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Abstract Urban agriculture is emerging as a method to improve food security and public health in cities
across the United States. However, an increased risk of exposure to heavy metals and metalloids (HMM)
exists through interaction with contaminated soil. Community-engaged research (CEnR) is one method

that can promote the inclusion of all partners when studying exposures such as HMM in soil. Researchers

and community gardeners co-designed this study to measure the concentrations of lead (Pb), using X-Ray
Fluorescence (XRF) verified with Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) in soils from 19
urban agricultural and residential sites in the Westside of Atlanta and three rural sites in Georgia. Seventeen
other HMM were measured but not included in this study, because they did not pose risks to the community
comparable to elevated Pb levels. Pb concentrations were compared to the Environmental Protection Agency
(EPA)'s regional screening levels (RSLs) for residential soil and the University of Georgia (UGA) extension
service's low-risk levels (LRLs) for agriculture. Soils from the majority of sites had levels below EPA RSLs
for Pb, yet above the UGA LRL. However, soil Pb concentrations were three times higher than the EPA RSL
on some sites that contained metal refining waste or slag. Our findings led to direct action by local and federal
government agencies to initiate the cleanup of slag residue. Studies involving exposures to communities should
engage those affected throughout the process for maximum impact.

Plain Language Summary This study used community-engaged participatory research to explore
lead contamination in Atlanta urban growing spaces under two different sets of screening levels, which

had not previously been compared in agricultural settings. While most growing sites were below the EPA
regional soil screening levels, many were above the University of Georgia extension's agriculture-specific
recommendations levels. Strong relationships and communication between researchers, community gardeners,
and regulatory organizations led to the discovery of contamination from metal refining waste and a subsequent
Federal remediation effort. This study demonstrates the importance, impact, and need to work with community
members on issues involving environmental pollution and justice.

1. Introduction

Health effects resulting from exposures to heavy metals and metalloids (HMM) are a globally recognized prob-
lem (Martin & Griswold, 2009; Tchounwou et al., 2012), yet these hazards still persist in many urban areas in
the United States (US). The common HMM that pose threats to human health are lead (Pb), cadmium (Cd),
chromium (Cr), and arsenic (As) (Jarup, 2003), with Pb being one of the most harmful to human health and chil-
dren's neurological development. Over the last 35 years, the Centers for Disease Control and Prevention (CDC)
has been continuously lowering the reference value for blood Pb levels (BLLs) in children aged 0—6 years from
10 pg/dL to 5 pg/dL in 2012 and to the current 3.5 pg/dL set in 2021 (Centers for Disease Control, 2022). Still,
approximately 86,000 children below 6 years of age were identified with BLLs above 5 pg/dL across the US in
2018 (Centers for Disease Control, 2022). In 2018, 2,333 children below 6 years of age in Georgia were identified
with BLLs above 5 pg/dL. This number was derived from a screening rate of about 20%, thus it is likely that the
true number is much greater than what is reported (Distler & Saikawa, 2020). Permanent neurologic damage and
behavior disorders have been associated with low BLLs, prompting the CDC to state that there is no safe BLL for
Pb (Bellinger & Needleman, 2003; Bellinger et al., 1992; Dietrich et al., 2001; Needleman et al., 2002).
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Many studies have shown an increased risk of exposure to HMM among youth in low-income families in urban
areas (Filippelli & Laidlaw, 2010; Filippelli & Taylor, 2018; Filippelli et al., 2015; Pamuk et al., 1998), resulting
in the estimated societal costs of billions of US dollars (Gould, 2009; Hanna-Attisha et al., 2016; Landrigan
et al., 2002; Schwartz, 1994). An estimated $5,600 in medical and special educational services is incurred for
each child with a BLL above 5 pg/dL inflicting a financial burden on families with children who meet the crite-
rion and costing the US $50.9 billion annually in lost productivity (Hauptman et al., 2017).

