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for  MT and 0.68 for  MAE). Three types of Pb-bearing 
phases were observed by electron microscopy: (1) 
galena (PbS)-like (5–10 μm); (2) paint chip residuals 
(10–20  μm); and (3) Pb-bearing Fe-oxides (20  μm). 
Isotope ratio values for  PbAE were 1.159 to 1.245 for 
206Pb/207Pb, and 1.999 to 2.098 for 208Pb/206Pb, and 
there was a statistically significant difference between 
the two neighborhoods (p = 0.010 for 206Pb/207Pb and 
p = 0.009 for 208Pb/206Pb). Paint and petrol are the 
dominant sources of Pb, with some from coal and fly 
ash. Lead speciation and distribution is variable and 
reflects a complex relationship between the input of 
primary sources and post-deposition transformations. 
This work highlights the importance of community 
science collaborations to expand the reach of soil 
sampling and establish areas most at risk based on 
neighborhood-dependent Pb speciation and distribu-
tion for targeted remediation.

Keywords Urban soil · Lead · Metal 
contamination · Pb isotopes

Introduction

Lead (Pb), a highly toxic element, has been intro-
duced into the environment through a variety of 
anthropogenic activities. In United States (US) urban 
environments, the primary sources of Pb are from his-
toric leaded paint and petrol use. Lead has been added 
to paint for centuries to improve pigment durability 

Abstract Lead (Pb) poses a significant risk to 
infants and children through exposure to contami-
nated soil and dust. However, there is a lack of 
information on Pb speciation and distribution at the 
neighborhood-scale. This work aimed to determine: 
(1) the distribution of acid-extractable (labile) Pb 
and other metals  ([M]AE) in two neighborhoods in 
Akron, Ohio (USA) (Summit Lake and West Akron; 
n = 82 samples); and (2) Pb speciation and poten-
tial sources. Total metal concentration  ([M]T) and 
 [M]AE was strongly correlated for Pb and Zn  (R2 of 
0.66 and 0.55, respectively), corresponding to 35% 
and 33% acid-extractability. Lead and Zn exhibited a 
strong positive correlation with each other  (R2 = 0.56 
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and color with commercial and industrial paints con-
taining up to 15% Pb (Filippelli et al., 2015). Hous-
ing booms in the United States throughout the early 
and mid-1900s resulted in upwards of 24 million new 
homes being painted with Pb-based paints (Filippelli 
et al., 2015). It is estimated that 31 million pre-1978 
houses still contain Pb-based paint, including 3.8 mil-
lion of them that have one or more children under the 
age of six living there (USEPA, 2023). Lead can be 
released to the environment via aerosolized particles 
during renovation, paint chipping off of high-friction 
surfaces (window and door frames), and peeling paint 
flaking off into adjacent soils (Schuch et  al., 2017). 
Beginning in 1921, gasoline manufactures intro-
duced Pb additives for commercial vehicle use to 
help reduce engine knocking, which lasted until 1996 
in the US, when leaded gasoline was finally phased 
out (Schwarz et al., 2012). During peak leaded gaso-
line use in the 1970s, as much as 1.2 g Pb  L−1 were 
added to gasoline (Newell & Rogers, 2003) with up 
to five million tons of Pb released to the atmosphere 
(Nriagu, 1999), which resulted in an estimated accu-
mulation of Pb in soils of 10  mg Pb  m−2 (Chow & 
Johnstone, 1965; Hwang et  al., 2016). The leaded 
gasoline ban resulted in US emission rate decreases 
from 12,300  µg   km−1 in 1977 (Pierson & Brachac-
zek, 1982) to 0.156 to 0.797 μg   km−1 in 2003 (Gel-
ler et  al., 2006). Other sources of Pb, and other 
commonly occurring metal contaminants including 
copper (Cu) and zinc (Zn) in surface soils and sedi-
ments in urban and industrial environments include 
deposition of dust and aerosol particles from smelt-
ing activities, corrosion of metal structures (e.g., gal-
vanized roofs and fences), contamination from former 
and current industrial, agricultural, or horticultural 
use of the land, and bonfires and accidental fires 
(Alloway, 2013).

The summation of these sources can result in 
elevated Pb exposure pathways that carry the great-
est risk for infants and children due to their smaller 
size and proportionately larger dose of ingested tox-
ins, their proximity to ground soil and indoor dust, 
and their oral exploratory and pica behaviors (Haupt-
man et  al., 2017; Lanphear et  al., 1998). Exposure 
to Pb, even at low-levels, is a causal risk factor for 
diminished intellectual and academic abilities, higher 
rates of neurobehavioral disorders such as hyperactiv-
ity and attention deficits, and lower birth weight in 
children (Mielke, 1999). Further, it is likely that Pb 

exposure-related health effects occur at lower blood 
Pb levels (BLL) than previously thought (NTP, 2012). 
There is no identified BLL without deleterious health 
effects in children (CDC, 2012; Gilbert & Weiss, 
2006), and no effective treatments ameliorate the per-
manent developmental effects of Pb toxicity (Flora 
et  al., 2012). Following the peak in Pb use in the 
United States, BLLs in children between ages 1 to 5 
was as high as 15 µg  dL−1 (Egan et al., 2021). Despite 
the phase-out of Pb from common industrial sources, 
over half a million children in the United States were 
reported to have BLL values above 3.5  µg  dL−1 in 
2012 and more than half of all children in the country 
have a BLL above 1 µg  dL−1 (Hauptman et al., 2017). 
However, the risk of exposure is not equally distrib-
uted among the population, with black children mak-
ing up more than 50% of children with BLL greater 
than 1 µg  dL−1 (Yeter et al., 2020), underscoring the 
use of high BLLs as a socioeconomic indicator of 
inequality.

