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Abstract

Children residing in mining towns are potentially disproportionately exposed to metal(loid)s via
ingestion and dust inhalation, thus, increasing their exposure when engaging in school or home
gardening or playing outside. This citizen science study assessed preschool children’s potential
arsenic (As), cadmium (Cd), and lead (Pb) exposure via homegrown produce, water, incidental soil
ingestion, and dust inhalation at four sites. Participants were trained to properly collect water, soil,
and vegetable samples from their preschools in Nevada County, California. As, Cd, and Pb
concentrations in irrigation sources did not exceed the U.S. EPA’s maximum contaminant and
action levels. In general, garden and playground As and Pb soil concentrations exceeded the U.S.
EPA Regional Screening Level, CalEPA Human Health Screening Level, and California
Department of Toxic Substances Control Screening Level. In contrast, all Cd concentrations were
below these recommended screening levels. Dust samples (< 10 um diameter) were generated
from surface garden and playground soil collected at the preschools by a technique that simulated
windblown dust. Soil and dust samples were then analyzed by /n-vitro bioaccessibility assays
using synthetic lung and gastric fluids to estimate the bioaccessible fraction of As, Cd, and Pb in
the body. Metal(loid) exposure via homegrown produce revealed that lettuce, carrot, and cabbage
grown in the preschool gardens accumulated a higher concentration of metal(loid) than those
store-bought nation-wide. None of the vegetables exceeded the respective recommendation
maximum levels for Cd and Pb set by the World Health Organization Codex Alimentarius
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Commission. The results of this study indicate that consumption of preschool-grown produce and
incidental soil ingestion were major contributors to preschool-aged children’s exposure to As, Cd,
and Pb. Traditionally, this level of site- and age-specific assessment and analyses does not occur at
contaminated sites. The results of this holistic risk assessment can inform future risk assessment
and public health interventions related to childhood metal(loid) exposures.
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1. Introduction

The Sierra Nevada foothills area of Nevada County has a rich history of gold mining
including the California Mother Lode zone containing hundreds of now abandoned mines
(Smith, 1999). Nevada County, CA is impacted with metal(loid) contamination from legacy
Gold Rush mining which began in 1848 by the toxic byproduct of legacy mining techniques
(Alpers, 2017). Nevada County hosted a majority of the most productive placer, hydraulic,
and hard rock mining techniques to date (Koshman and Bergendahl, 1968; Craig and
Rimstidt, 1998), where more than 3,634 U.S. tons of gold (> US$165B in 2019 US$) has
been extracted from the Sierra Nevada foothills (Solnit, 2006). Consequently, in addition to
the persistent contamination from byproduct metal(loid)s released into the environment, this
region has been shown to have significantly high concentrations of As (up to 5,000 mg kg™1)
in mine tailings left behind from mining activity (Smith, 1999). These mine tailings were
used for residential development, which led to health risks for residents and workers in the
area (Behrshing et al., 2009). The impacts of contamination by active and legacy resource
extraction sites are of increasing concern for neighboring communities. This is particularly
worrisome for communities that rely on foods locally grown in community and school
gardens. Active and legacy mining and smelting operations commonly release metal(loid)s
such as arsenic (As) cadmium (Cd), and lead (Pb), which can be transported by wind and
water erosion to nearby communities and contaminate groundwater via leaching (Csavina et
al., 2011; and references therein).

Toxic contamination of metal(loid)s including As, Cd, and Pb has persisted in the region’s
soil, surface water, and groundwater as a result of legacy gold mining. These metal(loid)s are
of special concern as they are within the top 10 of the Agency for Toxic Substances and
Disease Registry (ATSDR)’s 2017 Substance Priority List due to their frequent and likely
exposure and potential toxicity (ATSDR, 2017). Arsenic is recognized as a human
carcinogen by the International Agency for Research on Cancer (IARC) and U.S.
Environmental Protection Agency (EPA), while Cd and Pb are classified as probable
carcinogens by the U.S. EPA (U.S. EPA, 2018b; U.S. EPA, 2006a). Adverse health effects
from an acute exposure to high levels of As include gastrointestinal, hepatic, renal, and
cardiovascular damage, while chronic exposures have been shown to lead to severe
peripheral neuropathy and multi-organ cancers (ATSDR, 2007a). Exposures to Cd have been
associated with anemia and neurological impairments from acute and chronic exposures,
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respectively (ATSDR, 2008). High Pb levels pose a serious risk to children by causing
neurobehavioral development delays (ATSDR, 2007b). These heavy metal(loid)s have also
been shown to be endocrine-disrupting agents associated with the increase risk of cancers
(Vaiserman, 2014). Children have an air and caloric intake that is 2 to 3 times greater than
adults and undergo more rapid and complex body system development, which make them
more susceptible to adverse health effects of environmental toxicants (Landrigan et al.,
2011). Children residing in communities at-risk of pollution are principally exposed to
metal(oid)s via incidental ingestion of dust and soil as a result of hand-to-mouth transfer
(Huang et al., 1997; Beamer et al., 2012).

In efforts to increase public health prevention and informal science education activities,
more schools have incorporated gardening programs in their curriculum (Turner et al., 2016)
potentially increasing the risk of exposure to these contaminants in the area. Furthermore,
gardening has become a more prevalent hobby in the United States, providing families with
essential fruits, vegetables, and herbs, but also presenting a potential dietary exposure if soil
or irrigation water is contaminated or garden produce accumulates these metal(loids) (Bian
et al., 2015; Ramirez-Andreotta et al., 2013a & 2013b). Plants with metal(loid)-
accumulating capacity are known as accumulators, while those with increased capacity are
known as hyperaccumulators (Avila et al., 2016; Tangahu et al., 2011). This ability is useful
in phytoremediation but can pose a threat when consumed regularly by children. Members
of the Apiaceae (Stilwell et al., 2008), Brassicaceae, and Asteraceae families accumulated
more As (Ramirez-Andreotta et al., 2013a) and Cd in the edible portion of the plant than
plants from other families. Further, it is suggested that members of the same plant family
have the same metal(loid) up-taking properties (Ramirez-Andreotta et al., 2013a). Thus,
members of these families are crucial to consider when assessing possible exposure to
metal(loid)s by ingestion of garden plants.

Soil and dust can cause significant exposures to metal(loid)s including As, Cd, and Pb if
ingested or inhaled through play and gardening activities. Most human risk assessments do
not consider the bioavailability of a metal(loid), which may over- or under-estimate
exposure. The bioavailability of a metal(loid) is the absorbed fraction of the metal(loid) that
enters systemic circulation and may reach target organs, typically determined by /in-vivo
animal models (U.S. EPA, 2007c). Bioaccessibility is, therefore, the fraction of the total
metal(loid) concentration released from the environmental matrix (e.g. dust, soil, food,
water) into the biofluid and becomes available for absorption (Thomas et al., 2018; Roussel
et al., 2010; Oomen et al., 2002). The bioavailability is, therefore, influenced by the
bioaccessibility of that metal(loid) since solubilization is required for crossing membranes in
the body (U.S. EPA, 2007c). The bioaccessible fraction determined by /n-vitro assays are a
useful and inexpensive tool that represents the maximum amount of metal(loid) that can be
absorbed (Oomen et al., 2002).

Given the possible association between metal(loid) exposures through gardening and adverse
health effects, the present study was designed to evaluate a child’s potential exposure to As,
Cd, and Pb at preschools located in Nevada County, CA. Building upon the traditional U.S.
EPA exposure assessment guidance (U.S. EPA, 1992), this study employs site-specific
analysis to predict a preschool-aged child’s exposure to As, Cd, and Pb in a legacy mining
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community. Using a citizen-science approach, a child’s dietary assessment was conducted in
tandem with the collection of irrigation water, soil and dust (garden and playground), and
preschool-grown plant samples. With site-specific As, Cd, and Pb concentrations, a
comprehensive exposure assessment was then completed to account for ingestion (locally
grown food, soil, and water) and inhalation using gastric and lung fluid assays to evaluate
bioaccessibility (Figure 1).

2. Materials and Methods

2.1. Site description

Four preschools throughout Grass Valley (95945) and Nevada City (95959), CA were
selected as sampling sites (Figure 2) for Gardenroots. The Nevada County, CA Garden
Project (referred to as Gardenroots hereafter). The two rural cities are located in the foothills
of the Sierra Nevada mountain range in Northern California. As of 2010, Grass Valley
comprised of 12.28 square kilometers and had 12,860 residents, while Nevada City has a
population of less than 5,000 residents (U.S. Census Bureau, 2010).

The gardens at all four schools were established before 2015 and have been used exclusively
for vegetable gardening. Site 1 (S1) and site 3 (S3) have grown produce for > 8 years and 6-
8 years, respectively. Sites 2 (S1) and 4 (S4) have been vegetable gardening for only 3-5
years. Site 1, S2, and S3 have previously used some garden produce for school meals, and
S2 and S3 report that children take home produce from the school gardens. The mean soil
pH at S1, S2, S3, and S4 gardens were 5.4, 5.8, 7.0, and 5.2, respectively. According to the
U.S. Department of Agriculture (USDA) Web Soil Survey, the dominant soil type for the
Nevada County area is classified as a Josephine-mariposa complex composed of a gravelly
loam within the first 30.48 cm from the surface (USDA, 2018).