Racial and class disparities in HMM exposures are substantial, with African-Americans and economically
disadvantaged individuals bearing the greatest risks (Morrison et al., 2013; Muller et al., 2018; Wheeler &
Brown, 2016). Emissions from industrial/power plants, mining, Pb-based paints, Pb-based gasoline, fertilizer,
sewage sludge, pesticides, and atmospheric deposition can all lead to elevated soil HMM levels, as soils are the
major sink of HMM in the environment (Khan et al., 2008; Wuana & Okieimen, 2011). Another source of HMM
in soil can come from slag, the waste from metal refining (Krdl et al., 2020). Because these sources are often
linked to poor and minority communities, exposure to HMM from soil is also an environmental justice issue
(Clark et al., 2006).

Soil Pb has been linked to elevated BLLs in children (Mielke & Reagan, 1998; Zahran et al., 2013), and several
pathways exist for exposure to soil Pb. The primary pathway is through soil dust which is consumed via ingestion
or inhalation or through foods that hyperaccumulate HMM (Brown et al., 2016). Urban soils contaminated with
HMM can be harmful to young children who often ingest soil incidentally by hand-to-mouth or object-to-mouth
behavior or even deliberately (Kessler, 2013; Moya & Phillips, 2014). Urban agriculture in areas with HMM
contamination poses risks of exposure to soil HMM (Kessler, 2013; Henry et al., 2015; Wortman & Lovell, 2013).
Based on these observations, for Pb, the Environmental Protection Agency (EPA) has set a regional screening
level (RSL) for residential soils at 400 ppm, while the University of Georgia (UGA) extension service has placed
low-risk levels (LRLs) for agriculture at 75 ppm (EPA, 2022; Varlamoff et al., 2016). Although soil Pb contam-
ination can pose high risks of Pb exposure, the awareness of this risk has been low (Balotin et al., 2020). We
sought to understand the potential exposures to people consuming urban garden produce using a community
science-based approach.

We designed the study in tandem with a community gardening group based in the Westside of Atlanta, a largely
low-income, non-white neighborhood (City of Atlanta, 2020). To assess soil safety in the Westside, soil HMM
levels were compared against two different existing screening levels. This study employed a community-engaged
research (CEnR) method to assess soil HMM levels in urban areas. We called our approach “Community
Science,” as opposed to “Citizen Science” to incorporate the voices of community members to be inclusive, as
demonstrated in other organizations, such as the National Audubon Society (National Audubon Society, 2018).
CEnR studies on HMM in urban soils are rare, despite the benefits this type of research can provide (Johnson
et al., 2016). CEnR can be used to promote social justice, increase public knowledge of scientific concepts, and
can lead to co-produced policy (Corburn, 2007; Dickinson et al., 2012; Jacobson & Rugeley, 2007).

The main goal of this study was to measure soil HMM levels and sources in a manner that engaged and benefited
the community. We worked with community members not only to assess contamination levels, but also to raise
awareness of potential HMM exposures through urban gardens. Community members were actively involved in
every step of the study from study design, site selection, soil sample collection, and presenting results to funders.
Results were reported back as the samples were analyzed and community members were also involved in the
interpretation of results and communication.

2. Materials and Methods
2.1. Community Involvement

This project emphasized community engagement. The research team received input from Emory's Health and
Exposome Research Center: Understanding Lifetime Exposures (HERCULES) Community Stakeholder Advi-
sory Board (SAB) upon the inception of the project. The SAB provided feedback on how best to approach
community members in an inclusive manner and the study design was modified repeatedly to directly involve
and benefit the community. This included pairing with the director of the Historic Westside Gardens (HWG), our
eventual community research partner. This research project was further developed with significant input from the
HWG. We engaged HWG leadership on how we could design a project that would most benefit their members
and the broader community.
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HWG members were included in the sampling efforts described below, and HWG leaders trained HWG members
to collect soil samples in the neighborhood. Workshops on sampling methods and research design were given
to HWG members to prepare for this work. HWG members were also integral partners in discovering potential
sources of exposure and helped disseminate results. Joint presentations were given at a SAB meeting and at a
HERCULES center retreat to all researchers.

