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HIGHLIGHTS

» We characterized As uptake by homegrown vegetables near a Superfund site in AZ.
» A greenhouse study conducted in parallel with a co-created citizen science program.
» Asteraceae and Brassicaceae families had the largest As bioconcentration factors.

» A correlation was observed for As in vegetable vs soil for selected families.
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The uptake of arsenic by plants from contaminated soils presents a health hazard that may affect home gardeners
neighboring contaminated environments. A controlled greenhouse study was conducted in parallel with a
co-created citizen science program (home garden experiment) to characterize the uptake of arsenic by common
homegrown vegetables near the Iron King Mine and Humboldt Smelter Superfund site in southern Arizona. The
greenhouse and home garden arsenic soil concentrations varied considerably, ranging from 2.35 to 533 mg kg~ .
In the greenhouse experiment four vegetables were grown in three different soil treatments and in the home

szjé‘:;ﬁi garden experiment a total of 63 home garden produce samples were obtained from 19 properties neighboring
Mining waste the site. All vegetables accumulated arsenic in both the greenhouse and home garden experiments, ranging
Mine tailings from 0.01 to 23.0 mg kg~ ' dry weight. Bioconcentration factors were determined and show that arsenic uptake
Arsenic decreased in the order: Asteraceae>Brassicaceae > Amaranthaceae> Cucurbitaceae > Liliaceae > Solanaceae >

Home-gardens

Fabaceae. Certain members of the Asteraceae and Brassicaceae plant families have been previously identified as
Plant uptake

hyperaccumulator plants, and it can be inferred that members of these families have genetic and physiological
capacity to accumulate, translocate, and resist high amounts of metals. Additionally, a significant linear correlation
was observed between the amount of arsenic that accumulated in the edible portion of the plant and the arsenic
soil concentration for the Asteraceae, Brassicaceae, Amaranthaceae, and Fabaceae families. The results suggest
that home gardeners neighboring mining operations or mine tailings with elevated arsenic levels should be
made aware that arsenic can accumulate considerably in certain vegetables, and in particular, it is recommended
that gardeners limit consumption of vegetables from the Asteraceae and Brassicaceae plant families.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction tailings and their associated metal contaminants, such as arsenic and
other heavy metals, are prone to wind dispersion and water erosion. Sur-
face soils adjacent to, beneath, or downwind of arsenic release sources

(e.g., smelters or mine tailings) often have arsenic levels at or above reg-

Mining and industrial processes are primary sources of arsenic and
heavy metal contamination in soil (Lee et al., 2005). In the United States

alone there are 45 billion tons of mine waste, including waste rock and
tailing material, and many of the estimated 557,650 abandoned hard
rock mine sites are in arid and semiarid regions (US EPA, 2004). Mine
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ulatory contaminant limits (Belluck et al., 2003). Mining operations in
particular pose a potential risk to human health and the environment.
Numerous studies have found an inverse relationship between arsenic
levels in human urine samples and the distance of home or school envi-
ronments from metal smelters and other mining operations (Csavina et
al., 2012). Climate change will only exacerbate the risks posed by mining
in arid and semi-arid environments like the desert Southwest, primarily
due to increased temperatures and reduced precipitation (MacDonald,
2010).
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Fugitive metals in receiving waterways and soils in the vicinity
of mining sites can affect humans via the inadvertent consumption
of metal-containing soils and dust, or through the consumption of
crops grown in such soils (Murray et al., 2009; Lee et al., 2005; Cobb
et al., 2000). It has been shown that arsenic in soil is the major source
for arsenic uptake by crops (e.g. Huang et al., 2006). Arsenic exposure
is of special concern in the US Southwest due to elevated levels that
often occur naturally in drinking water sources. Thus, potential expo-
sure via consumption of affected garden crops would add to an already
elevated exposure from drinking water. Inorganic arsenic calculated
as arsenite and arsenate comprise 96% of the total arsenic in vegeta-
bles (Smith et al., 2006). Intake of inorganic arsenic over a long period
can lead to chronic arsenic poisoning (arsenicosis) and associated ef-
fects, including skin lesions, peripheral neuropathy, gastrointestinal
symptoms, diabetes, renal system effects, cardiovascular disease and
cancer, which can take years to develop depending on the level of
exposure (WHO, 2010).

Due to the extent of contamination, the number of Superfund and
other hazardous waste sites in the U.S. and the growing popularity
of food gardening, understanding the spatial distribution of arsenic
in residential soils and the uptake of arsenic in common homegrown
vegetables is crucial to protect human health near these sites. In 2008,
36 million households participated in food gardening, with an average
contact time of 5 h per week (National Gardening Association, 2009).
The level of participation in gardening is only expected to increase,
and the main reasons why Americans are food gardening are to grow
better tasting and quality food, and to grow food they feel is safe
(National Gardening Association, 2009). A gardener who neighbors a
Superfund or hazardous waste site needs to be particularly aware of
their soil quality and the potential for uptake of arsenic by the vegeta-
bles they choose to grow.