2.2. Dietary assessment and gardening description survey

A dietary assessment including a food frequency questionnaire (FFQ) and a gardening
description survey was administered to school administrators and parents at each site
(Manjon and Ramirez-Andreotta, unpublished results). Each respondent was consented
under the University of California, San Francisco Institutional Review Board (IRB). The site
administrators’ responses (N = 4) to the gardening description survey provided insight on
possible contamination sources, child behavior, gardening activities, and time spent outside
in the gardens. Parents’ responses (N = 10) to the FFQ questions listed below were used to
calculate the ingestion rates of selected crops (Table 4).

. In the last 12 months, did your child eat [food]?
. How often did your child eat [food]?
. What was your child’s usual serving size of [food]?

In May 2018, Gardenroots participants (N = 33) including school administrators, teachers,
parents, and community members were trained by the research group on how to properly
collect irrigation water, soil, and plant samples at each preschool. Participants were given a
sample-collection kit, as well as an easy-to-follow instruction manual written in English and
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Spanish to facilitate sample collection. The sample-collection kit contained all the necessary
materials for sample collection, documentation, and personal protection equipment. Given
their own insight regarding the preschool’s gardening practices and their students’ regular
play areas, the participants decided on specific sampling locations for soil and irrigation
water sources. Irrigation water and soil samples were collected during the sample collection
trainings in May 2018, while the plant samples were collected from July to October 2018.

2.3. Water sampling, preparation, and analysis

Participants collected one water sample from the irrigation source for the garden as well as a
field blank at each preschool. The samples and field blanks (N = 8) were collected in trace
metal-free 50 mL tubes. To collect the field blank, a tube was filled with nanopure water,
and then transferred into a clean tube next to the source of irrigation water where the sample
was collected at each site. Samples and field blanks were refrigerated upon collection and
promptly shipped on ice within two days to the University of Arizona (UA). Upon arrival at
UA, the samples were processed and analyzed for total metal(loid) concentration including
As, Cd, and Pb by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Agilent 7700
ICP-MS, Santa Clara, CA) per U.S. EPA Method 6020B (SW-846) (U.S. EPA, 2014) at the
Avrizona Laboratory for Emerging Contaminants (ALEC). The ICP-MS instrument
quantifiable detection limits were 0.0018 — 0.033 pg L1 for As, 0.00064 ug L~ for Cd, and
0.00047 pg L= for Pb. The QA/QC protocol was adapted from U.S. EPA Method 200.8
(U.S. EPA, 1994). Calibration standards for the ICP-MS were prepared from multi-element
stock solutions (SPEX Certiprep, Metuchen, NJ). Calibration curves include at least seven
points with correlation coefficients > 0.995. The QC protocol includes a continuing
calibration blank (CCB); a continuing calibration verification (CCV) solution; and at least
one quality control sample (QCS) to be analyzed just after calibration, again after every 12
samples, and at the completion of the run. The QCS solutions are from an independent
source, such as NIST SRM 1643e Trace Elements in Water. Acceptable QC responses must
be between 90 and 110% of the certified value. Lastly, a suitable internal standard (usually
Rh, In, Ga or Ge) is added using on-line addition into the sample line and mixing tee.

2.4. Soil sampling, preparation, and analysis

The research group and Gardenroots participants collected soil samples from the garden (4
to 8 samples) and playground (native, unamended, 3 to 4 samples) areas at each preschool
for a total of 38 soil samples. For each garden, participants were instructed to select six
sampling spots within a grid pattern drawn in each garden bed. Participants then collected
the top 15 cm of soil from each of the six spots and homogenized it within a five-gallon
plastic bucket. From the homogenized bulk sample, up to four samples were separated into
individual brown paper bags. For the playground soil samples, participants selected an area
in the surrounding playground areas where children often play. When appropriate, wood
chips and other ground cover elements were removed before collecting the samples. All soil
samples were immediately refrigerated and shipped on ice to UA within two days.

Similar to the garden and playground soil samples, participants and the research group
collected a separate set of garden and playground soil samples at each preschool to be used
for dust generation. For these garden samples, a scrape of approximately the top 2 cm of the
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garden soil was collected and homogenized into a five-gallon plastic bucket. This was
repeated for a larger area of the playground. These five-gallon plastic buckets (N = 8) were
also immediately refrigerated and shipped on ice to UA within two days.

Samples of garden amendments presumed to be similar to what was originally applied when
the gardens were first built were collected from the same local businesses (Supplemental
Material, Table 1). The samples were collected separately to evaluate their individual
contribution to metal(loid) concentrations in garden soils. These garden amendment samples
were promptly shipped to UA upon collection and stored in a laboratory refrigerator upon
arrival before chemical analysis.

All garden and playground soil and amendment samples were air dried for 24-96 hours,
sieved to < 2 mm diameter and then oven dried at 105 °C to a constant mass. Given that the
concentration of As and Cd may be higher in the smaller size fraction and to ensure we
analyzed the particles in the size range that adheres to a human hand (Beamer et al., 2012),
dried, garden and playground soil samples (excluding those used for dust generation) and the
amendment samples were additionally sieved to < 63 pm diameter using a standard stainless-
steel mesh sieve (W.S. Tyler™, ASTM E-11 standard No. 230). These garden and
playground soil samples were also sieved to 75-106 um diameter using similar sieves and
analyzed for comparison to the < 63 pum soil samples (data not reported here). Soil and plant
(described below) samples were stored in a desiccator prior to measuring mass.

Samples were digested for ICP-MS analysis by microwave-assisted acid digestion (modified
from U.S. EPA Method 3051) with 0.1 g sample reacted with 1 mL concentrated nitric acid
(Omni-trace HNO3, EMD Chemicals) at room temperature for 1 hr, followed by the addition
of 1 mL ultrapure water (18 Mohm), then capped and subjected to high pressure and
temperature via microwave digestion, (CEM Model MARS6 microwave, Matthews, North
Carolina). A NIST sample of similar matrix (NIST SRM 2711a Montana Il soil, NIST SRM
2584 Trace Elements in Indoor Dust, or NIST SRM 1515 Apple Leaves) was included in
each batch. Soil and plant samples were analyzed for total metal(loid) concentrations via
ICP-MS, with quantifiable detection limits of 0.041 — 0.0032 pg g~ for As, 0.0018 pg g1
for Cd, and 0.0016 pg g~ for Pb.

2.5. Dust sample generation and calculations

The laboratory dust generator used in this study was developed to produce a mass of several
grams of dust samples from bulk soil and tailing samples (Gonzales et al., 2014). The dust
generator is comprised of a 208 L steel drum (57 cm diameter) with built-in baffles, which
gently rotate to mix and resuspend the bulk soil sample. Clean air supplied by an air
compressor flows at a rate of 28.3 L min~! through a fixed 3.5 cm diameter PVC pipe
threaded horizontally through the drum. The re-suspended particles within the drum flow
through the pipe and enter a cyclone separator with a cut-point diameter of 10 um (model
URG-2000-30 EA, URG Corp. Chapel Hill, NC). Subsamples of the < 10 um particulate
matter (PM) samples were acid-digested with microwave assistance and analyzed for total
elemental concentrations as described for soil samples. These dust samples were later used
to determine the particle size distribution and the lung /in-vitro bioaccessibility assay. The
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generated dust simulates the particle size and composition of windblown fine atmospheric
dust (Thomas et al., 2018; Gonzales et al., 2014).

Atmospheric PM1o metal(loid) concentrations (ug m_3) were estimated using the measured
concentration (ug g~1) in generated dust samples and the highest PMyq concentrations
(0.339 mg m~3) measured in 2018 by a local U.S. EPA AirData Air Quality Monitor
approximately 30 mi away from the site locations (U.S. EPA, 2018a). This calculation was
made to conservatively estimate the ambient metal(loid) concentration (C;,) at the
preschools using the following equation:

Cma[ﬂg m_3] = CPMlo[mg m_3] X Cmd[ﬂg g 1] x CF

where Cp,zis the concentration of the metal(loid) measured in the generated dust samples (<
10 um), CFis the unit conversion factor of 1073, and Cpy;0is the highest recorded PMy
concentration measured by the U.S. EPA air monitor in 2018 (U.S. EPA, 2018a).

Particle size distribution of the generated dust was determined by micrographs from
environmental scanning electron microscopy (ESEM) (Inspect S, FEI Company, Hillsboro,
OR). Samples were gold-coated and visualized at 1,300x and 2,500x magnification. Particle
size and size-distribution were determined using the ImageJ software package (Version
2.0.0-rc69/1.52i, 2018). Imaged particle diameter was assumed to be spherical with a two-
dimensional area of A = zr2. A limitation to this analysis was the inability to distinguish
between large particles and multiple small particles aggregated together (See Figure 3).