2.2. Site Descriptions and Soil Sampling

Community partners provided insight for site selection. Sites were chosen by community members due to their
importance for current or future food production with some snowball (chain-referral) sampling with neighbors of
initial sites and expanding based on acquaintances (Goodman, 1961). Two sites were added after a community
partner discovered slag waste from metal refining. The discovery of slag pieces led to a community desire to
understand sites specifically with slag visible on them. A conceptual site model outlining site history and layout
(Eaker et al., 2011) was developed with input from site owners and gardeners for each site (Figure S1). Each site
was divided into decision units (DU), or sections with potentially different levels of soil contamination due to site
history (Interstate Technology & Regulatory Council, 2020).

Each site was sampled according to the Incremental Sampling Method (ISM), which uses a robust subsampling
protocol for each DU (Interstate Technology & Regulatory Council, 2020). ISM consisted of first taking three
composite samples of 30 subsamples from each DU. The subsamples were taken from random locations in all 30
equal area squares that made up the entire size of the DU. ISM has been shown to provide an accurate mean and
95% upper confidence level (UCL) with three replicates of composited samples if the sampling area is divided
into a grid of a minimum 30 sections (Interstate Technology & Regulatory Council, 2020). Four community part-
ners working for HWG were trained in the ISM protocol and took samples from sites where they lived or worked,
which were some of the sites selected for the study.

Working together with community members, we collected 355 soil samples (Table 1) between July 2018 and May
2019 and measured the concentrations of Pb and 17 other HMM using X-Ray Fluorescence (XRF). Nineteen
urban agricultural and residential sites in the Westside were examined along with three rural background sites
in Georgia. Vacant lots and the backyards of residents in the area were chosen as urban sites due to the rise in
community and home gardens. All residential site samples from the Westside of Atlanta were further classified
as agricultural (actively growing produce) or residential (not actively growing produce) to assess the impact of
plant growth on HMM concentrations. A sample was considered actively growing if there were plants intended
for ingestion germinated in the soil at the time of sampling. Each of the 302 samples from growing sites was
further categorized into raised bed (soil generally from another location added above the native soil and contained
in a four-sided structure), mound bed (soil generally from another location added above the native soil but not
contained on the sides), or bare soil to assess the effect of bedding practices on overall concentrations. Back-
ground sites were selected that were at least 30 miles away from the center of Atlanta and had no known industrial
or other potential anthropogenic contaminations. A subset of XRF samples (n = 37) was analyzed by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) for soil concentration confirmation.

2.3. Soil and Slag Analysis

Each composite sample was oven-dried after removing visible debris and sieved to 100 pm filling a small plastic
bag with at least 5 g needed for later digestions. Hazardous levels of Pb (>400 ppm) were found on some sites
that contained metal refining waste or slag and thus 34 pieces of slag were additionally sampled for analysis. Slag
was crushed via sledge hammer, subsampled randomly, and crushed to a fine powder with a mill before analysis.
All soil and slag samples were first analyzed using the XRF. Each sample was measured a minimum of four times
with the XRF and only samples with a mean relative standard deviation (RSD) of 35% or lower were used for
analysis as per EPA methods (Adams, 2017).

Thirty-seven soil samples with Pb concentrations ranging from 200 to 1,000 ppm as measured by XRF were
also analyzed using ICP-MS for specific HMM content and correlation with field measurements. Approxi-
mately 0.2 g of sieved soil samples were digested for 3 hr at 95°C in pre-cleaned 100 ml beakers covered with
glass watch glasses using 10 mL of ultra-purity grade acid (Ultrix grade, Fisher) and 3 mL of ultra-pure hydro-
gen peroxide according to EPA Method 3050B (EPA, 1996). After the digestion was completed, the samples
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Table 1

Number of Samples Analyzed by XRF for Each Site and Category by Site

Site name (coded)

Sample count

Rural Background 1

11

Rural Background 2 19
Rural Background 3 9
Residential 1 6
Residential 2 19
Residential 3 3
Residential 4 35
Residential 5 9
Residential 6 3
Residential 7 9
Residential 8 3
Residential 9 8
Residential 10 9
Residential 11 3
Urban agricultural 1 12
Urban agricultural 2 44
Urban agricultural 3 24
Urban agricultural 4 106
Urban agricultural 5 9
Slag 1 9
Slag 2 5
By category
Category Sample count
Rural background 39
Total urban samples 302
Slag soil 14
Slag pieces 32
No bed 64*
Raised bed 924
Mound bed 146*
Actively growing 1272
Not actively growing 1752

Note. Sample counts from all sites and for notable categories used in mean comparisons. Each sample refers to one aggregate sample of 30 subsamples from one
decision unit (DU) from a site. Ideally, three samples are taken from each DU, but some samples were lost or contaminated.