Ingestion and/or inhalation of Pb from soil and 
dust are potentially significant exposure pathways that 
can contribute up to approximately 70% of a child’s 
BLL (Laidlaw et  al., 2017; Mielke et  al., 2017). 
Although reducing Pb exposure from residential and 
industrial Pb hazards is an effective way to prevent 
or control childhood Pb exposure (Lanphear et  al., 
2002), Pb uptake mechanism(s) typically focus on 
in-door exposure to Pb-bearing drinking water and/
or paint (Schnur & John, 2014; Triantafyllidou & 
Edwards, 2012). Therefore, the importance of out-
door Pb exposure from soil and soil-derived airborne 
particles (i.e., aerosols and road dust) has likely been 
overlooked. Recent work in the US has highlighted 
that exposure to paint alone cannot account for ele-
vated BLL patterns in children due to the following 
set of observations: (1) Elevated BLLs in neighbor-
hoods with limited to no Pb-paint use, such as inner-
city Baltimore, Maryland, was found to have high 
Pb concentrations in soils (Mielke, 1999; Mielke 
et al., 1983); (2) Seasonable BLL patterns of summer 
highs and winter lows suggesting a source external 
to homes; if exposure was primarily from in-house 
Pb-paint and household dust, BLL would be high-
est during the winter when children spend more 
time indoors (Laidlaw et al., 2016); (3) Decreases in 
BLL in children have been observed when contami-
nated soils are covered and/or remediated, most dra-
matically observed in New Orleans, Louisiana in the 



Environ Geochem Health          (2024) 46:164  

1 3

Page 3 of 17   164 

Vol.: (0123456789)

decade following Hurricane Katrina in 2005, when 
uncontaminated Gulf of Mexico sediments covered 
contaminated soils (Mielke et al., 2017); (4) Re-sus-
pension of Pb-contaminated soils from vehicle emis-
sions of leaded petrol use has also been shown to be 
a dominant source of atmospheric Pb across a range 
of urban and rural environments and correlated with 
high exposure in children (Laidlaw et al., 2012); and 
(5) Top soils in general, and urban soils in particu-
lar, are the dominant source of airborne Pb in these 
vicinities, which could explain the continued elevated 
BLL in urban populations despite a lack of contin-
ued Pb emissions from primary sources (Harlavan 
et  al., 2020; Pingitore et  al., 2009) due to retention 
of Pb in soil particles (Markus & McBratney, 2001). 
These results indicate the importance of Pb in soil 
and soil-derived airborne particles and its potential 
as a primary exposure pathway, particularly in urban 
environments.

Although total Pb concentration in soils can be 
an indicator of exposure risk, speciation (i.e., its 
chemical and physical form) exerts a stronger degree 
of control potential bioaccessibility and toxicity 
(MacLean et  al., 2011b). Speciation of Pb in soils 
can range from soluble forms such as Pb adsorbed 
onto organic solids, anglesite  (PbSO4), lead ammo-
nium sulfate  (PbSO4·(NH4)2SO4) and hydrocerussite 
 (PbCO3·Pb(OH)2) to insoluble forms such as metal-
lic lead  (Pb0), lead tetroxide  (Pb3O4), and monoba-
sic lead sulfate (PbO·PbSO4) (Biggins & Harrison, 
1980; MacLean et  al., 2011b). X-ray spectroscopic 
and sequential extraction studies have linked Pb spe-
ciation in soils and potential bioaccessibility to the 
solubility of dominant Pb-bearing phases (Bradham 
et  al., 2014; MacLean et  al., 2011a; Walker et  al., 
2011). Speciation is also affected by how Pb is dis-
tributed in different particle size fractions and the 
presence of heterogeneous, physically complex Pb-
bearing phases (Ruby et al., 1999; Yan et al., 2017). 
For example, high Pb concentrations in particles 
(less than 100 µm) have been linked to historic use of 
leaded petrol, despite the cessation of those activities 
several decades prior (Miguel et  al., 1997). Forma-
tion of Pb-bearing nanoparticles bound within a silica 
matrix has been observed in contaminated soils down 
gradient of industrial sources (Schindler & Hochella, 
2017). The risk of human exposure to Pb via inhala-
tion and/or ingestion is dependent on the grain size of 
soil particles or aggregates, particularly for particles 

less than 50  μm particles (Bi et  al., 2013). Further, 
higher concentrations of total and labile Pb Pb have 
been found to increase with decreasing particle size 
in urban soils (Juhasz et  al., 2011) and road-depos-
ited sediment (Sutherland, 2003). Labile Pb within 
contaminated soils is therefore a combination of both 
chemical speciation (i.e., which Pb-bearing phase(s) 
are present), and physical speciation (i.e. which parti-
cle sizes, mineralogical textures and morphologies Pb 
is are associated with).