2.6. Plant sampling, preparation, and analysis

A thorough literature review was conducted to select plants for the dietary assessment and to
grow in each preschool garden (Manjon & Ramirez-Andreotta, unpublished results). Similar
to the criteria previously used in a Gardenroots greenhouse study (Ramirez-Andreotta et al.,
2013a), the following criteria was used to select plants for this study:

. Shown to translocate As and/or Cd in previous studies
. Commonly grown in the area
. Regionally, culturally, ethnically, and age-appropriate for the target population

Based on these criteria, the following plants were sowed in each preschool garden between
June and August 2018:

. Santo cilantro (also known as coriander) (Apiaceae Coriandrum sativurm)
. Spearmint (Lamiaceae Mentha spicate)

. Lacinato kale (Brassicaceae Brassica oleracea ‘Lacinato’)

. Nantes organic carrot (Apiaceae Daucus carotd)

. Early Jersey Wakefield cabbage (Brassicaceae Brassica oleracea)

. Ridgeline Romaine lettuce (Asteraceae Lactuca sativa)
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The seeds were planted randomly throughout the gardens to account for variation and
inconsistencies with shade, irrigation regime, and soil. A local farmer was contracted to tend
to each garden and implement changes to the gardens and irrigation systems when necessary
to aid plant growth. Due to low crop production, each garden was amended with 1.2 cm (S1,
S2, S3) to 2.5 cm (S4) of an organic dairy compost. The plants were also replanted as
needed using the same seeds and/or plant starts of the same cultivar.

Between July and October 2018, the research group and Gardenroots participants collected
garden plant samples. They were instructed to collect three samples (replicates) of carrot,
lettuce, and either cabbage or kale, and also mint or cilantro for a total of three samples per
species. However, mint samples were unattainable due to plant bolting at each site before the
collection period. A visual description of what each plant sample should look like (e.g. how
many carrots should be included in a single sample) was included in the instruction manual
to ensure enough plant material was collected per plant species. Participants were instructed
to select portions of the plant that were representative of what the children would consume.
Plant samples were placed in sterile sample bags (Whirl-Pak® or VWR®) and refrigerated
upon collection.

Once in the laboratory, the inedible portions of each plant sample were removed unless
noted otherwise and only the edible portion of the plant was analyzed. In order to simulate
the average consumer at their home, samples were washed for 30 seconds with deionized
water (at home, participants would be using tap water; however, deionized water was used to
not introduce contaminants from the tap source). The samples were then oven-dried at 60 °C
in brown paper bags until they reached a constant mass. Dried samples were then finely
ground using a mortar and pestle or dedicated coffee grinder and shipped to UA for analysis.
Due to inconsistencies in final dry weights for cilantro only, the fresh weight was calculated
using the mean moisture content ratio of 0.8771 for parsley as reported by the U.S. EPA
Exposure Factor Handbook (cilantro was not provided; U.S. EPA, 2018b).

Plant samples were microwave acid-digested and analyzed for total metal(loid)
concentrations as described above. The metal(loid) concentrations in plants were compared
to recommended maximum levels set by the World Health Organization (WHO) Codex
Alimentarius Commission (referred to as Codex hereafter) (Joint FAO/WHO Codex
Alimentarius Commission, 2018). These internationally recommended maximum levels
were established to protect consumer health and ensure food safety. The metal(loid)
concentrations measured from the present study were also compared to mean concentrations
reported in the U.S. Food and Drug Administration (U.S. FDA) Total Diet Study (Market
Baskets 2006-2013) (U.S. FDA, 2014) to determine how store-bought produce compares to
the produce grown at the preschools. In the Total Diet Study, mean concentrations calculated
with samples less than the limit of detections are reported a value of zero (U.S. FDA, 2014).
For these non-detects, a more conservative, modified average (MA) was calculated with the
metal(loid) limit of detection (LOD) using the following expression (Ramirez-Andreotta et
al., 2013b; U.S. EPA, 2000): MA = LODI2. Similarly, metal(loid) concentrations for all
samples in this study that were at or below the detection limit are also reported as % the
detection limit concentration. Lastly, a one-way ANOVA analysis and Tukey-Kramer Honest
Significant Difference test was performed to compare the mean metal(loid) concentrations
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between plant types using JMP Pro Software version 13.0. For all comparisons, a probability
of p < 0.05 was considered statistically significant.

2.7. Bioconcentration factor (BCF) calculation

The bioconcentration factor (BCF) is the ratio of metal(loid) concentration (dry weight) in
the plant to the concentration in garden soil (75-106 um diameter), expressed as BCF =
Cplani/Csoil (Ramirez-Andreotta et al, 2013a; Avila et al., 2016; Alam et al., 2003). The BCF
was calculated for each plant type grown in each preschool garden.

2.8. In-vitro bioaccessibility assay (IVBA)

A validated /n-vitro bioaccessibility assay (IVBA) for As and Pb in soil was used to
determine the bioaccessible fraction (BAF) of the ingested and inhaled dose of As, Cd, and
Pb that would become available to target organs (U.S. EPA, 2017b). Due to limited dust
samples and garden and playground soil within the < 63 um diameter size fraction from each
site, 0.01 g of soil and dust samples to 1 mL of extraction fluid was used for the EPA
Method 1340 (U.S. EPA, 2017b). Samples were ran in triplicates (unless otherwise noted)
for both gastric and lung assays.

2.9. Gastric in-vitro bioaccessibility assay

The garden and playground soil samples (previously sieved to < 63 um diameter) from each
preschool that contained the highest concentration of As, Cd, and Pb were selected for the
gastric IVBA. Triplicates (with the exception of one soil sample) weighing 0.01 £ 0.0038 g
were prepared for these soil samples (n = 20) and placed in black 1.5 mL polypropylene
microcentrifuge tubes to prevent photocatalysis (Thomas et al., 2018). The gastric extraction
fluid used was 0.4 M glycine adjusted to pH 1.51-1.71 using reagent-grade HCI. Within an
anoxic chamber (2% Hy(g) and 98% Ny(g)), 0.01 g of soil sample was reacted with 1 mL of
the extraction fluid in an end-over-end rotator (7 rpm) inside of an incubator (Bioexpress
Genemate Mini Incubator Shaker, UT) at 37 °C for 1 h as described by Thomas et al. (2018).
After an hour of agitation, the samples were centrifuged at 2,700 RCF for 1 min and the
supernatant was then filtered through an Acrodisc® 0.2 um trace metal-free hydrophilic
polypropylene syringe filter to terminate the reaction. Lastly, 0.5 g of the filtered supernatant
was acid preserved using 9.5 g of 0.01M HNOg for ICP-MS analysis.

2.10. Lung in-vitro bioaccessibility assay

An IVBA simulating an inhalation exposure was conducted using the generated garden and
playground dust samples for each site (N = 24). For this assay, a synthetic lung fluid
composed of inorganic salts, surfactants, buffers, and humectant was used as described by
Thomas et al. (2018) and originally proposed by the Solubility/Bioavailability Research
Consortium (Kelley et al., 2002) and Boisa et al. (2014). Under oxic conditions, the same
modified standard operating procedure and preservation as the gastric IVBA was used.
Metal(loid) concentrations were then measured by ICP-MS.
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Bioaccessible fraction (BAF) calculation

The bioaccessible fraction (BAF) here is defined as the fraction of metal(loid) concentration
extracted by the synthetic gastric and lung fluid from the soil and dust samples, respectively.
The BAF for As, Cd, and Pb was calculated using the total metal(loid) concentrations
measured in garden and playground soil (< 63 pm diameter) (Cy) and dust (C,) samples and
metal(loid) concentrations measured in the IVBA extracts (C.y;). BAFs were calculated
using the expression:

where V. is the extraction solution volume; M; is the mass of soil sample used in the
gastric IVBA; Myis the mass of dust sample used in the lung IVBA; and dfis the dilution
factor (U.S. EPA, 2017b).