2Counts from a subset of data that was only the urban samples.

were adjusted to a final volume of 10 mL and spiked with internal standards. Five mL of the sample solution
were centrifuged at 4,000 rpm for 20 min. The supernatant was removed and stored in a cleaned sample tube for
subsequent ICP-MS analysis. Prior to the ICP-MS analysis, the samples were diluted to a specific volume with
2% nitric acid (ultra-purity). The samples were quantified against a 7-point calibration curve. Analytical blank
and quality control samples were prepared and quantified alongside the samples. NIST material (SRM2709a)
was also prepared and included in the analytical run to ensure the accuracy of the calibration curve prepared.
Background levels for HMM were subtracted from measured values to get final concentrations.
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Figure 1. Mean 95% upper confidence levels (UCL) for lead (Pb) in rural background (Bck), residential (Res), and urban agricultural (Agr) sites is displayed in the
graph on the left. The subset of samples analyzed by both X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) is displayed in the
graph on the right. EPA regional screening levels (RSL) are denoted by red lines and UGA low risk levels (LRLs) are denoted in green. Error bars are 95% confidence
intervals of the mean in the XRF graphs and one standard deviation of distributions in XRF/ICP-Ms graphs due to limited ICP-MS sample size.

2.4. Statistics

All statistics were carried out in Microsoft Excel and R version 3.5.1 (R Core Team, 2020). A 95% upper confi-
dence limit (UCL) for all XRF data was calculated using the following formula:

UCL = p + Tino(0.1,n — 1) # <E>
n

where y is the mean of all readings, Tinv is the inverse of the Student's #-distribution, 0.1 is the 1-sided p-value for
a 95% confidence interval, n is the number of XRF readings, and SD is the standard deviation of XRF readings.
UCLs were used in place of means for all data analysis in order to compare with EPA RSLs. Overall UCLs were
calculated for each site using the average of each sample UCL. All XRF data were quantified using a five-point
standard curve. UCL was used because this is the statistical metric the EPA uses for site assessment, and we
wanted to match that process as closely as possible.

Significant differences between site locations or traits (between growing and non-growing spaces as well as
between raised beds, mound beds, and bare soil sites) were determined using a Student's ¢-test with an a value of
0.05. Each site was compared via #-test to two different screening levels; the EPA residential soil RSLs and UGA
LRLs. All project partners, including those from the community, were informed of XRF protocols and statistical
analyses before discussing results in order to be transparent about how data were acquired and analyzed. Correla-
tions between XRF and ICP-MS data were calculated using Pearson product-moment correlation.

3. Results
3.1. Pb Under Different Screening Levels by Site

Three of the 11 urban residential sites had mean UCLs of Pb that were above the EPA RSL of 400 ppm (Figure 1).
Although none of the five urban agricultural site UCLs were above the Pb RSL, all except for one residential
site and two of five urban agricultural sites were above the UGA LRL of 75 ppm Pb in agricultural soil. On the
contrary, all three rural background sites had UCLs lower than UGA LRLs for Pb. Based on comparisons to the
two screening levels, there are large discrepancies in the number of sites deemed as low risk for Pb. 75% of all
samples exceeded the UGA LRL for soil Pb, and 19% of the samples exceeded the EPA RSL.

Overall UCLs were lower for Pb at sites with crops growing compared to those with no food crop cultivated.
The overall UCL was 94.4 ppm (95% CI = 74.9, 113.9) at growing sites and 205.5 ppm (95% CI = 167.9, 243.1)
without anything growing, both of which are above the UGA LRL but below the EPA RSL.

