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• Arsenic exposure is a concern for resi-
dential areas adjacent to mine sites.

• Arsenic bioaccessibility in mine sedi-
ments is negatively correlated with
rainfall.

• Rain events mobilize the most soluble/
surface-bound arsenic from particles.

• Arsenic bioaccessibility gradually and
progressively increases during dry pe-
riods.

• Humidity/temperature fluctuations en-
hance the formation of soluble arsenic
phases.
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Physical and chemical weathering of arsenic-enriched mine wastes can lead to the mobilization and dispersal of
contaminated sediments into surrounding (residential) areas. Additionally, seasonal effects during dry and rainy
seasons affect contaminant bioaccessibility in ways that may significantly influence risk estimates of chronic ar-
senic exposure for residents living near mining sites. Rainwater-transported sediments from the Red Hill Mer-
cury Mine in Tustin, California were collected monthly over a period of 25 months and the ingestible size
fraction (≤250 μm) analyzed for bulk arsenic concentration (239 ± 149 mg/kg, n = 32, 114 to 678 mg/kg),
assessed for arsenic bioaccessibility (11.2 ± 6.3%, n = 32, 2.7 to 24.9%), and compared with realtime rainfall
data. Arsenic bioaccessibility was highly variable and strongly negatively correlated with cumulative rainfall
over the preceding 40days (r2=0.51, P<0.001). Controlledwetting/drying experiments andAs speciation anal-
yses demonstrated that this correlation primarily arose through the removal of soluble/surface-bound arsenic
phases from sediments during rainwater exposure/transport, but also suggested the secondary formation of sol-
uble arsenic phases resulting from diel humidity and temperature fluctuations during dry periods, which gradu-
ally increases the proportion of bioaccessible arsenic with time. These findings demonstrate significant seasonal
variability in arsenic bioaccessibility and indicate that arsenic exposure risks through incidental ingestion in these
and similar systems are highest following extended dry periods.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Metal mining activities produce significant quantities of processed
mine tailings and associated mine wastes containing elevated levels of
trace metal(loid)s that would otherwise remain sequestered under-
ground. For example, gold and silver mining throughout the state of
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California have yielded millions of tons of mine wastes enriched in
naturally-occurring arsenic (As), posing potential health threats to
those exposed (Alpers et al., 2014; Kim et al., 2014; Kim et al., 2012;
Kim et al., 2011; Tchounwou et al., 2003). When mining activities take
place near current or future residential communities, occupants may
be at increased risk for acute and/or chronic metal(loid) exposure via
a number of mobilization and ingestion pathways (Martin et al., 2014;
Rieuwerts et al., 2006).

Surface water, specifically rainwater, serves as a major mechanism
for the transport of sediments when shearing forces produced by either
raindrop impact or overland flow initiate particle detachment and
movement (Bozhi et al., 2014; Croley, 1982). Due to the greater detach-
ment capacity of intense rain events, rainfall rate and runoff sediment
concentrations are commonly correlated (Proffitt et al., 1991). In areas
of intermittent/low rainfall, the dominant fraction of sediment trans-
port likely occurs during a few significant rain events rather than addi-
tively/continuously over time (Bennett, 1974).

The transport of As from mining-impacted regions during rain
events is similarly dominated by particle-facilitated transport and As
dissolution and transport in the dissolved phase (Kim et al., 2012).
Other influences include past wetting and drying cycles (Shaoping
et al., 2008) and the inverse relationship between particle size and As
concentration observed in many mining environments (Kim et al.,
2011). Additionally, extended dry periods may lead to preferential de-
tachment and transport of fine-grained particles which, due to their in-
creased surface area/mass ratio, are better able to adsorb and transport
dissolved metal(loid)s during “first flush” rain events (Gupta and Saul,
1996; Lee et al., 2002;Wanielista and Yousef, 1993). Fine-grained parti-
cles travel greater distances from their source, become dispersed over
wider areas, and are more likely to be incidentally ingested/inhaled
than coarser particles, underscoring their importance in contributing
to potential health threats when originating frommine-impacted envi-
ronments (Kim et al., 2012).

Accordingly, themost significant risk of incidental exposure tometal
(loid)-containing mine sediments should follow intense, sustained rain
events that are preceded by extended dry periods (Gupta and Saul,
1996). However, a metal(loid)'s toxicity is not only a function of its ab-
solute concentration in the environment, but also its potential solubility,
bioaccessibility, and bioavailability (Reeder et al., 2006). The dynamics
of repeated sediment wetting/drying cycles may induce changes in As
speciation (defined here as the chemical species of As present and
their relative proportions) that influence As bioaccessibility (the frac-
tion of As released from the solid matrix, typically measured through
in vitro methods) and As bioavailability (the fraction of As that reaches
systemic circulation, typically measured through in vivomethods) con-
tinuously over time, rather than only during discrete rainfall events.
Changes in As speciation can result from the dissolution and re-
partitioning of primary mineral phases into, or onto, secondary phases
through a variety of mechanisms including adsorption, (co-)precipita-
tion, and isomorphous substitution or structural incorporation (Foster
et al., 2011; Foster and Kim, 2014).