Exposure Assessment

The estimated average daily dose (ADD, milligrams per kilogram of body weight per day)
and lifetime average daily dose (LADD) of As, Cd, and Pb from ingested water, incidental
soil, and plants grown in the gardens, as well as inhalation of dust was calculated using site-
specific ingestion rates combined with environmental monitoring data. The As, Cd, and Pb
concentration in plants (Cp), soil (Cy), dust (&), and water (Cy,) was used to calculate the
ADD for each age group using the expressions (Ramirez-Andreotta et al., 2013b; U.S. EPA.
2011):

Cp, s.d,w>x IRX BAF x CFx EF x ED
= BW X AT — NC

ADD[mg kg~ la~ ‘]

Cp,s,d,wx IRXBAF x CF X EF Xx ED
BW x AT - C

LADD[mg kg~ la~ 1] =

Where: /R = ingestion rate; BAF = bioaccessible fraction; CF= conversion factor (only for
soil and plant calculations); £F = exposure frequency; £D = exposure duration; BW=
average body weight (child); A7-C = average time — cancer; and A7-N/C = average time —
non-cancer. Values used for these parameters for each child age group are presented in
Supplemental Material, Tables 2—4. When not estimated from this study’s FFQ and
gardening description survey, values for these parameters were obtained from the U.S. EPA
Exposure Factors Handbook and Children’s Exposure Factors Handbook (U.S. EPA, 2019a,
2017a, 2011, 2008). The EF for incidental soil ingestion is defined as the frequency over
which a child (of a defined age group) is exposed to the metal(loid) in question. Here, 181
days (26 weeks) was used to account for the child’s time at the preschool over one year
(U.S. Department of Education, 2008). The ADD was modified to compare to values
reported in the literature using the expression below as described by Ramirez-Andreotta et
al. (2013b):
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ADDm[pg d‘1] = ADD[mg kg_ld_ll % 1000 X BW

The cumulative ADD (CADD) and cumulative LADD (CLADD) describes the total
exposure to As, Cd, or Pb by combined ingestion (of plant, soil, and water) and inhalation
(of dust). The CADD and CLADD of each individual metal(loid) was calculated for each
child age group using the expression below.

CADD = z ADD[mg kg—ld‘l]

CLADD = Z LADD[mg kg~ ld~ 1]

2.13. Risk Characterization

The incremental excess lifetime cancer risk (IELCR) was calculated for As per exposure age
group. The IELCR characterizes the risk of cancer from a lifetime exposure to carcinogens
beyond one’s natural risk. The IELCR from As exposures was calculated using the
expression:

IELCR =LADDXCSF

where the CSFis the cancer slope factor for As, which is the upper bound increased risk of
cancer from exposure to As over a lifetime (Ramirez-Andreotta et al., 2013b; U.S. EPA,
2006a). The IELCR was calculated for ingestion of water, plants, (incidental) soil, and
inhalation of dust using a CSF of 1.5 (mg kg™t d=1)~1 (Supplemental Material, Table 5).

The cumulative hazard quotient (HQ) was calculated to characterize a child’s cumulative
risk of non-carcinogenic effects for each exposure age group per metal(loid). The HQ was
calculated using the expression:

CADD
HO=Z7D

where the reference dose (RfD) is the ratio extrapolated at which no-observable adverse
effects are expected. When available, a child-specific RfD was used. The CalEPA and
federal EPA recommended RfDs for As, Cd, and Pb, used for this calculation are shown in
Supplemental Material, Table 5. An HQ < 1 indicates no adverse health effects expected
from an exposure.
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3. Results

3.1. lIrrigation Water

3.2. Sail

The total concentrations in irrigation water samples ranged from 0.041 to 0.18 pg L™1 As,
0.0013 to 0.0035 pg L1 Cd, and 0.00066 to 0.53 pg L~ Pb, respectively. The sample taken
at S2 had the highest concentration of As (0.18 pg L_4) and Pb (0.53 ug L™1); however, these
concentrations were two orders of magnitude below the U.S. EPA primary maximum
contaminant level (MCL) of 10 ug L™ for As and the Lead and Copper Rule action level
(AL) of 15 ug L1 for Pb for drinking water (Figure 4). Furthermore, the highest Cd
concentration measured (S4) was three orders of magnitude less than the MCL of 5 pg L™2
for Cd. Tap water from the City of Grass Valley and Nevada City is currently the irrigation
water source for all preschool gardens, as reported by all site administrators in the gardening
description survey.

The metal(loid) concentrations for garden and playground soil samples sieved to < 63 um
diameter are reported in Figure 5. Concentrations of each metal(loid) are compared to soil
screening levels recommended by federal and California state agencies (Supplemental
Material, Table 6). These screening levels are based on the noncarcinogenic and
carcinogenic effects of long-term exposures to metal(loid)s by multiple pathways with a
target risk of 107 unless specified otherwise (U.S. EPA, 2019b; CalEPA DTSC 2018;
OEHHA, 2010). Arsenic concentration in garden and playground soil collected from each
school ranged from 1.2 to 19 ug g1 and 0.90 to 15 ug g1, respectively (Figure 5). All As
concentrations in soil samples exceeded the recommended California Human Health
Screening Level (CHHSL) (0.07 pg g™1), California Department of Toxic Substances
Control Screening Level (DTSC-SL) of 0.11 ug g~ and the U.S. EPA Regional Screening
Level (RSL) of 0.68 ug g~1. Further, all soil samples exceeded the EPA RSL specific to
exposures by ingestion (0.77 pg g~1). All garden amendment samples had median As
concentrations that also exceeded these recommended screening levels. All median As
concentrations in garden and playground samples and amendments were similar to CA
background concentrations for As (Kearney Foundation of Soil Science, 1996).

Cadmium concentration in gardens and playgrounds ranged from 0.24 to 0.44 ug g1, and
0.14 to 0.37 ug g1, respectively (Figure 5). All garden and playground soil samples
collected from all sites did not exceed the corresponding CHHSL, DTSC-SL, and EPA RSLs
for Cd. The Cd concentrations in garden amendments also did not exceed these
recommended levels. Median garden and playground samples and amendments from all sites
were similar to CA Cd background levels (Kearney Foundation of Soil Science, 1996).

All garden soil samples (n = 6) from S1 exceeded all three recommended screening levels,
with a median Pb concentration approximately 19 times higher than the California state
screening levels (Figure 5). Likewise, the median Pb concentration in garden soil from S2
(3.2 x 102 ug g~1) and garden and playground soil from S3 (1.3 x 102 ug g1 for garden and
2.9 x 102 ug g~1 for playground) exceeded the CHHSL and DTSC-SL. All garden and
playground soil samples exceeded background Pb levels found throughout CA (Kearney
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Foundation of Soil Science, 1996). Lead concentrations were much greater in soil samples
than in the amendments. This suggests that the garden amendments did not have a
significant contribution to the elevated Pb levels measured in the soil.

3.3. Dust

The ambient metal(loid) concentration extrapolated from dust (< 10 um diameter) samples
produced from garden and playground surface soils are reported in Figure 6. The median
ambient Pb concentrations estimated from garden and playground dust (0.14 and 0.011 pg m
3, respectively) were lower than the U.S. EPA National Ambient Air Quality Standard of
0.15 ug m=3 for Pb (U.S. EPA, 2006b). However, these concentrations were similar to
concentrations in a smelter impacted site in Hayden, AZ of 0.023 pg m=3 reported by
Csavina et al. (2011). Metal(loid) concentration in dust (< 10 um diameter) samples were
used to determine ADD and LADD for exposure age group. There is currently no federal or
state standard for As or Cd concentration.

The particle size distribution of generated dust samples was analyzed using ImageJ. The
particle diameter ranged from 0.80 to 26 um and 0.41 to 17 um, respectively. The percentage
of particles with a diameter of < 10 pm was 95-98%. The majority of particles were within
the 0.40 to approximately 2.0 pm diameter size fraction.

3.4. Plants

Apiaceae plants (carrot and cilantro) had the greatest median concentrations across all
metal(loid)s (Figure 7). Significant differences (p-value < 0.05) in As, Cd, and Pb
concentrations were observed between the different plant types shown in Figure 7.

The median metal(loid) concentrations of As, Cd, and Pb observed in the plant samples were
compared to the U.S. Food and Drug Administration Total Diet Study (U.S. FDA, 2014) to
determine how store-bought produce compares to the produce grown at the preschools.
Preschool-grown carrots had a higher concentration of each of the measured metal(loid)s
than those store-bought. Preschool-grown lettuce accumulated more As and Pb while
cabbage accumulated more As and Cd than store-bought lettuce and cabbage, respectively.
Trends of decreasing mean metal(loid) concentrations in plant families grown at the
preschools decreased in the order of:

. As: Apiaceae (cilantro, carrot) > Brassicaceae (cabbage, kale) > Asteraceae
(lettuce)

. Cd: Apiaceae (cilantro, carrot) > Asteraceae (lettuce) > Brassicaceae (cabbage,
kale)

. Pb: Apiaceae (cilantro, carrot) > Asteraceae (lettuce) > Brassicaceae (cabbage,
kale)

Median Cd and Pb concentrations in preschool-grown plants were below the respective
recommendation maximum level set by WHO Codex in Table 1.

The bioconcentration factor (BCF) of plants varied by site and metal(loid). The calculated
BCF of each metal(loid) for each plant type per preschool is shown in Figure 8. The
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following categories were used to identify metal accumulators and hyperaccumulators: BCF
< 1 - no metal(loid) accumulation; 1 < BCF < 10 — metal(loid) accumulation; and BCF = 10
— metal(loid) hyperaccumulation (Avila et al., 2016; and reference therein). All plants
(lettuce, cilantro, and kale) at S4 hyperaccumulated As, and nearly all accumulated Cd.
Further, S2 cilantro and kale hyperaccumulated and accumulated As, respectively. The S1
and S2 cilantro also accumulated Cd. No plant accumulated or hyperaccumulated Pb (Figure
8). The median BCF was also calculated across all preschool locations to show a general
accumulation trend across sites (Figure 9). In general, cilantro was an accumulator of As and
Cd, and kale only accumulated As.