Based on the previous work summarized above, it 
is apparent that there is a lack of Pb speciation and 
distribution at the neighborhood-scale, which is criti-
cal for establishing the actual risk of exposure from 
contaminated soils. Although the fraction of labile 
Pb may be linearly correlated with the total concen-
tration of Pb, the source and/or local speciation may 
result in a non-linear relationship. The objectives of 
the current work are: (1) to determine the concentra-
tion and distribution of acid-extractable (labile) Pb at 
the neighborhood-scale, which can be used a proxy 
for the fraction of potentially bioaccessible Pb (Har-
vey et  al., 2017; Wu et  al., 2010); and (2) to deter-
mine Pb speciation and potential Pb sources using a 
suite of techniques including electron microscopy 
and Pb isotope analyses to explore the relationship 
between the input of primary sources and post-depo-
sition transformations.

Methods and materials

Site description, sample collection, and preparation

The study areas were two neighborhoods in Akron, 
Ohio (USA) (Fig. 1), a metropolitan area with a popu-
lation of approximately 190,000 (U.S.CensusBureau, 
2020). The development of Akron rapidly increased 
due to the rise of the rubber and tire industries, and 
population peaked at 290,000 in the 1960s. The two 
neighborhoods, Summit Lake and West Akron, are 
dominated by older (pre-1978) housing stock (Schuch 
et al., 2017). Although BLL data is limited for Akron 
and Summit County, data from 2012 through 2014 
indicated that 4.1% of tested children had elevated 
BLLs, in comparison to a national average of approx-
imately 2.5% around the same time period (Haupt-
man et  al., 2017), and the distribution of elevated 
BLL clusters are within the city of Akron forming a 



 Environ Geochem Health          (2024) 46:164 

1 3

  164  Page 4 of 17

Vol:. (1234567890)

ring around the city center including the two neigh-
borhoods that are part of the current study (Schuch 
et  al., 2017). Surface soils samples were collected 
from the Summit Lake neighborhood in November 
2018. To ensure optimal sampling locations and the 
most efficient sampling route for the Summit Lake 
samples, initial video analysis of the area was con-
ducted during July 2018. Video cameras and GPS 
units were mounted on both sides of the vehicle and 
recorded each house throughout the neighborhood 
to identify abandoned and unoccupied homes. Each 
video was then uploaded onto Google Earth and 
linked with the GPS coordinates from the initial data 
collection. Analysis of the videos showed a wide dis-
tribution of abandoned and unoccupied houses that 
could serve as sampling locations throughout Sum-
mit Lake. Of the large preliminary group of houses, 

30 were selected because of their geographically 
even distribution throughout the neighborhood and 
because of the presence of nearby road verges (i.e., 
the strip of grass adjacent to the street and at the edge 
of a house property) providing a consistent area to 
sample from. One sample was collected from each 
block of the roughly grid-like layout of Summit Lake. 
Samples were collected from the West Akron neigh-
borhood in the spring of 2019 through collaboration 
with Akron Public Schools (APS), which included 60 
middle and high school students from schools on the 
westside of Akron. The APS students were instructed 
on how to safely collect and label soil samples from 
nearby road verges near their homes or nearby loca-
tions. Location address and participant addresses 
were anonymized after sample retrieval. Each sample 
was collected using trowels and bags supplied by the 

Fig. 1  A location of Akron, OH (USA); B map of Akron (in 
blue) with the locations of the West Akron and Summit Lake 
neighborhoods outlined in dashed lines. Each circle represents 
the location where a soil sample was collected; the symbol size 

corresponds to the amount of total Pb  (PbT) and the symbol 
color corresponds to the amount of nitric acid-extractable Pb 
 (PbAE)
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Kent State Department of Earth Sciences and resulted 
in the collection of 52 samples primarily from, but 
not limited to, the West Akron neighborhood. At all 
locations, a 2 cm deep soil sample was collected after 
clearing any surface vegetation that may have been 
present. Each sample was sieved (2  mm) to remove 
any debris and large rocks. Samples were dried at 
40 °C for 12 h using a Binder ED-115 oven and then 
milled using a SPEX ball mill 8000 M with tungsten 
carbide balls for 10 min to produce homogenous pow-
der. The milling canister was cleaned using isopropyl 
alcohol between runs to prevent cross contamination. 
Milled soils samples were used for solid phase char-
acterization and acid extractions (described below) 
and sieved-only samples were analyzed by electron 
microscopy.

Solid phase characterization

Loss on ignition (LOI) was used as a proxy for organic 
matter content (Dean, 1974; Konen et al., 2002) fol-
lowing a previously established procedure (Williams 
et  al., 2012). A weighed mass of subsample with a 
target mass of 2.5 g were placed in ceramic crucibles 
with lids and brought to 550 °C using a Thermofisher 
Thermolyne muffle furnace for one hour, and then 
allowed to cool before being re-weighed. Bulk ele-
mental composition was determined by X-ray Fluo-
rescence using a PANalytical Epsilon 3XLE Series 
XRF, where accuracy and precision was monitored 
using NIST soil standards 1646a, 2586, and 2587. 
Analytical error for relevant trace metals is as fol-
lows: Ti (± 0.011 wt.%), Cr (± 2.8 mg/kg), Mn (± 24 
0.5  mg/kg), Cu (± 14  mg/kg), Zn (± 4  mg/kg), and 
Pb (± 30 mg/kg). Pellets were made by mixing 11 g 
of milled soil and 1.2  g of cellulose binder (SPEX 
3642) and then pressed to 20 tons of pressure twice 
for one minute using a Carver 3664 pellet press. Bulk 
mineralogical composition was determined using a 
Rigaku Miniflex 6G X-ray Diffractometer. Diffraction 
scans were conducted at 40 kV and 15 Amps, and a 
range of 2θ from 3.0 to 90.0°. Rigaku’s PDXL soft-
ware, with the Whole Pattern Powder Fitting (WPPF) 
method with access to the International Centre for 
Diffraction Data (ICDD) database, was used for phase 
identification and percent abundance determination. 
Grain-scale characterization to determine morphol-
ogy and composition was conducted using a Hitachi 
Bench top Scanning Electron Microscope (SEM) 

TM3030. The SEM was equipped with Quantax70 
energy dispersive x-ray spectrometry (SEM–EDS) 
operated at 15  kV voltage, and a detector-to-sample 
working distance typically of 8 mm.