This study entitled Gardenroots, was designed to determine the
concentration of arsenic in vegetable plants grown near the Iron
King Mine and Humboldt Smelter Superfund (IKMHSS) site in Arizo-
na, a site known to have elevated levels of arsenic. The objective of
this study was to characterize and compare the uptake of arsenic by
common homegrown vegetables grown in soils near the site. A
controlled greenhouse study was conducted in parallel with
a co-created citizen science program where community members,
after training, collected soil, irrigation water and vegetable samples
from their household garden. These samples were analyzed for arse-
nic content at the University of Arizona (UA). There have been several
studies that have investigated the accumulation of arsenic in home-
grown vegetables, but to the best of our knowledge this is the first
to do so using a citizen-science program design. The residential area
(Dewey-Humboldt) upon which the study was focused is adjacent
to the IKMHSS site.

2. Materials and methods
2.1. Site description

The IKMHSS site is located in Dewey-Humboldt, Yavapai County,
Arizona, and was listed on the U.S. Environmental Protection Agency's
(US EPA) National Priorities List in 2008. The site comprises a combi-
nation of sources and releases from two separate locations: the Iron
King Mine property (34°30’N, 112°15'W) and the Humboldt Smelter
property (34°29'N, 112°13'W). A portion of the Town of Dewey-
Humboldt is situated between the mine and the smelter (Fig. 1).
The smelter operated from the late 1800s until 1969. The Iron King
Mine operated from the late 1800s until the early 1960s and was a
periodically active for gold, silver, copper, lead and zinc. All mining
and smelting ceased by 1969.

Large amounts of uncontrolled mine tailing waste exist on both the
smelter and tailings properties. The average composite concentration
of arsenic in the Iron King Mine tailings pile (0-0.61 m below ground

surface) is 3,710 mg kg~ ! (EA Engineering, Science, and Technology,
Inc., 2010). A previous study determined that the IKMHSS mine tail-
ings have a low pH(2.5), high EC (13.5 ms/cm), a loam texture
(34.7% sand, 44.8% silt, and 20.4% clay), and TOC and TN of 1.22 g/kg
and 0.0423 g/kg, respectively (Solis-Dominguez et al., 2012). The
unprotected mining wastes on the two properties are point sources
of pollution and are prone to eolian dispersion and water erosion.
This is reflected in observations of elevated arsenic and lead concen-
trations in surface soil on off-site areas adjacent to the Chaparral
Gulch or downwind of the mine tailings and smelter properties. The
concentrations of arsenic and lead in shallow surface soil samples in
these areas are higher than the concentrations of arsenic and lead in
the deeper surface soil samples. The elevated lead and arsenic levels
near the surface are likely due to wind dispersion or surface water
transport, rather than being attributable to background conditions
(EA Engineering, Science, and Technology, Inc., 2010).

2.2. Greenhouse study

The soil treatments used in the greenhouse study included surface
samples (0-15 cm) that were collected at a residential site between
the Iron King Mine property and the Humboldt Smelter property,
and adjacent to the Chaparral Gulch in July 2010. In 2009, the US
EPA sampled this residential property and identified areas with ele-
vated levels of arsenic. Using this information, four 7-meter transects
were made with transect 1 and 2 located in an area where the US EPA
detected elevated levels of arsenic (120-633 mg kg~ ') and transects
3 and 4 in areas where the levels of arsenic were closer to background
and/or the Arizona Residential Soil Residential Level (13-25.7 mg kg~ 1).
For each transect, a 20-liter soil sample was collected every 1.2 m. All soil
samples from transects 1 and 2 were homogenized and then sieved to
<2 mm (elevated arsenic soil). Soils from transects 3 and 4 were treated
similarly (background arsenic soil). In order to replicate popular garden-
ing practices, the two collected residential soils were mixed with
25% (w/w) MiracleGro™ Gardening Soil Mix (garden soil, Home
Depot, Tucson, Arizona) and then used to create three treatments
for the greenhouse study: (T1) residential soil with background
levels of arsenic, mixed with 25% the garden soil; (T2) residential
soil with elevated arsenic levels, mixed with 25% garden soil; and
(T3) residential soil with elevated arsenic levels, mixed with 25%
garden soil and 10% mine tailing waste from the Iron King Mine.