3.5. Bioaccessible fraction of As, Cd, Pb

The gastric and lung BAF varied by metal(loid) and sample location (garden vs.
playground). The BAF of As, Cd, and Pb determined by the gastric and lung IVBA are
shown in Figure 10. When considering sample location, the median of As, Cd, and Pb
extracted by the synthetic gastric fluid were 12 and 7.4%, 62 and 58%, and 8.4 and 8.0%,
respectively for garden and playground soils. Generally, the BAF of As, Cd, and Pb
determined by gastric IVBA were greater than those by lung IVBA.

3.6. Exposure Assessment

The percent contribution of As, Cd, and Pb from different environmental media, for children
of each exposure age group is shown in Figure 11. Consumption of preschool-grown cilantro
(41%), lettuce (84%), and kale (70%) accounted for the highest percent contribution to the
cumulative exposure to As for children aged 1 to < 2 years, 2 to < 3 years, and 3t0 < 6
years, respectively (Figure 11). Carrot contributed the most to a child’s cumulative exposure
to Cd for each age group: 78%, 79%, and 90% for 1 to < 2 years, 2 to < 3 years, and 3t0 < 6
years, respectively. Carrot contributed the most (37%) to a 2 to < 3 year-old child’s
cumulative Pb exposure; however, incidental garden soil ingestion contributed the most Pb
for children 1 to < 2 (67%) years and 3 to < 6 years of age (69%). The age-specific ADD
and LADD of As, Cd, and Pb by exposure media are reported in Supplemental Material,
Tables 7-10.

The age-specific cumulative ADD and LADD of As, Cd, and Pb is shown in Table 2.
Cumulative exposure (CADD) to As, Cd, and Pb ranged from 1.1 x 1072 to 1.4 x 1074 mg
kg71d1,41x10%t043%x10°5mgkg1d™? and 8.2 x 107210 2.0 x 10™* mg kg~ d 71,
respectively. In general, a child 2 to < 3 years of age has a higher cumulative exposure to As,
Cd, Pb than those of 1 to < 2 years and 3 to < 6 years of age. The CADD of Cd for children
of ages 1 to < 2 (1.2 x 107> mg kg~ d=1) and 2 to < 3 years (4.3 x 107> mg kg~* d~1) was
greater than the more conservative child-specific RfD for Cd of 1.1 x 107 mg kg™t d™1
(CalEPA OEHHA, 2003).

3.7. Risk Assessment

The IELCR for As per exposure media is shown in Table 3. The IELCR for 2 to 3-year-old
children from As in lettuce met a target risk of 1075; however, no IELCR from any exposure
media exceeded a target risk of 107>, Overall, IELCR from the exposure media decreased in
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an order of preschool plant ingestion > incidental soil ingestion > irrigation water ingestion
> dust inhalation.

The HQ characterizes risk from exposure to noncarcinogens. An HQ < 1 indicates an
acceptable risk (no adverse health effects expected). The only exposure media that exceeded
this acceptable risk was carrot with an HQ of 3.1 for an exposure to Cd for 2 to < 3-year-
olds (Table 10). Cumulatively, the HQ of Cd from all exposure media also exceeded the
acceptable risk threshold of 1 for 1 to < 2-year-olds and 2 to 3 year-olds (Table 4).

4. Discussion

4.1. Cumulative exposure to arsenic, cadmium, and lead

The results of this study suggest children 1 to 3 years of age are potentially exposed to Cd
levels that exceed the child-specific RfD of 1.1 x 107> mg kg~ d~! recommended by the
CalEPA (OEHHA, 2003). The results also suggest that a child’s exposure to As, Cd, and Pb
varies considerably by age and exposure pathway. The garden plants considered were
selected based on their As and Cd accumulation properties, thus, they were expected to have
a considerable contribution to the cumulative exposure to As and Cd, but not Pb. Since a
child’s consumption of 4 of the 5 plants studied had major contributions to metal(loid)
exposures, further studies are recommended to determine the bioaccessible fraction of
metal(loid)s from plants to improve ADD and LADD estimations.

Children in this study consumed approximately 1 teaspoon to 0.5 cup (3,100 to 68,000 mg)
of carrots and 1 tablespoon to 1 cup (4,200 to 32,000 mg) of lettuce per day (Manjon &
Ramirez-Andreotta, unpublished results). Preschool-grown lettuce and carrot accumulated
more As and Cd than store-bought lettuce and carrots analyzed by the U.S. FDA Total Diet
Study (U.S. FDA, 2014). Since 100% and 90% of the participants reported that their child
consumed carrot and lettuce, respectively, over the past 12 months, special consideration
must be taken to ensure that children at these preschools limit the consumption of carrots
grown in these preschool gardens. In contrast, children only consumed approximately 270 to
810 mg of cilantro and 570 to 10,000 mg of kale per day and only 70%, and 50% of the
children reported consuming cilantro and kale, respectively, over the past 12 months. Thus,
although cilantro and kale plants had a high contribution to a child’s As exposure, more
caution should be taken with carrot and lettuce due to their higher ingestion rates. In
contrast, relative As exposure contributions in this study differed from a previous
Gardenroots study in the mining town of Dewey-Humboldt, AZ (Ramirez-Andreotta et al.,
2013b). In general, water contributed the most to As exposures in Dewey-Humboldt,
contrasting this study. The ADDs of As from lettuce (9.7 x 10~/ - 1.2 x 107 mg kg~ d™1)
and kale (8.0 x 1078 - 2.6 x 1075 mg kg~! d~1) were generally greater than those estimated
from home gardens reported Ramirez-Andreotta et al. (2013b). However, it is important to
note that this study’s estimated ADDs of As from lettuce were below the reported ADD
ranges of greenhouse-grown lettuce (Ramirez-Andreotta et al. 2013b) (kale was not among
greenhouse plants analyzed). Further, similar to this study, Ramirez-Andreotta et al. (2013b)
used a BAF of 80%.
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The As, Cd, and Pb exposures from foods estimated in this study varied compared to those
reported in the literature. For example, children less than 3 years of age have an estimated 2
to 3-fold higher dietary exposure to inorganic As when compared to adults due to their
increased intake of foods per body weight (European Food Safety Authority (EFSA), 2009).
A previous study estimated that a child’s (1-6 years) average dietary intake of inorganic As
was 3.2 g d~1 based on an analysis of 38 foods (Yost et al., 2004). The major sources of As
in that study decreased in the order of grains (and grain products), fruits and fruit juices, rice
(and rice products), and milk (Yost et al., 2004). In comparison, the current study estimates a
cumulative median intake of 0.88 pg d~1 of As for children 1-6 years of age based on only
the preschool grown plants analyzed. Further, a study done in China determined that the
median Pb and Cd intake (normalized to body weight) was 1.74 and 0.23 pg kg~t d=1 for
children of 3-6 years of age based on a dietary assessment (Liu et al., 2010). In this study,
the cumulative median exposure to Pb and Cd from the preschool-grown plants were 0.027
and 0.011 pg kg™t d~1, respectively.

Elevated levels of Pb in garden and playground soils at the preschools may explain the large
contribution to a child’s cumulative Pb exposure by incidental soil ingestion. Specific
sampling locations at each preschool were informed by participants’ knowledge of where
children play the most. Currently, there is no RfD for Pb (U.S. EPA, 2006a), nor safe levels
identified for Pb due to potential irreversible neurological damage (Centers for Disease
Control and Prevention (CDC), 2019). Therefore, it was recommended that these sites limit
children’s access until further remediation action be taken (further details provided in
section 4.5.2 below).

4.2. Critique of risk assessment model parameters

In this study, we reduced the amount of assumptions by providing site-specific analyses
including metal(loid) concentration in four environmental media, bioaccessible fraction of
metal(loid), exposure frequency, exposure duration, and average time (non-cancer)
estimations. Performing site-specific assessments better estimates exposures and informs
practical decisions to mitigate potential risks in communities impacted by pollution. The
site-specific estimations reported herein can also inform future risk assessments for similar
populations and sites.

Using traditional default values of 350 days and 6 years, respectively for exposure frequency
(EF) and exposure duration (ED) would have overestimated a child’s ADD and LADD of
As, Cd, and Pb and consequently, the IELCR and HQ estimations as well. Thus, more
realistic values of 181 days and 1 year for the EF and ED parameters better estimates the
potential exposure for a child attending a single CA preschool year and consuming from the
preschool gardens regularly. If the child consumes these plants from local gardens with
similar metal(loid) accumulation, then the default parameters would be appropriately
conservative and capture the possible exposure outside of preschool.