Acid-extractable metal concentrations (MAE) and Pb 
isotopic composition

The labile fraction of Pb and other metals was deter-
mined by treating the milled soil samples with nitric 
acid  (HNO3) (Erel et  al., 1997), using 1 g of milled 
soil mixed with 10  mL of 0.5  M  HNO3. A prelimi-
nary analysis of a subset of these soils comparing 
the nitric acid extraction to US EPA Method 1340 
(i.e. a gastric acid assay) found similar percentages 
of extractable Pb (Santoro, 2020); the nitric acid 
extraction was used for all samples to be consistent 
with previous work that focused on isotopic analysis 
of labile Pb (Zohar et al., 2014, 2017). Each sample 
was agitated at 30  rpm for 2  h on an end-over-end 
rotator. Samples were then centrifuged for 10  min 
and the supernatant was filtered (0.45 μm) and stored 
at 2  °C in 15  mL polyethylene bottles. All reagents 
used were analytical grade and solutions were pre-
pared with distilled-deionized water (DDI-H2O) 
(18.2 MΩ; Milli-Q Direct-Q 3UV-R). Procedural 
blanks and certified standards were analyzed along 
with the samples during subsequent analyses. Major 
and minor element (Mg, Al, Si, P, K, Ti, Mn, and Fe) 
concentrations were determined by Inductively Cou-
pled Plasma Optical Emission Spectroscopy (ICP-
OES, Perkin Elmer Optima 3300) and minor element 
(Cr, Co, Ni, Cu, Zn, As, Cd, Pb, and U) concentra-
tions were determined by Inductively Coupled plasma 
Mass Spectrometry (ICP-MS, Perkin-Elmer NexION 
300D). Ten randomly selected samples were treated 
as duplicates; differences between duplicate sub-sam-
ples and repeated standards were lower than 5% for 
all elements.

The Pb isotopic composition of the  PbAE frac-
tion was determined using a multi-collected ICP-MS 
(MC-ICP-MS, Nu Instruments) (Ehrlich et al., 2001; 
Platzner et al., 2001) on samples that were treated by 
column separation of Pb (Ehrlich et al., 2004; Zohar 
et  al., 2014, 2017). Repeated measurements of a Pb 
isotope standard (NIST SRM 981) were conducted 
for accuracy and precision control. The 2σ reproduc-
ibility on the SRM 981 measurements are 0.17‰ 
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(208Pb/204Pb), 0.13‰ (207Pb/204Pb), and 0.07‰ 
(206Pb/204Pb).

Results

Relationship MT and MAE and neighborhood 
distribution

The range of  [MT] and  [MAE] are shown for trace 
metals for which both XRF and ICP-MS data was col-
lected (Fig. 2). In general, there was a broad range of 
 [M]T values, particularly for Pb and Zn which ranged 
over three orders of magnitude. With respect to Pb, 70 
soil samples (85%) had  [Pb]T above background con-
centrations (50 mg/kg, for Cuyahoga County) (Christ-
man et  al., 2013) and 14 samples (17%) had  [Pb]T 
concentrations above the EPA’s action of 400 mg/kg. 
Values for  [Pb]T in the Summit Lake and West Akron 
ranged from 52 to 600 mg/kg and 34 to 1970 mg/kg, 
with 12 of the 14 highest  [Pb]T values in West Akron 
(Fig. 1). With regard to other trace metals, 100% of 
the samples had above background concentrations 
for Cr (19 mg/kg), Mn (301 mg/kg), Cu (37 mg/kg), 
and Zn (91  mg/kg) (Christman et  al., 2013), with a 
median  ZnT value (300  mg/kg) three times higher 
than background concentrations.

Acid-extractable concentration values of the trace 
metals exhibited similar trends and broad ranges 
compared to  [M]T, particularly for Pb and Zn which 
ranged over two orders of magnitude (Fig.  2). Lin-
ear correlations were observed between  [M]T and 
 [M]AE for Pb and Zn, with  R2 values of 0.66 and 
0.55, respectively (SI Table 1) and corresponds to a 
percentage of acid-extractable Pb and Zn of 35% and 
33%, respectively. There were no apparent differences 
in metal lability between the two neighborhoods; 
for example,  PbAE was 36% of  PbT in Summit Lake 
 (R2 of 0.72) and 35% in West Akron  (R2 of 0.65). 
The other trace metals (Ti, Cr, Mn, and Cu) did not 
exhibit a linear correlation between  [M]T and  [Mn]AE 
(Fig. 2). With respect to the geographic distribution of 
 [PbAE], higher average  [Pb]AE values were observed 
in West Akron (174  mg/kg) compared to Summit 
Lake (80 mg/kg), consistent with the observed  [PbT] 
distribution (Fig. 1).