An improved characterization of the seasonal effects of rainfall and
wetting/drying cycles on the transport and bioaccessibility of As in
mining-impacted sediments can enable more accurate exposure esti-
mates and risk assessments for local communities. This study conducted
rainwater runoff and sediment sampling at the Red Hill Mercury Mine
in Tustin, Orange County, CA, followed by simulated gastric fluid extrac-
tions of collected sediments to calculate As exposure estimates and cor-
relate them with historical rainfall records. Although this study is
location-specific due to the frequency and variability of sampling de-
mands, the conditions and context of mine-impacted sediments at the
Red Hill Mine are comparable to those of As-bearing precious metal
mines throughout the western US and elsewhere, and we anticipate
that the relationships determined between wetting/drying events and
As transport and mobility are relevant and transferable to a broad
range of mine-impacted areas that experience seasonal weather
2

variability. Specifically, we hypothesize that rainwater runoff contrib-
utes to As mobilization from mine sites into residential areas through
both sediment transport and the dissolution of soluble As species, al-
though the latter process has a secondary effect of diminishing As bioac-
cessibility in deposited sediments. Additionally, we hypothesize that
extended dry periods between rain events are significant in enabling
the gradual conversion of particle-associated As to more bioaccessible
forms over time through diel fluxes in temperature and humidity.

2. Site background

Historical records report that cinnabar (HgS) deposits were first dis-
covered at Red Hill in 1892; however, no production was officially re-
corded until 1927 to 1929 (Bradley, 1918; Bureau of Mines, 1965). At
least 50,000 kg of mercury ore were extracted from the mine sporadi-
cally over the course of the following decade, after which time the
mine shafts were sealed (Bradley, 1918; Bureau of Mines, 1965). Cur-
rently, more than two dozen residences share a property line with and
are located downslope from the ~0.05 km2 abandoned mine site
(33°45′24″N 117°47′33″W, Fig. S1, Supplemental Information). Other
studies have documented As contamination associated with mercury
mines due to the elevated concentrations of As and other trace metal
(loid)s during hydrothermal ore deposition processes (Larios et al.,
2012b; Loredo et al., 1999). Additionally, As within roasted and proc-
essedmine tailingswas determined through sequential extraction anal-
ysis to be more mobile than As associated with natural, undisturbed
sources, indicating an increased risk of As distribution in the environ-
ment as a result of mining activity (Larios et al., 2012a).

The Red Hill Mine offers an unusual sampling scenario. The site is
privately owned, preventing comprehensive spatial sampling; however,
an impermeable asphalt driveway extends ~50m from the south side of
the mine hill downslope to the publicly accessible street below. The
driveway channels rainfall runoff andmobilized sediments to the street,
which thenmove downslope along the curb gutter perpendicular to the
initial flow direction (Fig. S2). This assures that the dominant fraction of
sediments collected at the base of the driveway above the curb was
transported directly from the mine site by rainwater runoff.

3. Experimental method

3.1. Rainwater collection

Rainwater runoff was collected in real time during rain events from
the driveway location aswell as froma background site located in a con-
crete runoff trench 1.3 km northwest and 35m higher in elevation than
the mine. At each site, two 1 L HDPE bottles were pre-rinsed with rain-
water and filled by capturing actively flowing runoff, then topped off
with runoff collected with a 45-mL plastic pipette so no headspace
remained in the bottles. Samples were stored in a 4 °C refrigerator
within 1 h of collection. A total of 21 rainwater samples from the drive-
way location and 12 from the background location was collected be-
tween December 2012 and January 2015.

One liter of runoff from each sample collection was distributed into
50 mL Falcon tubes and centrifuged in a Beckman Coulter Avanti J-26S
XPI centrifuge for 10min at 2800 rpm to pellet the suspended sediment.
The supernatants were filtered in a 1000 mL vacuum flask apparatus
with an inline 0.45 μm non-sterile Fischer filter, changing the filter
after every ~200 mL of supernatant. Samples collected prior to 11/30/
12 were analyzed at the U.S. Geological Survey (Denver, CO) using ei-
ther ICP-MS (ELAN DRC II Quadrupole ICP-MS) or ICP-OES (Perkin
Elmer Optima 3000) for post-extraction concentrations of a suite of el-
ements, including As, using USGSMethod 37 (Azain, 2019). Subsequent
collectionswere analyzed formetal and trace element concentrations at
WECK Laboratories, using EPA method 200.7 (USEPA, 2001). Both ana-
lytical labs were supplied with lab deionized water and simulated gas-
tric fluid sample blanks. Real-time rainfall rate data was obtained from
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www.wunderground.com, station KCASANTA229, located 0.9 km west
of the collection site. Where incomplete, additional rate data was ob-
tained from stations KCATUSTI3 and KCASANTA279 located 3.4 km
northwest and 1 km northeast from the collection site, respectively.