3.2. Effects of Growing Practice on Lead Concentrations

Overall Pb UCLs were significantly lower in raised beds (104 ppm (95% CI = 83.9, 125.8)) and mound beds
(66.2 ppm (95% CI = 59.8, 72.7)), compared to bare soil (308.7 ppm (95% CI = 247.1, 370.3)) throughout urban
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measurements of Pb correlated well (» = 0.85 and mean percent bias of 4.4%
higher for XRF, Figure 2), supporting previous findings (Clark et al., 1999).

Figure 2. Correlation between X-ray fluorescence (XRF) and inductively
coupled plasma mass spectrometry (ICP-MS) measurements of Pb (R? = 0.72). .
Orange line represents an ideal 1:1 relationship between XRF and ICP-MS 3.4. Impact of Slag on Heavy Metal Concentrations

measurements and blue dots represent observed concentrations from both
instruments. All concentrations are in ppm.

Figure 3. X-ray fluorescence (XRF) mean upper confidence limits (UCLs)
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Based on XRF data, we found Pb concentrations to be significantly higher in
samples from sites containing metal refining slag (Figure 3). Two lots with
slag were discovered by a community partner near other measured urban sites
and were assessed with assistance from members of EPA Region 4 and the Georgia Department of Public Health.
Pb concentrations were much higher in soils at the slag sites (1,383 ppm (95% CI = 557.3, 2,209)) compared to
other urban samples (158.8 ppm (95% CI = 134.8, 182.8)), and were even higher than the crushed and sieved
fragments of slag (1,290 ppm (95% CI = 813.0, 1,769)). The overall UCLs of Pb in these soils with slag were
three times higher than the EPA RSL and 18 times higher than the UGA LRL.

4. Discussion and Conclusions

Our results highlight the discovery of high level Pb contamination in urban soils through a community-engaged
approach. Slag in the Westside of Atlanta has increased Pb concentrations in residential soil, and we found three
sites that had UCLs far exceeding the EPA RSL (Figure 1). These findings have prompted the EPA to designate
Westside Atlanta as a Superfund site and engage in a cleanup process (United States Environmental Protec-
tion Agency Superfund Site, 2021). More community-engaged screening opportunities should be explored in
regard to systemic soil HMM contamination, because these elevated concentrations may be widespread in other
low-income and minority neighborhoods (McClintock, 2012). Due to the risk that HMM presents, especially in
underserved communities, a better method to assess multiple toxicant risks in urban growing spaces needs to be
explored.

Our research also has important policy implications. EPA has soil screening levels for various HMM, including
Pb, but they are usually different from those recommended for growing produce such as the UGA LRL. The
UGA LRL takes into account the increased exposure pathways agricultural
activities can lead to, compared to residential soil contamination. However,
multiple classifications of contaminated soil can be confusing and could
hamper the promotion and implementation of urban agriculture for those
who would benefit the most (Cutts et al., 2017). With more awareness on
the existence of potential soil contamination, as well as strategies to mitigate
these problems in urban agriculture settings, health risks can be reduced and
urban space used more beneficially in these communities. While it is the
opinion of the authors of this paper that the advantages of urban agriculture

=

may outweigh the risks of contaminated soil (Brown et al., 2016), the major-

Rural

Urban

Slag Soil ~ Slag Rock ity of studies using EPA RSLs are more likely to conclude lower estimates
for exposure risk. More studies to determine soil HMM concentrations and to
assess existing exposure risk, especially in growing areas would help bridge

of lead (Pb) between rural background, urban samples, slag site soils, and slag this knowledge gap.

pieces. All results are in parts per million (ppm). 95% confidence intervals are
presented as error bars. EPA regional screening levels (RSLs) are denoted by a
red line and UGA low risk levels (LRLs) are denoted in green.