Pearson correlation values (SI Table  1) indicate 
that Pb and Zn exhibited a strong positive correla-
tion with each other in both the  MT and  MAE fractions 

 (R2 = 0.56 and 0.68, respectively), with no signifi-
cant differences in the correlations between the two 
neighborhoods. Further,  PbAE also exhibited moder-
ate positive correlations with  KAE and  CdAE, and a 
moderate weak correlation with  SiT. Additional cor-
relations for other trace metals were also observed (SI 
Table 1):  TiAE had a strong positive correlation with 
 CuT and  SiAE;  CrAE had a strong positive correlation 

Fig. 2  Box-and-whisker plots (left) for  [M]T and  [M]AE for 
M = Ti, Cr, Mn, Cu, Zn, and Pb (n = 82), and scatter plots 
(right) showing the relationship between  [M]T and  [M]AE
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with  PAE;  MnAE had a strong positive correlation with 
 CaT,  MgT,  AlAE, and  CaAE;  CoAE had a strong posi-
tive correlation with  VAE; and  NiAE had a strong posi-
tive correlation with  CuT,  MgAE,  SiAE, and  CaAE. The 
relationship between these correlations and observed 
solid phase speciation, with an emphasis on Pb, will 
be explored below.

Characterization of Pb-bearing solids and soil 
properties

Soil mineralogy was dominated by quartz, feldspars 
(albite and anorthite), and phyllosilicates (kaolin-
ite, muscovite, and biotite), with average values of 
85% ± 9%, 3% ± 5%, and 11% ± 8%, respectively 
(SI Figure 1A); no Pb-bearing phases were detected 
by XRD. The soil samples were observed to have a 
sandy texture following air-drying, consistent with 
the high quartz context determined by XRD. Further, 
loss-on-ignition values were generally low (less than 
1.5%), with an average value of 0.41% ± 0.26%. (SI 
Figure 1A).

Grain-scale characterization of 20 randomly 
selected samples (ten from each neighborhood) by 
SEM–EDS analyses revealed the presence of three 
types of Pb-bearing phases, which were readily appar-
ent based on their high contrast in the SEM images, 
despite their low modal abundance compared to the 
(alumino)silicate minerals that dominate the soil min-
eralogy. The Pb-bearing phases are described in order 
of highest to lowest Pb concentration of the analyzed 
grains based on EDS spot analyses, however, no cor-
relation was observed between the presence of high-
concentration Pb-bearing phases and the  [Pb]T or 
 [Pb]AE values of the analyzed soil sample. (1) Pb–S-
rich cubic phases, consistent with the composition 
and morphology of galena (PbS), and 5–10  µm in 
size (Fig. 3 and SI Figure 2). Some of the Pb–S-rich 
grains were spatially correlated with other trace met-
als including Mn (Fig.  3A) and Zn (SI Figure  2B), 
and coated in Si-Al-O rich phases consistent with the 
composition and texture of clays (Fig. 3B) or Fe–O-
rich phases consistent with Fe-oxides (SI Figure 2A). 
The Pb–S-rich grains were observed in five of the 
20 analyzed samples, and only in the Summit Lake 
neighborhood samples. (2) Pb–O-Ti–rich phases with 
angular morphology that were 10–20 µm in size, spa-
tially correlated with low concentrations of Mg and 
Mn, and coated and/or in aggregates of fine-grained 

phases consistent with the composition (Si-Al–Mg-O) 
and texture of clays (Fig. 4). These Pb-bearing phases 
were observed in four of the 20 analyzed samples, 
and present in samples from both the Summit Lake 
and West Akron samples. (3) Pb-Fe–O-rich phases 
with angular morphology that were 20  µm in size, 
and consistent with Pb-bearing Fe-oxides and were 
not typically spatially correlated with other trace met-
als (Fig. 5). These Pb-bearing phases were observed 
in five of the 20 analyzed samples, and present in 
samples from both the Summit Lake and West Akron 
samples. After completing the acid extraction experi-
ment, four randomly selected samples (two from each 
neighborhood) were also analyzed by SEM–EDS, 
and no discrete Pb-bearing phases were observed in 
those samples (SI Figure  3). In both pre- and post-
acid extraction samples, the presence of other anthro-
pogenic phases was also observed (SI Figure  3), 
primarily spherical particles 20  µm in diameter or 
aggregates of spherical particles 100 µm in size and 
consistent with metallic slag.

Isotopic composition of acid-extractable Pb

Isotope ratio values for all acid-extractable Pb sam-
ples were 1.159 to 1.245 for 206Pb/207Pb, and 1.999 
to 2.098 for 208Pb/206Pb (Fig.  6). Although there 
was some overlap in the Pb isotope ratio values of 
the Summit Lake and West Akron neighborhood 
soil samples, there was a statistically significant dif-
ference between the two datasets based on a t-test 
analysis (p = 0.010 for 206Pb/207Pb and p = 0.009 for 
208Pb/206Pb). Isotope ratio values for the Summit Lake 
soil samples were 1.159 to 1.217 for 206Pb/207Pb, 
and 2.027 to 2.098 for 208Pb/206Pb; value ranges for 
West Akron were 1.195 to 1.234 for 206Pb/207Pb, and 
2.006 to 2.061 for 208Pb/206Pb. The isotopic ratios of 
the acid extracted Pb were compared to Pb sources 
to determine major contributors to labile Pb in the 
Akron soil samples. Potential sources include uncon-
taminated soil, leaded gasoline (i.e., petrol), lead 
paint, and coal and fly ash ((Wang et al., 2019), and 
references therein). The Pb isotope values from the 
Akron soil samples fall primarily within the paint 
and petrol ranges, primarily in the higher 206Pb/207Pb 
and lower 208Pb/206Pb range of source values (Fig. 6). 
Half of the Summit Lake samples fall outside of the 
petrol range and are clustered near the end of the 
paint range, and a third of the West Akron samples 
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fall outside of both the petrol and paint ranges and are 
within the coal and fly ash range.