3.2. Sediment collection and characterization

A total of 32 sediment samples was collected from the driveway site
and 27 samples from the background site between January 2013 and
January 2015. Sample collection was attempted on a monthly basis
(except where insufficient sample quantities precluded collection in
certain months) and additionally within 24 h after significant rain
events. Samples were collected using a pre-cleaned stainless steel
gardening trowel and micro-spatula and transported to the laboratory
in sealed plastic bags, where they were spread onto plastic trays and
air-dried in a laboratory fume hood overnight. Sediment quantities
varied significantly (450 ± 330 g, n = 32, 70–1200 g at the mine site;
400±200 g, n=27, 300–750 g at the background site). In order to sep-
arate the <250 μm “ingestible” size fraction (Plumlee and Ziegler,
2003), each sample was passed through a U.S. standardized test sieve
no. 60 (250 μm) with a Tyler Industrial Products Model B Ro-Tap unit.
Each sample was sieved continuously for 90 min. As the only sample
preparation prior to further experimentation and analysis consisted of
air-drying samples overnight and passing them through a physical siev-
ing process, we expect that this minimal treatment would not induce
significant changes in As speciation or bioaccessibility beyond those
that would otherwise have occurred in situ.

Between 5 and 10 g of the unsieved bulk and ≤250 μmsize fraction of
each sample were sent for elemental concentration analysis to ALS
Chemex, an international analytical testing services company located
in Reno, NV that specializes in mineralogy and mining and mineral ex-
ploration. Aliquots of all received samples were pulverized using a
ring mill prior to digestion and analysis such that >85% of the sample
passed through a 75 μm (Tyler 200 mesh) screen. A 0.250 g sample of
each aliquot was digested with HClO4, HNO3 and HF at 185 °C to near
dryness and then further digested in a small volume of HCl. The solution
was brought up to a final volume of 12.5 mL with 11% HCl, homoge-
nized, and analyzed via ICP-AES (Varian Vista-PRO/Vista-725ES;
5 mg/kg As detection limit) for a suite of 49 elements.

3.3. EXAFS spectroscopy

The ≤250 μm size fraction of the following collected samples was se-
lected for extended X-ray absorption fine structure (EXAFS) spectros-
copy analysis: one sample collected directly from the mine hillside,
several sediment samples representing a range of As bioaccessibility
values collected from the driveway site, and aliquots of the same sedi-
ment samples following simulated gastric fluid exposure (described in
the following section). Extended X-ray absorption fine structure
(EXAFS) spectroscopy was conducted at beam lines 4–2 and 11–2 of
the Stanford Synchrotron Radiation Lightsource. Arsenic K-edge EXAFS
spectra were collected using Si (220), φ=90°monochromator crystals
at room temperature in fluorescencemodewith 32- or 100-element Ge
detectors. Arsenic and aluminum foils were used for energy calibration
and to attenuate sample matrix fluorescence, respectively. Multiple
scans of each sample were averaged, background-subtracted, and fit
using linear combination fitting over a k-range of 2–12.5 Å−1 using
the SixPack software program (Webb, 2005). Sample spectra were
fitted using a database of previously-collected As model compound
spectra with the “cycle fit” feature in the least squares fitting module
of SixPack to determine the chemical speciation, or identities and pro-
portions of As species, within each sample (Kim et al., 2013; Webb,
2005). Species were only included in final fitting results if they repre-
sented ≥10% of the total fit and caused the R-factor value to decline
by ≥10%.
3

3.4. In vitro extractions

3.4.1. Simulated gastric fluid extractions
Simulated gastric fluid (SGF) extractions were performed using a

modified version of the Solubility Bioaccessibility Research Consortium
gastric phase extraction (SBRC-G), which has been extensively applied
to assess As bioaccessibility in soils and sediments and validated against
in vivo As bioavailability studies (Basta and Juhasz, 2014; Brattin et al.,
2013; Ehlert et al., 2018; Juhasz et al., 2014a; Juhasz et al., 2014b;
Juhasz et al., 2009). A 0.4 M glycine solution was adjusted to a pH of
1.5 ± 0.1 with concentrated UltraPurex nitric acid (in place of HCl in
order to minimize interferences during solution analysis) at 37 °C.
One-gram aliquots of the ≤250 μm size fraction from the site and back-
ground samples were separately exposed to 100 mL of SGF in 125 mL
HDPE bottles and agitated at 190 rpm in a New Brunswick Scientific
I2400 Incubator Shaker at 37 °C for 1 h. Suspensions were filtered
using 0.45 μm non-sterile Fisher syringe filters to recover ~10 mL fil-
tered aliquots, which were sent to Stanford University's Environmental
Measurements Facility to measure dissolved As concentration via ICP-
OES on a Thermo Scientific ICAP 6300 Duo View Spectrometer within
48 h of the extraction. All extractions were conducted in triplicate.
Blank DI water samples and negative controls (SGF with no sediment
added) were also analyzed in triplicate to correct for background As
levels (Lee et al., 2006).

3.4.2. Pre-SGF sample wetting
In order to assess the water-soluble fraction of As prior to simulated

gastric fluid extractions, selected sediment samples representing the
range of As bioaccessibility at the site were exposed to DI water at a
0.5 g:13 mL ratio in 15 mL Falcon tubes. The tubes were vortexed, ro-
tated at 8 rpm for 1 h in a Barnstead Thermolync Labquake Shaker/Ro-
tisserie at room temperature, centrifuged at 2800 rpm for 10 min, and
decanted into 50 mL Falcon tubes. The sediments were then re-
exposed, centrifuged, and decanted twice more before being subject to
SGF extractions using the aforementioned protocol at a 1.0 g:100 mL
solid:solution ratio.