The following criteria were used to select the vegetables for the
greenhouse study: 1) among the top ten most popular vegetable
grown in U.S. and used by various ethnic groups (National Gardening
Association); 2) used in previous research studies (Bhattacharya
et al., 2010; Murray et al., 2009; Smith et al., 2009, 2008; Gaw et al.,
2008; Li et al., 2006; Smith et al., 2006; Warren et al., 2003; Alam
et al,, 2003; Bunzl et al., 2001; Cobb et al., 2000; Kabata-Pendias and
Pendias, 2001); and 3) recommended by Master Gardeners in Pima
and Yavapai County, Arizona (regional knowledge). Based upon
these criteria, bush bean (Fabaceae Phaseolus vulgaris), lettuce
(Asteraceae Lactuca sativa), radish (Brassicaceae Raphanus sativus),
and onion (Liliaceae Allium cepa) were selected and grown in the
greenhouse. The experimental design was completely randomized
with four replicate pots of each vegetable for each of the three treat-
ments (N=48). Vegetables were grown in black plastic pots with
drainage (17 cm top d x 18 cm heightx 13.5 cm bottom d), and filled
approximately 3/4 with the treatment mixture as described by
Solis-Dominguez et al., 2011. The number of seeds sown and the sow-
ing depth varied by plant. On a per pot basis, six bush bean seeds were
sown at 2.5 cm, 3 lettuce seeds were sown at 0.3 cm, 6 radish seeds
were sown at 1.3 cm, and 8 onion seeds were sown at 0.64 cm. Germi-
nation occurred after approximately 3, 5, 5, and 12 d for the radish,
bean, lettuce and onion, respectively. Bean pots were thinned to 1
plant per pot. Pots were watered with tap water using drip irrigation
every other day (~60 mL/pot). The experiment was performed at the
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Fig. 1. An aerial view of the Iron King Mine and Humboldt Smelter Superfund site, and the Dewey-Humboldt, Arizona residential area. Chaparral Gulch is a major waterway that

runs through the Dewey-Humboldt area.

Aerial photo source: Yavapai County, GIS, 2007. Basemap source: ESRI Street Map, 2006. EA Engineering, Science, and Technology, Inc., 2010.

UA Controlled Environment Agriculture Center (Tucson, AZ) under con-
ditions of natural light and day/night temperature of 32 °C/24 °C.

The radish, bean and lettuce plants were harvested at 66 d, and the
onion was harvested at 150 d. The edible portion of the plant was
carefully removed, collected in sterile bags, and transported in an ice
chest to the laboratory. All vegetables were washed in a 0.1 HCI solu-
tion with nanopure water to remove all soil particles from the vegeta-
ble samples, and then oven-dried to a constant mass at 60 °C.

2.3. Home garden study

Each home garden participant collected soil samples. Participants
were instructed to collect a composite soil sample from the top
15 cm of their yard and garden soils. Briefly, the participants selected
six spots in a grid-like pattern in both their yard and garden areas,
collected the top 15 cm of soil from each spot, then composited and
mixed the soil samples thoroughly (bulk sampling) in two buckets,
one designated for yard soil and the other for garden soil.

The Dewey-Humboldt community participants chose their own
vegetables to grow for the study, and each household was allowed
to submit up to four types of vegetables from their garden for anal-
ysis. Participants were provided verbal and written (Gardenroots
Instructional Manual (www.garden-roots.org)) instructions on how
to harvest and store vegetable samples. Participants were instructed
to set up a washing station to: 1) remove all soil particles from vege-
table using a soft bristled brush; 2) rinse the vegetable in tap water
bath; 3) dip the vegetable several times in a bath of distilled water
with a tablespoon of bleach; 4) air dry samples indoors for a minimum
of 30 min; 5) place air-dried vegetable samples in separate ziplock plas-
tic bags; and 6) immediately place the vegetables in a refrigerator. After
all garden samples were collected and processed, each participant de-
livered them to the UA Yavapai Cooperative Extension office in Prescott,
Arizona (25 miles from the town of Dewey-Humboldt, AZ) where they

were placed in a refrigerator designated for all Gardenroots samples. All
items needed for vegetable processing were provided to participants in
their Gardenroots toolkit.

The vegetable samples were retrieved from the UA Yavapai Coop-
erative Extension office, stored on ice and transported to the main
UA campus in Tucson, AZ, then the samples were washed in a 0.1 HCI
solution with nanopure water, and oven-dried to a constant mass at
60 °C.