Exposures to metal(loid) mixtures was not investigated in this study. This remains a
challenge for establishment of regulatory standards and current risk assessors as this
evaluation requires interdisciplinary integration of toxicology and epidemiology data
(Hernandez & Tsatsakis, 2017). Realistically, children (and adults) are exposed to As, Cd,
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Pb, and other harmful metal(loid)s in combination through environmental media. Bae et al.
(2001) investigated the cytotoxic interactions of As, Cd, Pb, and Cr in human epidermal
cells. It has been generally assumed that at low dose levels, the combined mixture is
additive; however, the group found that the type of cytotoxicity (additivity, synergism, or
antagonism) was highly dependent on the cell strain and dose of the mixture (Bae et al.,
2001). Due to the mechanistic complexity of chemical interactions in the human body, future
work is needed to understand the additive, synergistic, and/or antagonistic behaviors of these
metal(loid)s in other target organs for more accurate risk assessments.

4.3. Critical issues in traditional bioavailability estimations

When site-specific metal(loid) bioavailability is unavailable, the bioavailability is often
assumed in risk calculations. /n-vivo validations of the /n-vitro IVBA methodology for As
and Pb used in this study suggest that BAFs determined by this method is an inexpensive,
adequate alternative for predicting the maximum bioavailability of the metal(loid) for risk
assessment calculations (U.S. EPA, 2017b; Bradham et al., 2011). Currently, the U.S. EPA
Integrated Risk Information System (IRIS) toxicity values for As are estimated based on a
relative bioavailability of 100% (U.S. EPA, 2012), which can overestimate an actual
exposure (Bradham et al., 2011). Thus, based on more recent studies, a default value of 60%
for As in soil is recommended when site-specific values are unavailable (U.S. EPA, 2012).
The U.S. EPA Integrated Exposure Uptake and Biokinetic (IEUBK) model for Pb in children
assumes a relative bioavailability of 60% for Pb in soils or dust (U.S. EPA., 2007c). Based
on the BAFs reported here, an assumption of 60% for Pb and As greatly overestimates both
an incidental soil ingestion and dust inhalation exposure to As and Pb. However, this is the
opposite for Cd. The Cd bioavailability default value of 2.5% is used for foods (U.S. EPA.,
2007c) and is significantly lower than the median soil BAFs of 62% (garden) and 58%
(playground). This default value would drastically underestimate the simulated gastric
exposure and lung exposure for children at the preschools. It is not uncommon to see a wide
range for the Cd bioavailability (5-99%) depending on the soil properties and experimental
design (Oomen et al., 2002). The higher Cd BAF (62% for garden soil, and 58% for
playground soil) determined in the present study may also be explained by the low
extraction fluid pH (1.51-1.71) since the IVBA only simulated the gastric stage of the
human body and not the intestines, which naturally have a higher pH, and thus, extracts less
metal from the soil over the same reaction time (Oomen et al., 2002). For risk calculations,
in contrast to As and Pb, inputting a higher Cd BAF instead of the lower U.S. EPA guidance
value, could increase the estimated exposure significantly.

4.4. Limitations to estimating BAFs from in-vitro bioaccessibility assays

Children are a sensitive population and current IVBAs may not be suited to simulate
metal(loid) exposures for children. For example, children have a lower alveolar density and
lower lung volume than adults (Balk et al., 2012). They also have increased inhalation rates
and inhale more airborne pollutants per body weight than adults (Balk et al., 2012).
Furthermore, children’s increased water and caloric intake requires increased gastrointestinal
absorption of nutrients (Sly & Flack, 2008). When considering Pb, toddlers absorb 40-70%,
while adults only absorb 5-20% of their ingested dose (Sly & Flack, 2008). In addition, As
absorption increases with iron deficiencies (Balk et al., 2012), which is common in growing
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children (Sly & Flack, 2008). Once absorbed, As methylation is less effective in children
than adults, resulting in higher concentrations of bioaccumulated As in the body (Balk et al.,
2012).

It is widely accepted that children incidentally ingest settled dust and soil at higher rates than
adults given their increased hand-to-mouth behavior (Ikegami et al., 2014). A recent study
by Cao et al. (2018) determined that children were exposed more to metal(loid)s in settled
ground dust than adults due to their behavior patterns, smaller size, and more frequent
contact with the ground (Cao et al., 2018). In this study, we observed child behavior at each
of the preschools and children were more actively engaging in the playgrounds and gardens
than the adults. Thus, if dust is produced during outdoor activity, potential exposures may
result from routes including contact with deposited dust on the ground, indoor and outdoor
surfaces (e.g. playground equipment and playing indoor on floors), and adherence of
atmospheric particles onto the skin (Cao et al. 2018; Hu et al., 2012). These exposure
pathways more common to children may affect a child’s ingested or inhaled dose of
metal(loid) and are not concurrently assessed during IVBAs, which may lead to
underestimating a child’s actual exposure. With that said, a limitation to the methodology
used in this study was exclusion of exposures by ingestion of settled dust by hand-to-mouth
behavior (Cao et al., 2018), as well as ingestion of the dust deposited in the extrathoracic
region (Kastury et al., 2017). Although this IVBA methodology has been previously
validated with /n-vivo gastric models for As and Pb, this and others commonly reported in
the literature are still subject to limitations.

Another limitation of the present study is that soil texture analysis was not conducted for
each site. In general, gastric BAFs are affected by site-specific factors such as soil texture
and soil properties (Cai et al., 2016; Andrade & Vega, 2014; Roussel et al., 2010; Oomen et
al., 2002). A previous study showed that increasing As bioaccessibility was of the same
order of increasing sand content and decreasing clay content (Warren et al., 2003). Similarly,
mobility of Cd is increased in sandy soils with low clay content, which increases its
bioaccessibility (National Industrial Chemicals Notification, 2017). Other soil properties
such as organic matter, iron and carbonate content, and soil pH also influence the BAF of
metal(loid)s (Cai et al., 2016; Andrade & Vega, 2014; Roussel et al., 2010; Oomen et al.,
2002).

The current literature lacks a general consensus on a standard IVBA methodology to
simulate inhalation exposures (Kastury et al., 2017). In general, these IVBAs are affected by
the metal(loid) extraction Kinetics, composition of the biofluid, dust size fraction, and the
ratio of solid to biofluid used (Katsury et al., 2018; Katsury et al., 2017; Boisa et al., 2014).
The lung median As and Pb BAFs in this study were, in general, lower than those described
by Thomas et al. (2018) and Boisa et al. (2014) who performed the IVBA with < 10 pm
diameter dust originating from tailings and tailings/surface soils, respectively. This may have
been due to the shorter IVBA leaching duration used in this study (1 h) and the fact that
Thomas et al. (2018) used mine tailings with much greater As and Pb concentrations.
Previous work has shown that metal(loid) extraction occurs rapidly within the first 0.5-5 h
and then reaches equilibrium between 24 and 48 h (Kastury et al., 2017), which has resulted
in using 24 h in studies that followed. Thomas et al. (2018) observed a similar trend where
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surface soils (0-52 cm) displayed a rapid fractional release of As during the first 4 h before
reaching equilibrium after 4-24 h. Thus, future studies evaluating soils collected from
topsoil or root-zone soil should consider using an extraction time of 24 h.

The BAF determined by lung IVBA is also dependent on the dust size fraction analyzed
(Kastury et al., 2017; Hu et al., 2012). In this study, based on the hypothesis that the BAF of
a metal(loid) increases with decreasing particle size (Csavina et al., 2011), dust was
fractionated to < 10 pm instead of using all total suspended particulate (TSP). Further, finer
particles have greater surface area to react with the lung biofluid; resulting in higher
dissolution rates (as opposed to larger particles) (Csavina et al., 2012). Although Hu et al.
(2012) used a nearly identical IVBA as our gastric IVBA to simulate inhalation exposures,
the group determined no significant difference in the As, Cd, and Pb BAF determined from
TSP and PMo 5.

Simple lung IVBASs ignore how particle deposition site and efficiency affect bioaccessibility.
The respiratory system is comprised of the extrathoracic (nose, oral cavity, pharynx, and
larynx), tracheobronchial, and alveolar region (Olumayede et al., 2018; Kastury et al., 2017,
Csavina et al., 2012; Krombach et al., 1997). Course particles (PM1q) deposit efficiently by
inertial deposition in the extrathoracic region, where they are ultimately swallowed or
cleared (Kastury et al., 2017; Csavina et al., 2012; Krombach et al., 1997). Therefore, a
gastric IVBA rather than lung IVBA is more appropriate when assessing the bioaccessibility
of course dust size fraction. Accumulation mode particles (0.1-1 um) tend to be exhaled
(approximately 80%) because they do not deposit efficiently in any region due to their
relatively high inertia and low diffusivity (Kastury et al., 2017; Csavina et al., 2012). Lastly,
fine (PM, 5) and ultrafine (< 0.1 um) particles can deposit in the alveolar region and pose a
great risk as they can enter blood circulation by diffusion across the alveoli sac (Kastury et
al., 2018; Csavina et al., 2012). Olumayede et al. (2018) determined that the greatest dose
and deposition of Pb and Cd generally occurs within this alveoli region in adults. Since
macrophages within the lung create an acidic environment, clearing particles by
phagocytosis may increase the bioavailability of metal(loid)s in the deep lung (Boisa et al.,
2014; Csavina et al., 2012). Thus, it is necessary to understand the size distribution of the
dust analyzed since the bioaccessibility (and therefore, bioavailability) of a metal will
depend on where the dust particles deposit within the respiratory system. Future lung IVBA
work should consider different regions of the respiratory system described above to
comprehensively assess the bioaccessibility of metal(loid)s within the different size
fractions.