3.4.3. Sample wetting/drying under ambient conditions
Samples from the mine site and the designated background location

collected on 3/3/2014 were sieved to the ≤250 μm size fraction, with
each sample then divided into five 1.5 g subsamples. The pair of samples
was chosen because of the relatively high initial As concentration
(449 mg/kg) at the mine site and because that date was preceded by
the largest local rain event to take place over the duration of the study
(28 mm/day). The subsamples were placed on individual watch glasses
covered with perforated clear plastic shields to allow exposure to ambi-
ent air, temperature, humidity, and light conditions while minimizing
dust contamination and placed on the roof of a 4-story building on the
Chapman University campus, ~7.5 km northwest of the Red Hill Mine.

Each week for the subsequent four weeks, one of the mine site and
background subsamples underwent the water rinse described above
before being returned to the roof. At the conclusion of this period, all
samples were exposed in triplicate to the aforementioned SGF extrac-
tion with a 1.0 g:100 mL suspension ratio, representing 0, 7, 14 or
21 days since water exposure, with one subsample that had been ex-
posed to the ambient atmosphere for 28 days without a water rinse.
No rain events were recorded during this time period, but temperature
ranged from 12 to 32 °C (avg. 21 °C) and humidity ranged from 12 to
99% (avg. 78%) according to www.wunderground.com using station
KCAORANG22, located 1 km southeast of the experimental location.

3.5. Arsenic bioaccessibility, intake, exposure, and speciation calculations

In vitro As bioaccessibility was calculated by dividing the mass of As
in the supernatant of the simulated gastricfluid extractions by the initial
mass of As present in the solid sample fraction (Eq. (1)):

http://www.wunderground.com
http://www.wunderground.com
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In Vitro As Bioaccessibility IVBAð Þ %ð Þ ¼
As½ �SGF

mg
L

� �
� volumeSGF Lð Þ

As½ �solid
mg
kg

� �
�masssolid kgð Þ

ð1Þ

Arsenic intake was calculated assuming bodyweights for adults and
children of 70 and 35 kg, respectively (Davis and Mirick, 2006; Hogan
et al., 1998; Martin et al., 2014), and incidental soil ingestion rates of
100 and 200 mg/day, respectively (Lee et al., 2006; USEPA, 2017)
(Eq. (2)).

Arsenic Intake

μg
kg
day

0
B@

1
CA ¼ Incidental Soil Ingestion

mg
day

� �
� 1 kg

1� 106 mg

� As½ �solid mg=kgð Þ
Body Weight kgð Þ �

1000 μg
1 mg

ð2Þ

Arsenic exposure calculations effectively moderate As intake rates
by accounting for As bioaccessibility, determined in this study by SGF
extraction (Eq. (1)). That is, while As intake represents the total poten-
tial quantity of As ingested, As exposure represents the (soluble) quan-
tity of As that can be potentially mobilized in the body and enter
systemic circulation (Eq. (3)).

Arsenic Exposure
μg
kg

day

 !
¼ Arsenic Intake

μg
kg

day

 !
� IVBA %ð Þ ð3Þ

To assess changes in As speciation pre- and post-SGF exposure, it is
necessary to account for the sample's initial As concentration and bioac-
cessibility, as EXAFS speciation analysis yields proportions of As species
as a fraction of all As present in the given sample; thus, comparing these
percentages directly can give misleading results regarding a particular
species' absolute change in abundance. Accordingly, As speciation
must be converted from percentage to mass units as follows:

Pre-SGF speciation:

Concentration of As species i mg=kgð Þ ¼ As½ �solid mg=kgð Þ � f i ð4Þ

Post-SGF speciation:

Concentration of As species i mg=kgð Þ ¼ As½ �solid � 1−IVBA %ð Þð Þ � f i ð5Þ

where fi = fraction of As species i as determined by EXAFS linear com-
bination fitting analysis.

4. Results and discussion

4.1. Arsenic concentration in rainwater runoff

Collected rainwater runoff samples from the mine site were signifi-
cantly elevated in both total As (168 ± 141 μg/L, n = 21,
33–531 μg/L) and dissolved As (134 ± 138 μg/L, n = 21, 23–506 μg/L)
compared to background rainwater collections (total As: 4 ± 3 μg/L,
n=12, <1–9.1 μg/L; dissolved As: 3±2 μg/L, n=12,<1–5.1 μg/L) (Ta-
ble S1, Supporting Information) and to the EPA's Maximum Contami-
nant Level (MCL) for arsenic in drinking water of 10 μg/L (USEPA,
2001). The elevated As concentrations in the filtered samples from the
mine site suggest that rainwater exposure facilitated the dissolution of
soluble As phases and transport of dissolved As in runoff.

The proportion of undissolved (i.e., particulate) As in the mine site
rainwater samples varied considerably (26 ± 23%, n = 18, 0 to 80%)
and is moderately correlated (r2 = 0.25, P = 0.047) with rainfall rate
at the time of collection (Fig. 1a). This is comparable to the correlation
between solid As concentration and rainfall rate (Fig. 1b, r2 = 0.25,
P = 0.047) and considerably greater than that between rainfall rate
4

and either dissolved or total As concentration (Fig. 1c, d, r2 = 0.02 and
0.00, respectively (trendlines not shown), P> 0.05 for both), indicating
that As-bearing sediments from themine site are actively transported in
surface water runoff during rain events. However, there was likely wide
variability in sediment mobilization, possibly even during a single rain
event (e.g., an initial pulse of sediment followed by much less particle
mobilizationwith continued rainfall). Additionally, differences between
measured rainfall rates at the weather stations (located 0.9–3.4 km
away) and rainfall rates at the site during sampling, or potential incon-
sistencies in rainwater runoff sampling over time, could have further
impaired the strength of this correlation.