2.4. Analysis of soil and vegetable samples

Subsamples for each of the greenhouse soil treatments, the
MiracleGro™ Gardening Soil, and the home garden and home yard
soil samples were subjected to acid digestion following US EPA Method
3051 (US EPA SW-846, 1986). It is recognized that several digestion
methods are available, and that each method has associated limitations.
The EPA method was selected such that the results would be consistent
with prior analyses conducted for the site by the US EPA. In addition,
nitric acid was used to avoid Cl-based interferences with ICP-MS from
the use of hydrochloric acid. The subsamples were treated with
2.5 mL HNO3 and microwave (CEM corporation, model number MDS
2100) digested for 1 h. The digested soil samples were analyzed using
inductively coupled plasma mass spectrometry (Agilent 7500ce, Agilent
Technologies, Santa Clara, CA), with a quantifiable detection limit for
Asof 0.11 pg L~ ! or 0.0033 mg kg~ '. The mean coefficient of variation
for arsenic analysis was <7.6%. Quality control/assurance procedures
described in US EPA Method 6020 in SW-846 Methods for Water and
Waste were employed. Calibration curves include at least 5 points,
and correlation coefficients were >0.995. A Continuing Calibration
Blank and Continuing Calibration Verification solution were analyzed
after every 20 samples. Each batch also included measurement of at
least one quality control (QC) solution from a second source (i.e. stan-
dard reference, National Institute of Standards and Technology (NIST)
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Table 1

Selected physiochemical properties of the greenhouse treatment soils.
Soil type pH TOC (%) Sand (%) Silt (%) Clay (%) Conductivity PO, (mg/kg) S04 (mg/kg)
MiracleGro™ Soil Mix 6.740.04 26.5+5.36 —_ - —_ 4.2640.26 96.7 +2.28 205+13.7
T1? 7.74+0.08 4.624+0.19 73.5+1.28 153+1.11 11.2+0.21 3.434+0.02 <10 390+11.5
T2° 7440.01 5444040 75.2+1.98 16.54+1.41 8.39+0.64 4.22+0.15 <10 1480+ 78.6
T34 6.64+0.33 5.76 +0.48 75.2+1.98 16.5+1.41 8.39+0.64 5.42 +0.65 <10 2062 4-40.5

2 T1 = greenhouse treatment 1.
b T2 = greenhouse treatment 2.
¢ T3 = greenhouse treatment 3.
4 T3 is T2 soils with 10% mine tailings added.

1643e: Trace metals in water). The range of QC responses for all the
samples in this study was between 86 and 115% of the certified value.
Additionally, at least one duplicate digestion sample was included per
batch of 20 samples.

To determine edible tissue arsenic concentrations in vegetables
from both the greenhouse study and the home garden study, samples
were dried, ground with a Wiley Mill for 1 min, passed through a
30 mesh (0.595 mm) screen, and analyzed for total arsenic content.
Triplicate 0.5000 g subsamples of each vegetable sample were digested
using 2.5 mL HNOs, 2.5 mL H,0, and 10 mL water. Baseline controls,
subjected to identical processing, were employed consisting of: 1) dis-
tilled water and HNOs; and 2) standard reference tomato leaves were
used as a check standard for validating accuracy and comparability with-
in the environmental measurement community (Standard Reference
Material 1573a, NIST). The metal content of digested plant tissues was
determined using ICP-MS. For this study, only the edible portions of
the plant were analyzed.

Once the concentration of arsenic in the soils and edible portion
of the vegetable was determined, the bioconcentration factor (BCF)
or transfer factor was calculated. The BCF is the ratio of the metal con-
centration of the edible portion of the vegetable (dry weight) to the
metal concentration of the soil, BCF= Cyegetabie/ Csoil. All statistical
analysis was performed using Microsoft Excel 2011 and JMP 9.0.

3. Results
3.1. Greenhouse study

Physiochemical parameters and arsenic concentrations for the
greenhouse soil treatments are presented in Tables 1 and 2. Arsenic
ranged from 27.2 to 533 mg kg~ for the three treatments and was
3.63 mg kg~ ! in the MiracleGro™ Garden Soil Mix.

The edible tissues of the vegetables grown in the three different
soil treatments had arsenic concentrations ranging over 4 orders of
magnitude, from 0.0699 (onion) to 23.0 (lettuce) mg kg~ dry weight

Table 2
Arsenic in soils from greenhouse treatments and home gardens. Ranges and US back-
ground values are provided for comparison.

Soil type

Arsenic DW? (mg kg~ ')

MiracleGro™ Soil Mix

T1°

T2¢

T34

Home yard soil®

Home garden soil®

Normal range of arsenic in soils
Range of arsenic in soils from the US

3.63+0.84
27.2+0.89
22243.01
5334204

46.0 (3.07-322)
44.1 (2.35-374)
0.1-40°
<0.1-93¢

2 All values are in dry mass, mg kg~ .

> T1 = greenhouse treatment 1.
T2 = greenhouse treatment 2.
T3 = greenhouse treatment 3.

c
d

e

' O'Neill, 1995.
¢ Kabata-Pendias and Pendias, 2001.