Discussion

Comparison of total versus labile Pb in Akron and 
other cities

The range of  [Pb]T values in the current study 
(34  mg/kg to 1970  mg/kg) (Fig.  2) are similar to 
previous studies of urban areas with comparable 
sampling densities, including Los Angeles, Califor-
nia, USA (9 mg/kg to 8150 mg/kg  PbT, n = 550) (Wu 

et al., 2010); Lithgow, New South Wales, Australia 
(b.d.l. to 3490 mg/kg  PbT, n = 134) (Rouillon et al., 
2013); and New Castle, New South Wales, Australia 
(14 mg/kg to 11,600 mg/kg, n = 170) (Harvey et al., 
2017); Toledo, Ohio, USA (b.d.l. to 904 mg/kg  PbT, 
n = 81) (Stewart et  al., 2014); Philadelphia, Penn-
sylvania, USA (58  mg/kg to 2821  mg/kg, n = 38) 
(Bradham et  al., 2017); Greensboro, North Caro-
lina, USA (b.d.l. to 1200 mg/kg, n = 2310) (Obeng-
Gyasi et al., 2021), and Indianapolis, Indiana, USA 
( b.d.l. to 6619  mg/kg  PbT, n = 1400) (Filippelli 
et  al., 2018). The results of the current work indi-
cate that, like these other urban locations, Akron 
has elevated soil Pb levels likely due to presence 

Fig. 3  Representative SEM images and EDS element maps 
for two samples showing Pb–S-rich phases consistent with the 
composition and morphology of galena. Values for  [Pb]T and 

 [Pb]AE were 263  mg/kg and 26  mg/kg, respectively (A) and 
762 mg/kg and 114 mg/kg, respectively (B)
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of older housing stock and history of leaded gaso-
line use. Other industrial activities that produce Pb 
emissions had a more limited presence in Akron 
(e.g. smelting, glass working, production and join-
ing of pipes, match production, etc.), although 
these could have resulted in additional localized Pb 
contamination.

Although previous efforts aiming to determine 
the fraction of  PbT that is potentially bioaccessible 
in urban residential soils have used different extrac-
tion protocols, it is clear that in contrast to the range 
and average values of  PbT, the amount of potentially 
bioaccessible Pb is quite variable. For example, in 
the current work, approximately 35% of  PbT was 

Fig. 4  Representative SEM images and EDS maps of Pb-Ti–O-rich phases consistent with paint particles. Values for  [Pb]T and 
 [Pb]AE were 544 mg/kg and 123 mg/kg, respectively (A) and 517 mg/kg and 102 mg/kg, respectively (B)



 Environ Geochem Health          (2024) 46:164 

1 3

  164  Page 10 of 17

Vol:. (1234567890)

acid-extractable (Fig. 3), in contrast to previous stud-
ies which reported a labile fraction of approximately 
60–70% (Hamel et  al., 1999; Juhasz et  al., 2009; 
Paltseva et al., 2018; Stewart et al., 2014; Wu et al., 
2010) and up to 80–90% (Bradham et al., 2017; Lamb 
et  al., 2009), although average values across a wide 
range of urban and residential soils has been reported 
to be approximately 50% (Yan et al., 2017). The per-
cent of labile Pb in materials from non-residential 
soils vary more widely from 10 to 90%, and includes 
shooting range soils, incinerator waste, former land-
fill, and smelter waste (Smith et al., 2011), and more 

broadly is dependent on soil type and soil properties 
(Yan et al., 2017). The lower fraction of labile Pb in 
the current work might reflect slight differences in 
the analytical approach and/or in sources and local 
changes in Pb speciation over time, including vari-
ability in the proportional input of Pb from histori-
cal gasoline versus paint sources. For example, Los 
Angeles has a much higher road and traffic density 
compared to Akron coupled with lower rates of Pb 
paint use which might account for the higher amounts 
of potentially bioaccessible Pb (Wu et al., 2010). Fur-
ther, following deposition of Pb to soils, the amount 

Fig. 5  Representative SEM images and EDS maps of Pb-Fe–O-rich phases consistent with Pb associated with Fe-oxides. Values for 
 [Pb]T and  [Pb]AE were 435 mg/kg and 260 mg/kg, respectively (A) and 139 mg/kg and 79 mg/kg, respectively (B)
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of potentially bioaccessible Pb has been shown 
to decrease over time due to aging reactions and 
changes in speciation, with an increase in the frac-
tion of Pb associated with Fe- and Mn-oxides (Sami-
nathan et  al., 2010). If Pb inputs to Akron soils are 
dominated by older sources (i.e., paint from houses 
in the 1950s) compared to newer inputs (i.e., gaso-
line emissions through the 1970s) then it is possible 
that changes in Pb speciation in Akron soils over time 
has resulted in an increase in the proportion of recal-
citrant Pb compared to other cities with different Pb 
emission sources and time profiles. The lower frac-
tion of labile Pb in the current work could also be due 
to and overestimation of total Pb by XRF and/or an 
underestimation of potentially bioaccessible Pb dur-
ing the acid extraction and further work is warranted 
on a wider range of samples from the study site. Ulti-
mately, these results highlight the need to determine 
Pb speciation in soils to better ascertain the relation-
ship between total and labile Pb.