4.2. Arsenic concentration in sediments

As concentrations within the ingestible size fraction of the collected
mine site sediments (239 ± 149 mg/kg, n = 32, 114 to 678 mg/kg)
were enriched by as much as 471% (average 125%) over their corre-
sponding bulk As concentrations (142 ± 132 mg/kg, n = 32, 27 to
567mg/kg) and over anorder ofmagnitudehigher than thebackground
samples (10 ± 4 mg/kg, n = 27, 5 to 17 mg/kg) (Table S2, Supporting
Information) and the continental average As concentration in surface
soils (6.4 mg/kg) (Smith et al., 2013). Interestingly, mercury concentra-
tions were relatively low across the ingestible size fraction of the col-
lected mine site sediment samples (23 ± 17 mg/kg, n = 32, 5 to
91 mg/kg), despite the history of the site as a mercury ore source. All
available geochemical data on mine site sediments and background
samples (both bulk and sieved) are available in the Supporting
Information.

4.3. Arsenic bioaccessibility

Arsenic bioaccessibility, as determined by simulated gastric fluid ex-
tractions, ranged from 2.7% to 24.9% (11.2 ± 6.3%, n = 32) among all
≤250 μm sieved sediment samples (Table S2, Supporting Information).
This wide range is representative of other studies measuring arsenic
bioaccessibility in mine-impacted soils and associated materials,
which report in vitro arsenic bioaccessibility values ranging from ~1%
to >50% (Juhasz et al., 2014b; Meunier et al., 2011; Meunier et al.,
2010; Toujaguez et al., 2013; Whitacre et al., 2017). Such variability is
due to a complex combination of factors including but not limited to
spatial distribution of As (e.g. from fully-encapsulated As to within or
coating particle grains), chemical speciation of As (e.g. crystalline, co-
precipitate, amorphous, sorbed, phases), and As solubility of such
phases under different extraction conditions (e.g. water, in vitro bioac-
cessibility assays). One key distinction of the current study, however,
is that the range of As bioaccessibilitywas observed among samples col-
lected at a single individual site over time as opposed to a number of lo-
cations, suggesting dynamic processes that influence As mobility and
bioaccessibility in situ.

Arsenic bioaccessibility and daily rainfall were inversely relatedwith
one another (Fig. 2). For example, bioaccessibility generally increased
from <5% in January 2013 to 25% in February 2014; this timeframe
corresponded with relatively low rainfall due to California's drought-
like conditions at the time until a single large rain event at the end of
February 2014 resulted in a rapid decrease or “reset” in As bioaccessibi-
lity. Similarly, the subsequent dry months that followed correspond
with continued increases in bioaccessibility until the onset of the rainy
season in November 2014.

Due to the asynchronous times at whichAs bioaccessibility and rain-
fall were measured as well as the likelihood that cumulative instead of
daily rainfall would correlate more significantly with bioaccessibility,
we conducted an analysis of linear correlation coefficients for log-
transformed As bioaccessibility, sediment As concentration, and As ex-
posure against cumulative rainfall over 1–120 day timeframes (Fig. 3).
The analysis shows that the cumulative rainfall over the 40 days prior
to sediment collection was most strongly correlated with the As
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Fig. 1. Precipitation rate at the time of sample collection plotted against a) percentage of particulate (undissolved) arsenic (P = 0.047), b) arsenic concentration of solids (P = 0.047),
c) percentage of dissolved arsenic (P > 0.05), and d) percentage of dissolved arsenic in rainwater runoff samples (P > 0.05) in rainwater runoff samples. Samples where precipitation
rates were not recorded or where filtered concentrations (slightly) exceeded unfiltered concentrations were not included in figure.
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bioaccessibility (and thus arsenic exposure) of the sediment (Fig. 4;
r2 = 0.51 using an exponential regression, P < 0.001 using log-
transformed, linearized data). This correlation may be explained in at
least two possible ways: 1) rainwater dissolved and removed the most
soluble As species from the solid matrix, resulting in reduced As
Fig. 2. Arsenic bioaccessibility of mine-impacted sediments (orange bars) and daily rainfall to
Dashed/dotted lines are provided as visual aids. (For interpretation of the references to colour

5

bioaccessibility in sediments during and immediately following rain
events; and 2) gradual formation of secondary As-bearingphases at par-
ticle surfaces, or migration of As towards particle surfaces, during dry
periods promoted increased As bioaccessibility. Such secondary As
phase formation may occur through very gradual dissolution/
tals in millimeters (blue bars) over the sampling period December 2012–February 2015.
in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Linear correlation coefficients between cumulative rainfall over variable time periods (1–120 days) preceding sample collection and sediment arsenic concentration (blue), arsenic
bioaccessibility (orange), and arsenic exposure (gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reprecipitation processes occurring as the result of diel fluxes in tem-
perature and humidity, as has been documented by the production of
soluble metal sulfate efflorescent salt phases in other mining environ-
ments (Meza-Figueroa et al., 2009; Nordstrom and Alpers, 1999;
Sobron et al., 2009; Valente et al., 2013).