For home soils, average, N=25 and (range).

(Fig. 2, open symbols; Supplemental Table 1). Overall, the mean arse-
nic accumulation in these crops for all treatments (based on edible tis-
sue dry weight mg kg —!) decreased in order of Asteraceae (lettuce) >
Brassicaceae (radish) > Fabaceae (bean)> Liliaceae (onion).

3.2. Home garden study

3.2.1. Arsenic in soil and water

Arsenic concentrations in irrigation water ranged from 1.40 to
2,030 ug L™, Sixteen irrigation water samples were above the US
EPA Maximum Contaminant Level of 10 ug L™, and three of those
were collected from the public potable water supply system. In
total, 21 (out of 25) of the irrigation water samples were from private
wells.

Community participants were also instructed to collect both yard
and garden soil samples in order to determine whether, through their
amending practices, they were contributing an arsenic load to their
gardening soil. Arsenic concentrations in home garden and yard soil
samples ranged from 2.35 to 374 mg kg~ ! and 3.07 to 322 mg kg~ !,
respectively. The pH of these soils was near neutral. Background arse-
nic soil concentrations in the area are estimated to be from 18.3 to
66.3 mg kg~ ! (EA Engineering, Science, and Technology, Inc., 2010)
with a site-specific mean arsenic concentration value of 30.7 mg kg !
(Arizona Department of Health Services, 2009).

As noted above, there is a large range in arsenic concentrations de-
termined for the garden and yard soils. However, based on the house-
holds that participated in Gardenroots, there is no apparent pattern
or trend in arsenic concentration as a function of proximity to the
tailings pile or the smelter, which is 1 mile east of the tailings on
the opposite site of Highway 69 (Fig. 1). The most elevated arsenic
concentrations were observed at 2.2 miles southeast of the tailings

100
= @ Asteraceae (lettuce)
9 A Brassicaceae (radish, kale, broccoli, cabbage)
= @ Liliaceae (onion, garlic)
it + Amaranthaceae (beets, swiss chard, spinach) ®
‘E = Curcurbitaceae (squash, cucumber)
5} 10 Solanaceae (tomato, pepper) o
g B Fabaceae (bean)
=}
S® &
2% ° boe
S E 1 @
e -
< E a2 .
v = - ad ?
= o,
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= -
=
= &
[ ]
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Soil Arsenic Concentration (mg/kg)

Fig. 2. Arsenic concentration in the edible portion of common vegetables as a function
of soil arsenic concentration. All points are from this study; open symbols represent
vegetables grown in the greenhouse (N=4); closed symbols represent vegetables grown
in home gardens.
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and 1.1 miles from the smelter. It is unclear why this residential prop-
erty had such elevated soil arsenic levels.

It is important to note that soil arsenic concentrations were higher for
garden soil samples than for yard soil samples for 12 of the 25 communi-
ty samples. It is possible that the products being used by home gardeners
to amend their soils are contributing an arsenic load to their garden
soils. Note that the commercially available product MiracleGro™ Garden
Soil used in the greenhouse portion of this study had a relatively low
average arsenic concentration of 3.6 mg kg~ .

3.2.2. Arsenic in vegetables

Sixty-three home garden produce samples were obtained from
19 properties neighboring the IKMHSS site. The vegetables were
grouped by scientific family and in general, the arsenic concentration
in the vegetables increases with increasing soil arsenic levels (Fig. 2).
Overall, the vegetable arsenic concentrations ranged over 3 orders of
magnitude, 0.01-1.96 mg kg~ ! dry weight. The mean arsenic accu-
mulation in these crops, based on edible tissue dry weight mg kg ™",
decreased in order of Amaranthaceae> Liliaceae>Asteraceae>
Brassicaceae > Fabaceae > Cucurbitaceae > Solanaceae (Supplemental

Table 2).

3.3. Arsenic uptake by different plant families

There is a direct correlation between the amount of arsenic that
accumulated in the edible portion of the plant and the arsenic soil
concentration for most of the vegetable families analyzed including:
Asteraceae (lettuce); Brassicaceae (radish, broccoli, kale, cabbage);
Amaranthaceae (beet, Swiss chard and spinach); and Fabaceae (bean)
families (see Fig. 3, Table 3). In contrast, there was no correlation
between arsenic uptake and soil concentration for the Solanaceae or
Cucurbitaceae (Table 3). The majority of the Cucurbitaceae samples an-
alyzed had arsenic concentrations below 0.1 mg kg ™' regardless of soil
arsenic concentration, with the exception of a yellow squash sample at
0.28 mg kg~ ! and green zucchini that had an arsenic concentration at
0.17 mg kg~ '. Cucurbits (and solanaceas) accumulated the least
amount of arsenic among the plant families examined and this may be
due to the physiology of this family.