This study did indicate some growing practices that could help reduce soil
HMM concentrations to below EPA RSLs or UGA LRLs. Raised and mound
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beds had lower Pb concentrations than native soil. Our results may have been due to cleaner imported soil with
higher organic matter happening to be used more in mound beds than in raised beds (Laidlaw et al., 2018). Poli-
cies that allocate funding for urban agricultural programs in areas at high risk for soil Pb contamination should
focus on providing materials and external sources of soil for beds. For example, one community partner in our
study lowered the concentration of Pb in one of their beds from above the EPA RSL to below the UGA LRL
by putting new soil into the bed and planting new flowers. Adding new topsoil to a raised or mound bed is one
potential low-cost method to reduce Pb exposure on a large scale in urban areas endemic with contamination, as
long as added soil is low in HMM concentrations (Laidlaw et al., 2017). Using gloves while gardening, washing
hands afterward, and removing dust and soil from clothes before coming into the house are other ways to reduce
exposure while gardening (Kessler, 2013). These low-cost remediation techniques should also continue to be
promoted through avenues such as extension offices (Varlamoff et al., 2016) or outreach programs. Lower-cost
remediation techniques can reduce exposure through dilution and decreased contact with contaminated soil while
preventing the need for extensive regulations or disruptive remediation such as soil removal, which could reduce
urban agriculture growth (Kessler, 2013). These programs could include crediting programs to help growers
market crops from clean soil locations.

This study also found XRF to be well-correlated with ICP-MS methods for Pb with concentrations greater than
200 ppm, indicating the XRF's potential as a low-cost, high throughput soil testing tool for elevated levels of
Pb. These results indicate the efficacy of XRF as a low-cost, fast-throughput alternative to laboratory methods
for Pb, as found by previous research comparing the two methods (Weindorf et al., 2011; Wu et al., 2012).
Future studies assessing soil with XRF should account for bias by analyzing at minimum a subset of samples
using highly sensitive and specific methods such as ICP-MS. Often, studies do not validate XRF results with
more accurate laboratory methods (Carr et al., 2008; Higueras et al., 2012; Krishna & Govil, 2007), unless the
intent of the research is a methods comparison. Using this comparison in the present study allowed for increased
confidence in the field results, which was critical given the potential impact the elevated levels could have on
the community.

Despite our community-based approach and the identification of significant Pb sources, our study has some
limitations. The major limitation of this study is the small sample size. Small sample size in some of our analyses
(e.g., n = 6 for raised bed samples analyzed via ICP-MS) prevented strong conclusions, and more samples should
be analyzed in future studies. However, given the corroborating evidence found by the EPA throughout the neigh-
borhood following the conclusion of our study, we have high confidence that soil is an important risk factor for
childhood Pb exposure in West Atlanta.

As soon as slag with a dangerous level of Pb concentrations was found in the neighborhood, the team went search-
ing in the neighborhood for other areas with visible slag. While we were unable to discover the historical source
of the slag given how long it had likely been in the lots, we were able to engage state and national environmental
health agencies with the community. The research team found several properties with slag in the neighborhood
and worked closely with the EPA and Georgia Department of Public Health to share results. The EPA then acti-
vated a robust investigation leading to clean-up efforts. The EPA started the investigation for approximately 60
lots in the neighborhood, which was soon expanded to 368 lots in December 2019 (Miller, 2019). The boundary
then doubled to 1,087 lots by February 2020. Scientists and HWG leaders together held a door-to-door campaign
to raise awareness within the neighborhood and to increase the number of residents providing access of their
lots to be sampled by the EPA. In May 2021, the investigation area doubled again to 2097 lots, and it has been
designated a Superfund site and was listed on the National Priorities List in March 2022. The discovery of and
subsequent EPA-funded cleanup might not have been possible without the community focus of this study.

Working with and for the community from grant writing through results and action allowed this project to make
a tangible impact that might not have otherwise been possible. Strong communication at every step of the process
by the Emory team and various community organizations greatly increased the impact of this study. By focusing
on social inclusion, carrying out a project in an underserved neighborhood, and making information available
throughout the project (Meenar & Hoover, 2012), a unique partnership was formed to tackle this environmental
justice issue. The discovery of the slag could potentially lead to a longitudinal study, which is needed to assess
the racial and income disparities in exposure to environmental dumping and pollution more effectively (Mitchell
etal., 2011). Future studies on soil contamination in urban spaces should focus on engaging communities as much
as possible to expand the scientific and policy implications.
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