All soil samples from all preschools exceeded As CalEPA and U.S. EPA recommended
screening levels. These levels are conservative with a target risk of one in a million based on
carcinogenic effects and do not consider background metal(loid) levels. Here, As and Cd
concentrations in soil were relatively comparable to background levels measured throughout
50 benchmark locations in CA (Kearney Foundation of Soil Science, 1996) and a nearby
island not impacted by legacy Gold Rush mining (Behrsing et al., 2009). The As
concentrations across all preschools ranged from 0.90 to 19.0 ug g~1, which were lower than
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those in residential gardens (2.35-374 pg g™1) and yards (3.07-322 pg g~1) near the Iron
King Mine and Humboldt Smelter Superfund site in Dewey-Humboldt, AZ (Ramirez-
Andreotta et al., 2013a). Here, the majority of sites (S2, S3, S4) had As concentration in the
garden that were above those reported for samples collected at a 100 mm depth
approximately 4,000 m (2.5 mi) and 1,300 m (0.8 mi) from the operating Hayden smelter
residing in Hayden, AZ (Félix et al., 2015). However, it is important to note that the garden
soil samples in this study are comprised of the top 15 cm of soil, and not sectioned by depth
like Félix et al. (2015).

Counter to previous studies in the area, soil Pb concentrations in all preschool gardens and
S2 and S3 playgrounds were elevated relative to CA background concentrations (Kearney
Foundation of Soil Science, 1996). The median Pb concentrations measured in this study
were comparable to soil Pb concentrations in towns located near a mining smelter
(approximately 330 pg g1, Félix et al., 2015). The median Pb concentration in S1 garden
(1,524 ug g~1) were about 4-5 times higher than the highest concentration observed at 0.4
mi from the smelter in Hayden (Félix et al., 2015). Since this study’s Pb levels were both
comparable to other mining communities and above background non-impacted lands, these
finding suggest that Pb enrichment could have originated from an anthropogenic source such
as nearby tailings, mining waste, or industrial facility.

Currently, there are no industrial or federal facilities tracked by the U.S. EPA Toxic Release
Inventory (TRI) in the cities of Grass Valley (95945) and Nevada City (95959) (U.S. EPA.,
2017c). However, preschool site administrators provided valuable insight about their
preschools and surrounding areas. Each site administrator was unaware of any Pb-producing
industrial facility within 5 mi from their preschool, as well as any facility that manufactures
and/or applies phosphate fertilizers that is recognized as a potential contributor to Cd
contamination (Alam et al., 2003). Each administrator reported being aware of an active or
legacy mining site within 10 mi, which may contribute to anthropogenic As, Cd, and Pb
contamination. Fine particles containing As and Pb are thought to result from smelting
operations, while course particles originate from natural sources (topsoil), mine tailings, or
fugitive dust emissions (Csavina et al., 2014). Further, S3 administrator reported being
within two blocks of a major highway and past commercial agriculture. Administrators at S2
and S3 also reported being within 10 mi from a waste incineration and disposal facility. Site
administrators at S3 and S4 reported observable deteriorated paint on outside fences,
garages, play structures, railings, building siding, windows, trims, and/or mailboxes on the
property. Although the administrators’ responses could have been prone to reporting error, it
is important to recall that elevated levels of Pb in soils were measured, while Pb was not in
the garden amendments presumably added to the soil. Thus, we can assume that elevated Pb
concentrations were not caused by the garden amendments, but rather historical past land
use or potential anthropogenic enrichment from nearby contaminated point sources as
reported by the site administrators.

The plants grown at each preschool were selected based on their As and Cd translocating
properties. In the present study, in general, mean As uptake decreased in the order of
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Apiaceae > Brassicaceae > Asteraceae, which did not match the order of Asteraceae >
Brassicaceae > Amaranthaceae > Cucurbitaceae > Liliaceae > Solanaceae > Fabaceae,
reported previously by Ramirez-Andreotta et al. (2013a). Note that Ramirez-Andreotta et al.,
(2013a) did not report plants in the Apiaceae family due to low sample number.

The results of this study contradict the suggestion that plants from the same families can be
characterized by the same As uptake capabilities (Ramirez-Andreotta, 2013a). This is
apparent when comparing the median As uptake and BCF of cilantro and carrot (Apiaceae)
and kale and cabbage (Brassicaceae). When considering all kale and cabbage grown across
all sites, kale accumulated As (BCF = 8.2), while cabbage (BCF = 0.0015) did not (Figure
9), although they are both Brassicaceae plants. However, the BCF for kale was determined
by using 9 samples, while all 3 cabbage samples had As concentrations below the limit of
detection (Figures 8 and 9). Similarly, overall cilantro accumulated As (BCF = 5.2), while
carrot did not, even though both belong to the Apiaceae family (Figure 9). Leafy vegetables
within a plant family have been shown to accumulate more than root species within the same
family (Alam et al., 2003). This may explain why cilantro accumulated As and Cd, while
carrot did not.

These data support the hypothesis that some members of the Asteraceae and Brassicaceae
family can hyperaccumulate As (Ramirez-Andreotta, 2013a; and references therein). When
considering site-specific BCFs per plant type (Figure 8), S4 lettuce and cilantro
hyperaccumulated As (both BCF = 11), while cilantro also hyperaccumulated As (BCF =
12) when grown at S2. Further, kale accumulated As at S2 (BCF = 8.2) and S4 (BCF =9.9).
Cilantro accumulated Cd at the majority of the preschools (Figure 8), while kale only
accumulated Cd (BCF = 1.2) at S4. Overall, no preschool-grown plant accumulated or
hyperaccumulated Pb despite the elevated levels in the gardens; however, these plants were
not selected based on this capability. The median concentration of Cd was generally higher
than Pb in the leafy vegetables, which contradicts the findings of Alam et al. (2003). It is
recommended that gastric IBVA calculations be completed with food products to assess the
BAF of metal(loid)s from foods, particularly those from the Apiaceae and Brassicaceae
families which accumulated and hyperaccumulated As and/or Cd.

Lastly, in contrast to Ramirez-Andreotta et al. (2013a) and Alam et al. (2003), there was no
observed trend between plant As, Cd, and Pb concentration and those in soil. Thus,
suggesting that plant metal(loid) uptake was not dependent on soil metal(loid)
concentrations alone, but rather implies that soil characteristics, fertility, and possibly
contaminant speciation may play a larger role in accumulation. Variability in metal(loid)
uptake among the different sites may be explained by differences in soil properties including
clay content, pH, organic matter and content, and soil texture as previous studies have shown
that As uptake in plants is higher in sands and sandy loams, while lower in clays and silts
(Warren et al., 2003; and references therein). Further, Pb uptake is affected by soil pH, redox
potential, organic matter, and phosphorus content (Tangahu et al., 2011).
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5. Conclusion

This study highlights the importance of a site-specific analysis when assessing a child’s
multi-route exposure to metal(loid)s, and the limitations associated with the risk assessment
model. We determined that consumption of preschool-grown cilantro, lettuce, kale, and
carrot, and incidental ingestion of garden soil were major contributors to the cumulative
exposure of As, Cd, and/or Pb. Based on the cumulative exposure (ingestion of preschool-
grown plants, incidental soil, and irrigation water, and dust inhalation over the course of a
year), it was determined that a child 2 to 3 years of age would have an IELCR of one in a
million from As exposure through the consumption of lettuce grown at the preschools and a
child of 1 to < 3 years of age would also be at risk to non-cancerous effects of Cd.
Furthermore, if a child 2 to < 3 years of age consumed more than one leaf of preschool-
grown lettuce or a third of a small (5% in long) preschool-grown carrot daily, they would be
at risk of adverse non-cancerous health effects from Cd exposures. The results of this study
also suggest that further investigation of the As and Cd accumulating/hyperaccumulating
capabilities of other Apraceae plants is warranted. Special consideration must be taken to
avoid growing contaminant-hyperaccumulating plants in preschool gardens to reduce the
risk of exposure, even if soil concentrations are low. We also observed that site-specific
bioaccessibility of As, Cd, and Pb from soil and dust differed from those recommended by
traditional risk assessment guidance: emphasizing the importance of site-specific analysis
for future assessments.

Most importantly, this study provided the necessary framework to improve future exposure
and risk assessments. This was done through the use of a co-created citizen science
environmental monitoring program to measure metal(loid) concentrations in environmental
media; implementation of a novel dietary assessment that included As and Cd accumulating
foods to understand the preschool child consumption patterns, and site-specific IVBA
analysis. By doing so, a child’s multi-route exposure to As, Cd, and Pb and potential risk to
adverse health effects from these exposures at preschools can be best estimated. This site-
specific evaluation is essential to protect vulnerable populations including children living in
legacy mining communities.
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. A site- and age-specific child exposure and risk assessment was conducted.