The results from the greenhouse and home gardens were com-
bined with data reported in the literature to further examine potential
correlations. Statistically significant correlations were observed
at levels of: 0.01% for the Fabaceae (r?=0.51, N=25, Fig. 4) and
Brassicaceae (r>=0.42, N=43) families, while the r? values for the
Cucurbitaceae, Solanaceae and Asteraceae families were less than or
equal to 0.33 (N range = 26-33).

6.0

Brassicaceae o

Edible Tissue Arsenic Concentration
(DW, mg kg™

0 100 200 300 400 500 600
Soil Arsenic Concentration (mg kg™!)

Fig. 3. Arsenic concentration in the edible portion of the Brassicaceae as a function of soil
arsenic concentration. Open symbols (O) represent vegetables grown in the greenhouse
(N=4) and closed symbols (®) represent vegetables grown in home gardens.

Table 3
Gardenroots bioconcentration factors and correlations between the arsenic observed in
vegetable families and total arsenic in the soils.

Vegetable family Bioconcentration Correlation of arsenic in edible

factor tissue with arsenic in soil
12 value

Asteraceae 0.0478 0.791°¢
Brassicaceae 0.0146 0.868°
Amaranthaceae 0.00982 0.857°
Curcurbitaceae 0.00483 NS

Liliaceae 0.00448 0.139°
Solanaceae 0.00391 NS

Fabaceae 0.00323 0.557°

NS: not significant.
@ Significant at 5% level.
b Significant at 0.1% level.
¢ Significant at 0.01% level.

3.4. Bioconcentration factors

The BCF was calculated from the ratio of the metal concentration
in the edible portion of the vegetable (dry weight) and the metal con-
centration in the soil. The average BCF for the plant families from this
entire study (based on edible tissue dry weight mg kg™ ') decreased in
order of Asteraceae > Brassicaceae >Amaranthaceae > Cucurbitaceae>
Liliaceae > Solanaceae > Fabaceae (Table 3). The Asteraceae and
Brassicaceae families accumulated more arsenic than did the other
families, with BCF values of 0.0478 and 0.0146, respectively. This ob-
servation is similar to the results presented in previous studies,
wherein the average BCF (based on edible tissue dry weight
mg kg~ !) decreased in order of Asteraceae>Brassicaceae>
Solanaceae > Amaranthaceae > Liliaceae > Cucurbitaceae > Fabaceae
(Bhattacharya et al., 2010; Smith et al., 2008; Gaw et al., 2008; Li et
al.,, 2006; Warren et al., 2003; Alam et al., 2003; Bunzl et al., 2001;
Cobb et al., 2000). Furthermore, the Asteraceae BCF was observed
to be significantly larger than those of the other families (using the
Tukey-Kramer HSD test) for the literature data. This is consistent
with what was observed for the Gardenroots data reported herein.
It should be noted that the previous studies used for comparison
were chosen because they focused on soils from or near mining
waste (i.e. mine tailings, slag, and smelter) or on arsenic contaminat-
ed irrigation water and contaminated horticultural soils.

2.0

1.8 | Fabaceae °
A

1.6

1.4 4 ©

1.2

y =0.0018x +0.078
1.0 =051

Edible Tissue Arsenic Concentration
(DW, mg kg™

0.0

0 100 200 300 400 500 600
Soil Arsenic Concentration (mg kg'!)

Fig. 4. Arsenic concentration in the edible portion of the Fabaceae as a function of soil
arsenic concentration. Values were compiled from this study and from the literature.
Open symbols (O) represent vegetables grown in the greenhouse, closed symbols
(@) represent vegetables grown in home gardens, and the closed triangles (A) repre-
sent values from the literature.
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4. Discussion
4.1. Sources of arsenic in residential soils

Although this study site neighbors a Superfund site and there is ev-
idence that the mine tailing waste has moved beyond the site and into
residential areas, it's important to briefly discuss other sources of arse-
nic that may affect the residential and gardening soils. Disentangling
the sources of arsenic in residential areas near a Superfund site can
be complicated when there is also naturally occurring arsenic in the
region. Arizona, and specifically Yavapai County has naturally high
levels of arsenic due to: 1) granite bedrock, 2) the Colorado Plateau
of northern Arizona and southern Utah, and 3) the arsenic-rich Supai
Sandstone formation (Uhlman et al., 2009).

