soluble P.36,37 Similar reactions meditated by 

285 gastrointestinal tract microbiota could change the chemical state of ingested Pb within the lumen 

286 of the gastrointestinal tract and affect its bioavailability. Other work has shown that interactions 

287 that occur between P and Pb in the gastrointestinal tract can directly alter the bioavailability of 

288 Pb.38. Notably, if the gastrointestinal microbiota play an important in the transformation of Pb 

289 species, it will be important to evaluate both similarities and differences in the structure and 

290 function of mouse and human gastrointestinal systems of mice and human as factors in 

291 transformation,39 Understanding transformation of Pb species that occur during gastrointestinal 

292 transit could provide useful information for development of new soil remediation strategies.

293 The current study shows that treatment of soils with P alone or in combination with other 

294 agents resulted in significant and long-lasting reductions in Pb RBAs. Because this study was 

295 focused on a few time points long removed from the time of soil treatment, it does not provide 

296 information on temporal changes in soil Pb speciation or in Pb bioavailability. Additional studies 

297 involving repeated sampling of remediated sites will be needed to characterize the time 

298 dependence of such changes. Differences in inorganic and organic components of soils that affect 

299 formation of insoluble Pb-P species and the efficacy of soil remediation procedures also require 

300 additional study.40,41 Determination of soil Pb RBA in the mouse gives a direct measure of the 

301 efficacy of treatment that can be coupled with determination of Pb speciation in treated soil to 

302 provide insights into the design of more effective soil-specific remediation processes. 
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