It is notable that theAs concentration in collected sediments reached
a maximum correlation with cumulative rainfall after a 5-day period,
while the As bioaccessibility of the sediments was dependent on a lon-
ger timeframe of cumulative rainfall (peaking at 40 days but persisting
out to and beyond 120 days) (Figs. 3, S3, Supporting Information). This
is likely because As sediment concentration is highly dependent on the
transport of sediments off of Red Hill during more intense, short-term
rain events. In contrast, the dependence of As bioaccessibility on longer
timeframes may be associated with the removal by subsequent/multi-
ple rain events of bioaccessible phases produced through diel variations
in temperature and humidity.

4.4. Effect of water exposure/drying time on As bioaccessibility

Rinsing of selected runoff sediments immediately prior to SGF ex-
tractions resulted in a 13–39% relative decrease (1.3–4.1% absolute
decrease) in As bioaccessibility (Fig. 5, Table S3, Supporting Informa-
tion). Additionally, a slight positive relationship can be observed
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Fig. 4. Arsenic bioaccessibility of deposited sediments as a function of cumulative rainfall
in the 40-day period preceding sample collection (P < 0.001).
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between post-wetting drying time and As released through SGF in the
selected mine site sediment sample (Fig. S4, Supporting Information),
with a 36% relative increase in bioaccessibility observed over a 4-week
timeframe relative to the background sample. This difference indicates
that airborne deposition of allochthonous material onto the sediment
sample did not contribute significantly to its apparent increase in As
bioaccessibility with time. However, the observed trend in the mine-
impacted sediment sample is not statistically significant except when
comparing the unrinsed sample to the samples rinsed 0 days (P =
0.024) and 7 days (P = 0.019) prior to SGF extraction. Examination
over longer timeframes and in more controlled humidity/temperature
conditions may more conclusively demonstrate the extent to which As
bioaccessibility increases during dry time periods.

Together, however, these wetting/drying experimental results con-
firm that rain events rapidly remove the more bioaccessible (soluble)
As phases in deposited sediments, thus reducing potential As exposure
upon ingestion, and suggest that during subsequent dry periods As bio-
accessibility can continuously increase in sediments over time, perhaps
due to the (re)formation of soluble secondary As phases. The latter ob-
servation is consistent with the mechanism of stoichiometric precipita-
tion in which supersaturation achieved through evaporation of
moisture leads to the formation of secondary phases (Foster et al.,
2011), and supports observations within the field data indicating an
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Fig. 5. Effect of simulated rainwater exposure on arsenic bioaccessibility of the ingestible
size fraction (≤250 μm particle diameter) of collected sediments.
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increase in bioaccessibility during extended dry periods (Figs. 2, 4). Diel
fluctuations in humidity could contribute daily to this process; over the
25-month period duringwhich sampleswere collected, the area experi-
enced average humidity highs and lows of 88% and 42%, respectively.

4.5. As speciation and effects of simulated gastric fluid extraction on
speciation

EXAFS spectroscopic analysis indicates essentially identical As speci-
ation in the runoff-transported sediments and the mine hill itself, with
linear combination fitting of the EXAFS spectra identifying ferric arse-
nate (65% and 57% respectively) and As(V) sorbed to iron oxyhydroxide
species (37% and 33% respectively) in both samples (Fig. S5, Supporting
Information). These speciation results support the mine hill as the
Fig. 7. Child arsenic intake (red line), child arsenic exposure (green line), and daily rainfall (blu
percentages of the chronic arsenic minimal risk level (MRL) are provided for reference.
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primary source of the runoff sediment collected at the bottom of the
Red Hill driveway and indicate that no substantial changes in speciation
occurred during transport.

Analysis of the selected sediment samples for which As speciation
was determined pre- and post-SGF extraction using EXAFS spectros-
copy reveals species-dependent relationships between total As bioac-
cessibility and changes in As speciation (Fig. 6, Table S4, Supporting
Information). Specifically, increasing bioaccessibility is correlated with
greater removal of species identified as scorodite (FeAsO4) and As
(V) sorbed to goethite (a-FeOOH), and with an increased abundance
of a species identified as sodium arsenate (Na3AsO4, identification of
which may be a proxy for a range of more crystalline arsenate phases,
e.g., Mg-arsenate, Ca-arsenate, Fe-arsenate). This suggests that the for-
mer species are more readily removed from the solid phase upon simu-
lated ingestion due to a combination of higher solubility and greater
abundance at particle surfaces, while secondary precipitation of crystal-
line arsenate phasesmay occur in samples with greater As bioaccessibi-
lity and thus higher concentrations of dissolved arsenic available for
reprecipitation. Other studies similarly suggest widely varying solubil-
ities of arsenic species in both synthetic and mine waste materials
(Drahota et al., 2014; Paktunc and Bruggeman, 2010; Paktunc et al.,
2008). It should be noted that the trends described are statistically
strongest for scorodite (r2 = 0.74, P = 0.01) and considerably less so
for Na-arsenate and As(V) sorbed to goethite (r2 = 0.42 and 0.25,
P = 0.08 and 0.20, respectively); however, these represent the first
known spectroscopic results to demonstrate differential changes in spe-
ciation as the result of simulated ingestion and underscore the impor-
tance of speciation in predicting As bioaccessibility and potential
bioavailability.