Based on existing data collected and reported in the US EPA
IKMHSS site Remedial Investigation Report, the maximum soil arsenic
concentration found in residential yards were northwest of the smelt-
er area and along the Chaparral Gulch. The reports state that yards
further away from the IKMHSS site are much less likely to be impact-
ed from wind dispersion or surface water transport from sources, and
vice versa (EA Engineering, Science, and Technology, Inc., 2010).
We therefore anticipated the same pattern. However, there was
no apparent pattern or trend in arsenic concentration as a function
of proximity to the tailings pile or smelter. It should be noted that:
1) the number of samples available in the current study is not suf-
ficient to quantitatively characterize spatial distributions; 2) wind
direction in the area changes seasonally; and 3) this area has been af-
fected by both smelting and mine tailings, which produce different
sized particles that experience different magnitudes of eolian trans-
port. Csavina et al. (2012) discuss how ultra-fine particles are often
generated from smelting and slag dumps and are so small that they
rapidly diffuse, coagulate and grow into the accumulation range
(0.1 um to ~1 pm particle size) in the atmosphere. Conversely, coarse
particles generated by wind erosion of mine tailings are large enough
to rapidly settle out of the atmosphere in minutes to hours, and have
a wide distribution of metalloid concentrations.

Additionally, it was hypothesized that the garden soils would have
considerably lower soil arsenic levels than the yard soils, given that
the garden soils would be mixed with and thus diluted by garden
amendments. Interestingly, the mean soil arsenic concentration in
the yard soils (46.0 mg kg~ ') and garden soils (44.1 mg kg~ ') are
similar, and 12 of the 25 home garden soil samples had a greater
soil arsenic concentration than the yard soils. This highlights that
commercially available gardening amendments may contain arsenic.
Raven and Loeppert, 1997 reported measureable levels for heavy
metals such as arsenic, cadmium, chromium, lead and mercury in or-
ganic fertilizers. They found that trace metal concentrations generally
decreased in the following sample order: rock phosphate>sewage
sludge > commercial phosphate fertilizers >organic amendments and
liming materials >commercial K,O fertilizers>commercial N fertil-
izers. Whether or not fertilizers add significant amounts of metals to
soil depends upon several factors including the existing soil metal con-
centration, the concentration of trace metals in the fertilizer and the fer-
tilizer application rate (US EPA, 1999). Nonetheless, the results of this
study demonstrate that the garden soil arsenic concentration did not
notably decrease with the addition of amendments as hypothesized,
and that in fact, 48% of the time, the arsenic concentrations in the
garden soils increased. It is recommended that commercially available
gardening amendments be researched further, particularly because
these are widely used by gardeners.

In summary, the results of this study suggest that food gardeners
surrounding mining operations test their soils prior to gardening to
determine existing soil arsenic concentrations. Arsenic may be ele-
vated due to naturally occurring sources and from the mining oper-
ation. Also, it is important for home food gardeners to understand
how gardening amendments and practices may be contributing

arsenic to the soils, or diluting the arsenic concentration in the gar-
den soil mixture.

4.2. Arsenic uptake in the edible tissue of vegetables

The results presented herein show that there is a significant corre-
lation between the levels of arsenic uptake in the edible tissue of
vegetables from the Asteraceae, Brassicaceae, Amaranthaceae, and
Fabaceae families and the levels of arsenic in the soil in which they
were grown. Huang et al. (2006) similarly reported a significant cor-
relation between arsenic uptake by Chinese cabbage, leaf mustard,
cauliflower, and radish (all from the Brassicaceae family), as well as
garlic and onion (Liliaceae family) and total arsenic in soils. They fur-
ther observed an increase in the number of significant relationships
(13/17 vegetables versus 8/17) when the regression was done with
available arsenic (NaH,PO4-extractable As), not total arsenic. These
correlations are functionally dependent and may change if examined
by single vegetable species rather than by family.

When characterizing metal uptake by plants, it is important to
consider the BCF, which is the ratio of metal uptake in the plant to
the metal concentration in the soil. In Fig. 5, we have compared the
Gardenroots BCF values for each plant family with those from selected
literature studies (Bhattacharya et al., 2010; Smith et al., 2008; Gaw et
al., 2008; Li et al., 2006; Warren et al., 2003; Alam et al., 2003; Bunzl
etal., 2001; Cobb et al., 2000). The BCF values from the literature were
generally higher than those observed in this study. This highlights
that although soil arsenic concentration is an important variable,
there are other factors that may influence plant uptake. One is arsenic
speciation, which is known to affect plant uptake (e.g. Smith et al.,
2008; Meharg and Hartley-Whitaker, 2002; Burl6 et al., 1999). It has
been shown that plants take up arsenate, the dominant species in
oxic environments, via the phosphate transport system since the
phosphate ion is similar to the arsenate ion (Dixon, 1997). The second
influence includes soil characteristics such as pH, organic matter, clay
content, water regime and nutrient balance (i.e. phosphate) (Kabata-
Pendias and Pendias, 2001). For example, arsenic in sandy soils is
5 times more available than in clay soils, and thus the toxicity thresh-
old for sandy soils is approximately 40 mg kg~ ! as compared to
200 mg kg~ ! for clays (O'Neill, 1995). Additionally, it has been
found that the arsenic sorption by soil increases with iron oxides
(Kabata-Pendias and Pendias, 2001). Warren et al. (2003) demon-
strated that adding ferrous sulfate in solution to the soils reduced let-
tuce, cauliflower, radish and other selected vegetables uptake of
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Fig. 5. A comparison of the average bioconcentration factor values for the current
Gardenroots study and the literature values. The solid line represents a one-to-one re-
lationship. Points above the line show plant families that have higher literature BCF
values than Gardenroots values. Vice versa, points below the line would show plant
families that have lower Gardenroots BCF values than literature values.
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arsenic by a mean of 22%; and that the highest bioavailability was ob-
served for soils with a high sand content. In summary, while the veg-
etables in this study accumulated arsenic, accumulation was lower
than previously reported potentially due to one or more of the factors
briefly described above.