Factors controlling the presence of primary and 
secondary Pb-bearing phases in Akron soils

The speciation of Pb in the Akron soil samples is 
complex and is likely the result of a combination 

of multiple source inputs combined with post-dep-
ositional transformations. Given that no discrete 
Pb-bearing phases were observed in the post-acid 
extracted samples (SI Figure  3), the three type of 
Pb-bearing phase observed by SEM–EDS likely 
dominate the fraction of labile Pb. Soils from both 
Akron neighborhoods contained Pb-bearing par-
ticles that were compositionally consistent with 
particles of Pb-pigments in paint and present in 
aggregates with other common phases in histori-
cal Pb-based paint (Fig.  4). The composition of 
white Pb-pigments, the primary Pb paint used in 
residential neighborhoods, included Pb-oxides, Pb-
carbonate, and Pb-sulfate (Beauchemin et al., 2011; 
Hunt, 2016). Non-Pb phases include other pigments 
(modifying paint color such as Ti- and Zn-oxides), 
or as fillers (modifying the physical characteristics 
of the paint, including clays, quartz, and carbonates 
Dietrich et al., 2022; Hunt, 2016). The presence of 
these phases is consistent with a high density of 
older housing stock in Akron with historical Pb-
paint use (Schuch et al., 2017).

The association of Pb with Fe-oxides (Fig.  4) is 
commonly observed in soils, where the addition of 
 Pb2+ added to soils from a variety of sources, domi-
nated by paint and gasoline emissions, typically 
results in the retention of Pb in soils through seques-
tration by metal oxides, clays, and organic matter 
(Mielke et  al., 2019; Wade et  al., 2021). Following 
deposition of Pb-paint into soils through chipping or 
peeling from older structures, common pigments (e.g. 
Pb-oxides and Pb-carbonates) undergo weathering 
and are typically transformed into soluble Pb-hydrox-
ides which subsequently dissolve and release  Pb2+ 
(Davis et al., 1993). An additional source of  Pb2+ was 
from deposition of leaded gasoline emissions, where 
combustion of organo-Pb compounds resulted in the 
formation of  Pb2+ (Seyferth, 2003). Sequestration of 
 Pb2+ by Fe-oxides has been observed in in soils where 
gasoline emissions were dominant with no input from 
paint (Kaste et al., 2006), in soils where paint is the 
primary source of Pb (Clark et al., 2006), and in soils 
with multiple Pb source inputs (Haque et al., 2021). 
In the current work, the Fe-oxides Pb was associated 
with were observed to be correlated with Mn as well 
(Fig.  4). Although Pb was not observed to be cor-
related with discrete Mn-oxides, these phases can 
be important sorbents of  Pb2+ in soils (O’Reilly & 
Hochella, 2003).

Fig. 6  Isotopic composition of acid-extractable Pb  (PbAE) for 
all Akron soil samples separated by neighborhood (red trian-
gles for Summit Lake; and blue circles for West Akron). Also 
included are average data and ranges for US soil (natural Pb, 
gray area), paint (short dash-lined area), petrol (solid-lined 
region), and coal and fly ash (long dashed-line area) (Wang 
et al., 2019). Error bars (representing instrumental error based 
on reference standards collected in between samples) are 
smaller than the data symbols
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The presence of galena-like phases in the Akron 
soils (Fig. 3), although in low abundance, is surpris-
ing given the lack of Pb-mining activities, smelters, 
or other industries that specifically used galena in the 
area. Given the industrial history of Akron, one possi-
ble explanation for the presence of galena is the result 
of the reaction between labile Pb-bearing phases and 
sulfur emissions from nearby rubber and tire manu-
facturing facilities. It has been documented since 
the 1940s that the presence of S in the atmosphere 
(e.g. near mining towns and sewage plants) can react 
with Pb paint pigments (e.g. Pb-oxides and carbon-
ates) forming Pb sulfide with subsequent darkening 
of paint (Sperry, 1948). Rubber production, specifi-
cally the creation of latex, is also known to produce 
hydrogen sulfide which was vented directly to the 
atmosphere to decrease worker exposure (McCor-
mick, 1952). These emissions were linked to numer-
ous health and safety issues in the rubber industry in 
the 1960s, including acute eye irritation and chronic 
vision impairment among factory workers, and air 
pollution in adjacent neighborhoods (Brown, 1969). 
It is possible that Pb-bearing particles from paint 
pigments in soils could react with S emissions from 
the Akron rubber industries to produce galena. Fur-
ther, the rubber and tire factories were located in the 
southeastern portion of Akron, and the Summit Lake 
neighborhood is adjacent to these locations whereas 
West Akron is 5–10  km away. This may explain 
why particles of PbS were only observed in Summit 
Lake which would have been closer to the S emis-
sion sources. Further work is warranted to quantify 
the abundance of the galena-like phases using syn-
chrotron-based bulk X-ray Absorption Spectroscopy, 
which coupled with Pb isotopic analyses can aid in 
quantifying the primary sources of contamination 
(e.g. (Noerpel et al., 2020)).