Our prior EXAFS studies concluded that the presence of As(V) sorbed
to iron oxyhydroxides is more common among sediments that have
been transported compared to native ore or mine tailings samples
(Kim et al., 2013), indicating that the dissolution of crystalline arsenic
species from source material was followed by the subsequent sorption
of As to iron phases. Similarly, (amorphous) iron oxides have been iden-
tified in other studies as a potential sink for As and a control for As mo-
bility and availability in agricultural soils (Liu et al., 2015; Liu et al.,
2010; Yu et al., 2016) under typical aqueous geochemical conditions.
The findings reported here suggest that when exposed to more
e bars) over the sampling period December 2012–February 2015. Dashed lines indicating
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aggressive extractants such as simulated gastric fluid, such sorbed arse-
nic species can be considerably more mobile.

4.6. Arsenic intake and exposure trends

The correlation between rainfall and particulate As mobilization/de-
position (Fig. 1a), thoughmodest, would imply that the potential for in-
cidental As intake is greatest immediately following intense rain events.
However, As exposure is also strongly dependent on As bioaccessibility,
which is negatively associated with rainfall quantity (Fig. 2). Accord-
ingly, when plotted as a function of time/rainfall and using children as
the base population due to their greater exposure risk, potential As in-
take and exposure rates show noticeably divergent trends (Fig. 7).
Large rain events corresponded with significant increases in As intake
(e.g., Mar. 2014, Dec. 2014), while sustained dry periods corresponded
with elevated As exposure (e.g., Aug. 2013–Feb. 2014, Apr.–Nov.
2014). Potential child As exposure was negatively correlated with the
sum of rainfall in the preceding 40-day period (Fig. 8) (r2 = 0.48
using an exponential regression, P< 0.001 using log-transformed, line-
arized data). Therefore, although larger precipitation rates generally re-
sult in higher quantities of sediment as well as As sediment
concentrations, the relationship between preceding rainfall totals and
bioaccessibility has a much more significant effect on estimated As ex-
posure. This further corroborates the conclusions from thewetting/dry-
ing experiments, which identify both rainfall events and dry period
duration as contributing factors to As bioaccessibility.

Exposure risk is evaluated using minimum risk levels (MRLs) that
propose the lowest daily human exposure (μg/kg/day) to a substance
at which adverse, non-cancer health effects are appreciably observed
for a given exposure duration. The U.S. Department of Health's Agency
for Toxic Substances and Disease Registry (ATSDR) has established the
As MRL for acute (≤14 days) and chronic (≥1 year) exposure scenarios
at 5.0 and 0.3 μg As/kg/day, respectively (ATSDR, 2008). Although
child exposure calculations show that the chronic MRL was not
exceeded over the timeframe investigated (Fig. 7, 41 ± 17% of MRL,
n = 31, 17%–73%), the effects of sustained dry periods on dust fluxes
and potential ingestion/exposure ratesmay increase over time, particu-
larly if extended drought conditions (e.g., resulting from climate change
effects) persist in the future.

The inverse relationship between topsoil moisture content and dust
flux at the near-ground level (Offer and Goossens, 2004) suggests that
as dry conditions continue, dust mobilization in urbanized regions will
increase due to disturbances bywind, cars, construction, and foot traffic.
Therefore, during drought conditions such as those recently and fre-
quently experienced throughout the state of California, the current
dust ingestion rates used in risk calculations may prove to be both
y = 0.15e-0.02x

r  = 0.48

0.00

0.05

0.10

0.15

0.20

0.25

0 20 40 60

C
h

ild
 A

rs
en

ic
 E

xp
o

su
re

 (
µ

g
/k

g
/d

ay
)

Sum of Rainfall in Preceding 40 Days (mm)

Fig. 8. Child arsenic exposure as a function of cumulative rainfall in the 40-day period
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insufficiently conservative and seasonably variable. Furthermore, the
amount of rainfall received during a wet season affects the dust activity
of the following dry season such that wet seasons with little rainfall are
typically followed by dry seasons with high dust activity (Offer and
Goossens, 2001). The combination of elevated dust activity, increased
dust ingestion, and high As bioaccessibility during dry periods further
suggests that As exposure risks via the incidental ingestion pathway
could eventually exceed MRLs in a progressively warmer and drier
environment.

5. Conclusions

The physical and chemical weathering of As-bearing and, by exten-
sion, other metal(loid)-enriched sediments over time can influence
the mobilization, bioaccessibility, and exposure of potentially harmful
elements in complex ways. Rainfall events and cumulative rainfall
amounts readily transported As-bearing particles and enabled the re-
lease of more soluble and/or surface-bound As species into solution,
thus lowering As bioaccessibility in the resulting deposited sediments.
However, these sediments are not unreactive, inert and static sub-
strates, but rather dynamic materials where As bioaccessibility can
both diminish quickly during rain events and gradually increase during
dry periods due to gentle daily fluctuations in humidity and tempera-
ture. Accordingly, estimations of As exposure risks in communities
proximate to As-enriched sediments and mine wastes should account
for (changes in) As bioaccessibility, As speciation, and regional/tempo-
ral weather trends that influence the wetting/drying cycles to which
As-bearing materials are exposed.
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FIGURE CAPTIONS 

Figure S1. Satellite image of the Red Hill Mercury Mine and surrounding community (inset map of 
California shows the location of the mine). All undeveloped land in the image is part of the Red Hill Mine. 
Driveway location for rainwater runoff and transported sediment is indicated in the lower left-hand corner, 
while the in-place mine waste sampling location is indicated in the upper right-hand section of the image. 