The results of this study and previous work show that some plant
families, specifically the Asteraceae and Brassicaceae, accumulate
more arsenic in their edible tissues than do other families. These
plant families have genetic and physiological adaptations that allow
them to accumulate, translocate, and resist high amounts of metals;
and in general, they have an efficient root uptake, effective root-
to-shoot translocation, and an enhanced tolerance to arsenic inside
plant cells (Wang et al.,, 2009; Bondada et al., 2007; Lombi et al.,
2002; Lasat et al., 1998). In general, it has been observed that leafy
vegetables (lettuce, leaf mustard, water spinach) contain more arsenic
in their edible parts than non-leafy vegetables (tomatoes, eggplant,
beans and cowpeas) (Huang et al., 2006; Liao et al., 2005; Munoz et
al., 2002; Warren et al., 2003; Cobb et al., 2000). The same pattern
was observed in this study. These results indicate that plant family
characteristics have a large influence on plant uptake.

Based on their growth in contaminated soils, plants can be classi-
fied into three main groups: excluders, indicators, and accumulators.
Plants with BCF values>1 are often classified as hyperaccumulators
(Vithanage et al., 2011). The Asteraceae and Brassicaceae families
have been identified to have members classified as hyperaccumulator
plants (Vithanage et al., 2011; Cheraghi et al., 2011; Maestri et al., 2010;
Ghosh and Singh, 2005; Salt et al., 1998), with members of the Pteris
genus (Mahmood et al, 2012) and Pityrogramma calomelanos
(Francesconi et al., 2002) having been identified as arsenic hyper-
accumulators. Based on this ability, these plants have been identified
as potential candidates for phytoextraction, a type of phytoremediation
for soil with heavy metal contamination. The first hyperaccumulators
(of zinc, nickel, cadmium and selenium) characterized were members
of the Brassicaceae family (Salt et al., 1998). It can be inferred that mem-
bers of the Asteraceae and Brassicaceae families have genetic and phys-
iological capacity to accumulate, translocate, and resist high amounts of
metals. Thus, it is not surprising that these families had higher BCF
values in this study. In summary, the family to which a plant belongs
has a considerable influence on its uptake of arsenic in the edible tissue.

5. Conclusion

This study demonstrates that the soil arsenic concentration and
the family to which a plant belongs influence the uptake of arsenic
into the edible tissues of plants grown in mining-affected soils. All
vegetables accumulated arsenic, ranging from 0.01 to 23.0 mg kg ™!
dry weight. A strong correlation was observed for the Asteraceae,
Brassicaceae, Amaranthaceae, and Fabaceae families between arsenic
uptake and the levels of arsenic in the soil in which they were grown.
Asteraceae and Brassicaceae families had larger BCF values, a pattern
similar to that previously reported in the literature. Literature BCF
values were generally higher than those observed in this study,
highlighting that although soil arsenic concentration is an important
variable, there are other soil characteristics that may influence plant
uptake.

The integrated greenhouse and citizen-science field study reported
here was successful in determining the concentration of arsenic in the
edible portion of the vegetable plants grown near the IKMHSS site. It is
recommended that home gardeners surrounding mining operations
or mine tailings be made aware that their soils may have elevated
soil arsenic levels and that arsenic will accumulate to different degrees
in different vegetables. This study suggests that food gardeners sur-
rounding mining operations, particularly legacy operations which
may contain elevated arsenic, test their soils prior to gardening to de-
termine arsenic soil concentrations. Particularly, it might be prudent
for home gardeners who neighbor mining operations or who are in

an arsenic endemic areas to limit the use of vegetables from the
Asteraceae and Brassicaceae families to reduce their dietary exposure
to arsenic.
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