. Incidental soil ingestion was a major contributor to child Pb exposure.

. Kale, lettuce, and cilantro were major contributors to child As exposure.

. Carrots were major contributor to child Cd exposure.

. Cumulative dose of Cd from all pathways exceeded child-specific reference
dose.
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Figure 1.

Schematic of a child’s multi-route exposure considered in this study.
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Figure 2.
Map of abandoned gold mines in Western Nevada County, CA. (Original map source: US

Geological Survey). Approximate location of preschools are indicated.
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: b

Figure 3.
Process of determining particle size distribution by ImageJ. (A) Environmental Scanning

Electron Microscopy image of S1 playground dust sample viewed at 2,500x magnification.
Yellow box indicates analyzed area. (B) Contrast and brightness adjustment for selected
area. (C) Particle area analyzed. (D) Outlines of analyzed particles.
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Garden irrigation water metal(loid) concentrations (ug L™1).
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Figure 5.

Metal(loid) concentrations (ug g~1) measured from garden and playground soil samples (<
63 um). Note: The box represents the 25% to 75% range, the line in the box is the median,
the whiskers are the 5% and 95%, and outliners are represented with circles.
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Figure 6.
Atmospheric metal(loid) concentrations (ug m~3) estimated from garden and playground

dust samples (< 10 um effective diameter).
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Figure 7.
As, Cd, and Pb concentrations in preschool garden produce (fresh weight — FW, pg g71),

Significant differences (p < 0.05) in mean metal(loid) concentrations between plants are
denoted by different letters (e.g. mean As concentration in cilantro was only significantly
different to that in carrot and lettuce).
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Figure 9.

Median bioconcentration factor of metal(loid) per plant type (across all sites).
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Bioaccessible fraction (BAF) of metal(loid) determined by gastric (A) and lung (B,
logarithmic scale) IVBA. Asterisk signifies significant difference at p-value < 0.05.
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Figure 11.
Percent contribution of exposure media to average daily dose (ADD) of As, Cd, and Pb for

children of different exposure age groups: (A) 1to <2 yrs, (B)2to <3 yrs,and (C) 3to<6
yrs. The value below each bar is the cumulative exposure to As, Cd, and Pb (mg kg~ d71)
for a child of that age group.
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Metal(loid) concentrations and range (min-max) (fresh weight, mg kg1), and mean metal(loid) concentrations
reported in the U.S. FDA Total Diet Study and WHO Codex Recommended Maximum Levels (FW, mg kg™1).

Plant (Family) As Cd Pb
Median (n = 12)” 0.14% 0.04 0.01*
Range (min — max) (0.0014 - 3.0) (0.0030 - 0.098) (0.0010 - 0.30)
Lettuce (Asteraceae)
U.S. FDA (leaf, raw) 0.002 0.066 0.005
Codex (leafy vegetables) N/A 0.2 0.3
Median (n = 12)” 3.2 0.035 0.0071
Range (min — max) (0.0025 - 11) (0.0018 - 0.063)  (0.0031 - 0.020)
Cilantro (Apiaceae)
U.S. FDA N/A N/A N/A
Codex (leafy vegetables) N/A 0.2 0.3
Median (n = 9)° 0.0079% 0.074* 0.048*
Range (min — max) (0.0058 - 0.038) (0.010-0.21) (0.013 - 0.80)
Carrot (Apiaceae)
U.S. FDA (fresh, peeled, boiled) 0.005% 0.019 0.002
Codex (root and tuber vegetables) N/A 0.1 0.1
Median (n = 9)° 87 0.018 0.0017
Range (min — max) (0.068 - 5.3) (0.0012-0.04)  (0.0003 - 0.0064)
Kale (Brassicaceae)
U.S. FDA N/A N/A N/A
Codex (leafy vegetables) N/A 0.2 0.3
Median (n = 3)” 0.0036 ¢ 0.0051 " 0.0013
Range (min — max) (0.0037 — 0.0061)  (0.0011 - 0.0015)
Cabbage (Brassicaceae)
U.S. FDA (fresh, boiled) 0.004% 0.005 0.00257
Codex (Brassica vegetables — head cabbages) N/A 0.05 0.1

*
Denotes a measured median concentration larger than the respective mean reported by the U.S. FDA Total Diet Study (U.S. FDA, 2014).

a . . . . I
More conservative value calculated when a mean value of 0 is reported by the U.S. FDA. This value is calculated as %2 the detection limit

(Ramirez-Andreotta et al., 2013b).

bThis study

cVaIues reported are % the detection limit due to As concentrations of cabbage being at or below the detection limit (U.S. EPA, 2000).
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Table 2.

Age-specific cumulative average daily dose and lifetime average daily dose of As, Cd, and Pb.

Cumulative ADD (mg Cumulative ADD,,  Cumulative LADD (mg Cumulative LADD,

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Exposure Age Group  Element

kg™ d™) (ngd™) kg™ d™) (hgd™)
As 8.5 x 1075 9.6x 107! 1.1x 1070 1.2x 1072
1to<2yrs cd 1.2x 105" 1.3x1071 1.5% 1077 1.7x1078
Pb 1.8x10™ 2.1 2.3x1076 2.7 %1072
As 1.4 x10™ 1.9 1.8x 1076 2.5x1072
2to<3yrs cd 43x1075% 59x 107! 5.5x 1077 75x1073
Pb 2.0x 107 2.8 2.6x1076 3.3x1072
As 1.1x107° 2.1x1071 1x1077 2.6x1073
3to<6yrs Cd 41x107 7.6 x 1072 5.3 x 1078 9.6 x 107
Pb 8.2x 1075 1.4 1.0 x 1076 1.3x1072

*
indicates that cumulative exposure value is greater than respective oral reference dose (RfD) listed in Table 5.
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Age-specific incremental excess lifetime cancer risk from As per exposure media.

Table 3.

Exposure Age Group

Exposure Media lto<2yrs 2to<3yrs 3to<6yrs
Garden soil 94x10° 59x10° 4.3x107°
Playground soil 85x107% 52x10° 3.9x107
Lettuce (Asteraceae) 1.7x107 1.0x10%  83x107°
Cilantro (Apiaceae) 30x1077 33x10% 21x1079
Carrot (Apiaceae) 1.3x10°8 49x 108 53x107°
Kale (Brassicaceae) 22x107 92x10% 68x1078
Cabbage (Brassicaceae) 6.4 x 10710 3.0x10710 1.7x107%0
Garden dust 41x10710  41x10710 32x10710
Playground dust 34x10710 33x10710 26x10710
Irrigation water 4.6 %1070 5.3x 107 4.0x 107
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Hazard quotient for As, Cd, and Pb per exposure age group and exposure media.

Table 4.

Exposure Age Group

Exposure Media 1to<2yrs 2to<3yrs 3to<6yrs
Garden soil 35x10%  21x10% 1.6x1073
Playground soil 31x10% 19x10% 14x1073
Lettuce 60x102 37x10! 3.0x1073
Cilantro 1.1x107t 1.2x1072 7.6 x 1074
Carrot 4.7 %1073 1.8x1072 1.9x1073
A Kale 81x102 34x102 25x1072
S
Cabbage 23x10%  11x10% 64x107°
Garden dust 15%x10% 15x10% 12x10™
Playground dust 1.2x 1074 1.2x 1074 9.4 x 1075
Water 17%x1073 1.9x1073 15x1073
Cumulative 2.6x107! 4.4 x 1071 3.5x%x 1072
Garden soil 28x1072  17x102%  1.3x107?
Playground soil 2.0x 1072 1.3x 1072 9.3x 1073
Lettuce 1.3x107t 7.7x 1071 6.4 %1073
Cilantro 2.2x1072 2.4x1073 1.5x10™
Carrot 8.1x 1071 31% 33x107t
o Kale 21x102 85x10% 6.3x1073
Cabbage 95x102%  44x10°%  26x1073
Garden dust 44x107%  43x10%  34x10™
Playground dust 27x10% 26x10%  21x10™
Water 12x10%  13x10°% 10x1073
Cumulative 1.0% 39% 37x1071
Garden soil 1.4 %1072 8.9x1073 6.6 x 1073
Playground soil 3.7x1073 2.3x1073 1.7x1073
Lettuce 2.8x10™ 1.7x1073 1.4x107°
Cilantro 88x10°% 97x107 61x1078
Pb
Carrot 2.9x1073 1.1x1072 1.2x1073
Kale 31x10% 13x10% 94x107
Cabbage 32x10% 15x10%  8.7x107
Garden dust 45x107  44%x107  34x1077
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Exposure Age Group

Exposure Media 1to<2yrs 2to<3yrs 3to<6yrs

Playgrounddust ~ 37x107 3.6x107  2.8x1077

Water 85x105 99x10° 75x10°

Cumulative 2.1%x1072 2.4 %1072 9.6 x 1073

*
Indicates HQ = 1
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