Variability in legacy Pb sources at the neighborhood 
scale

Lead isotope ratio values (Fig.  6) indicate that the 
majority of samples from both neighborhoods fall 
within the leaded gasoline and paint isotopic ratio 
values, which is consistent with the similarity in 
the age of housing stock (pre-1950) (Schuch et  al., 
2017) and road densities of the two neighborhoods 
that would result in similar Pb sources dominating 
Pb input to urban soils (Clark et al., 2006). However, 

approximately half of the West Akron samples fall 
outside of the gasoline range and are clustered in the 
lower range of the paint range. This difference poten-
tially reflects where the samples were collected; all 
samples from Summit Lake were collected at road 
verges, whereas the West Akron samples were col-
lected by students from homes, nearby parks, or 
schoolyards throughout Akron. Previous work has 
shown soils closer to homes with a history of leaded 
paint use had Pb isotopic ratio values dominated by 
Pb paint whereas soils closer to streets had values 
dominated by legacy leaded gasoline as well as mixed 
sources from atmospheric deposition (Resongles 
et  al., 2021; Wang et  al., 2022). Some studies have 
shown that in locations where Pb was derived from 
both paint and gasoline, the isotopic signature of gas-
oline derived Pb was be dominant (MacKinnon et al., 
2011; Takaoka et  al., 2006), whereas others have 
shown that high Pb in soils is mainly derived from the 
legacy of lead-based paint (Wade et al., 2021; Wang 
et al., 2022).

Although historical leaded paint and gasoline 
emissions were expected to be the dominant sources 
of Pb to both neighborhoods, half of the West Akron 
samples fall outside of the Pb isotope ratio range for 
both gasoline and paint (Fig.  6). These values are 
within the Pb isotopic range of fly ash, generated 
either from coal combustion or burning of municipal 
waste (Li et al., 2017; Wang et al., 2021). The West 
Akron neighborhood is located closer to historical 
point source emission sources from smoke stacks, 
including the Ohio Edison Steam Power Plant built in 
1954 and the Recycle Energy System Plant that was 
built to replace it in 1976, which was known to emit 
lead and other toxic elements and was one of biggest 
point source polluters in Ohio (Bergin et  al., 2008). 
Further, air pollution from these point sources was 
found to primarily impact neighborhoods closer to 
the smokestacks (Mostardi et al., 1981), which could 
explain why soils in West Akron contain Pb with an 
isotopic signature from fly ash. Further complications 
linking sources of Pb based on isotopic composi-
tion are changes in the isotopic composition of Pb in 
leaded gas over the twentieth century (Dunlap et al., 
2000; Hurst et al., 1996) and remobilization and mix-
ing Pb in soils, sediments, and aerosols resulting in 
isotopically mixed anthropogenic Pb (Bollhöfer & 
Rosman, 2001, 2002; Dietrich et  al., 2022; Jaeger 
et  al., 1998). Ultimately, despite some complexity 
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in source apportionment, the Pb isotope signature 
in Akron soils is dominated by historical paint and 
gasoline use, consistent with the industrial history of 
Akron.

Conclusions and implications

We have shown that Pb speciation and distribution 
at the neighborhood-scale in Akron, Ohio is variable 
and reflects a complex local relationship between the 
input of primary sources and secondary reactions that 
take place following deposition. Although a correla-
tion between total and labile Pb is expected, localized 
variability in soil type and secondary reactions makes 
it difficult to predict the fraction of potentially bio-
accessible Pb. Akron soil samples are contaminated 
with Pb and although the labile fraction is a lower 
percentage compared to studies in other cities, the 
high total concentrations result in significant source 
of labile, and potentially bioaccessible Pb. Our work 
is consistent with previous studies that have shown 
that urban core properties represent the greatest Pb 
exposure risk, particularly soils near older homes 
(Filippelli et  al., 2018). Further, by linking neigh-
borhood-dependent Pb speciation and distribution 
to previous work that has linked older housing stock 
to elevated BLLs among children in Akron (Schuch 
et al., 2017), and this work highlights the importance 
of community science collaborations to expand the 
reach of soil sampling and establish areas most at 
risk based on neighborhood-dependent Pb speciation 
and distribution for targeted remediation. The current 
system in place for discovering and treating elevated 
BLLs is reactive rather than proactive. The use of a 
proactive community science collaborations allows 
for the identification of high concentrations, so they 
can be addressed before allowing families to estab-
lish residency and/or advocate for remedial actions 
(Dietrich et al., 2023a, 2023b).

The pervasiveness of labile and potentially bioac-
cessible Pb across Akron indicates that remediation 
targeting areas with highest Pb concentrations in resi-
dential areas is necessary, which could include cover-
ing contaminated urban soils and/or treating them to 
convert Pb to more recalcitrant phases, both of which 
are expensive over large areas but will cost much less 
than treating impacted children (Karna et  al., 2021; 
Mielke et  al., 2006; Sowers et  al., 2021). Further, 

without treatment, these soils can potentially be a per-
sistent source of airborne Pb resulting in an additional 
exposure pathway (Harlavan et  al., 2020; Resongles 
et al., 2021; Wang et al., 2022). Further work is war-
ranted to determine the distribution of labile Pb over 
the wider metropolitan Akron area and determine 
the speciation and distribution of Pb in aerosols sus-
pended above the area.
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