Figure S2. Photograph of Red Hill driveway sampling location during a rain event on 02/28/2014 
demonstrating the channeling of rainfall runoff with visibly suspended sediment from the mine site 
(background) towards the publicly accessible street below (foreground). 

Figure S3. Arsenic concentration of the ingestible size fraction (≤250 microns) of transported mine 
sediments as a function of cumulative rainfall in the 5-day period preceding sample collection (P=0.005).   

Figure S4. Arsenic released in a simulated gastric fluid extraction of the ingestible size fraction (≤250 µm 
particle diameter) of a deposited Red Hill Mine sediment and background sample (both collected 3/3/14) 
as a function of post-rinse drying time. P=0.019 (unrinsed compared with 7 days), 0.024 (unrinsed 
compared with 0 days), and >0.05 (all others). 

Figure S5. EXAFS spectra data and linear combination fit for Red Hill Mine site and transported 
sediment samples. 

TABLE CAPTIONS 

Table S1. Total and filtered (to 0.45 µm) arsenic concentrations of rainwater runoff samples. 

Table S2. Arsenic concentration and bioaccessibility for collected Red Hill and background sediment 
samples.  *sample not collected/analyzed. 

Table S3. Effects of simulated rainwater exposure on in vitro arsenic bioaccessibility (IVBA) in the 
ingestible size fraction (≤250 µm particle diameter) of transported sediments. 

Table S4. Arsenic speciation results from linear combination fitting of EXAFS spectra, for selected Red 
Hill samples pre- and post-simulated gastric fluid extraction, displayed in percentage and mass formats. 
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Figure S2. 
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Figure S3. 
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Figure S4.  
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Figure S5. 
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Table S1. 

Date of Collection  Location 
Approximate Time 

of Collection 

 
Rainfall Rate 

(mm/hr) 
Total Arsenic 
Conc. (µg/L) 

Filtered Arsenic 
Conc. (µg/L) 

12/12/2009 Red Hill Driveway 12:00 PM 3.0 47.3 35.9 

1/18/2010 Red Hill Driveway 11:00 PM 2.0 79.1 57.7 

1/19/2010 Red Hill Driveway 2:45 PM 9.9 91.2 63.8 

1/20/2010 Red Hill Driveway 4:15 PM 15.0 136 116 

1/21/2010 Red Hill Driveway 1:00 PM 40.9 119 38.5 

1/22/2010 Red Hill Driveway 1:15 PM 42.9 240 107 

2/9/2010 Red Hill Driveway 4:00 PM 4.1 125 24.4 

10/19/2010 Red Hill Driveway 3:30 PM 6.1 530.8 505.7 

10/20/2010 Red Hill Driveway 4:30 PM 6.1 77.7 78.9 

12/20/2010 Red Hill Driveway 4:40 PM 4.1 106 119 

12/21/2010 Red Hill Driveway 8:20 PM 4.1 318 313 

9/6/2011 Red Hill Driveway 3:45 PM N/A 91.1 32.7 

11/20/2011 Red Hill Driveway 5:00 PM 9.9 65.5 59.9 

1/23/2012 Red Hill Driveway 11:35 AM N/A 95.9 87.9 

2/15/2012 Red Hill Driveway 6:00 PM 0.3 33.3 23.1 

11/30/2012 Red Hill Driveway 12:30 PM 0.3 130 100 

1/25/2013 Red Hill Driveway 8:00 AM 0.3 36 33 

12/2/2014 Red Hill Driveway 12:15 PM 1.0 380 270 

12/12/2014 Red Hill Driveway 11:00 AM 9.9 350 390 

12/12/2014 Red Hill Driveway 11:45 AM 1.0 390 310 

1/11/2015 Red Hill Driveway 9:05 AM 5.3 90 55 

      

12/20/2010 Background Site 4:40 PM 4.1 9.1 5.1 

3/20/2011 Background Site 7:10 PM 2.0 <1 <1 

9/6/2011 Background Site 3:45 PM N/A <1 1.6 

11/20/2011 Background Site 2:15 PM N/A 3.7 3.9 

11/20/2011 Background Site 2:15 PM N/A 3.7 3.9 

11/20/2011 Background Site 5:00 PM 9.9 1.2 <1 

1/23/2012 Background Site 11:35 AM N/A <1 1.2 

2/15/2012 Background Site 6:00 PM 0.3 1.4 <1 

11/30/2012 Background Site 1:00 PM 0.3 <10 <10 

1/25/2013 Background Site 8:30 AM 0.3 <10 <10 

12/2/2014 Background Site 12:00 PM 1.0 <1 <1 

12/12/2014 Background Site 10:45 AM 9.9 <1 <1 

 



9 
 

Table S2. 

  

  Red Hill Sediment Background Sediment 

Collection 
Date 

As Conc. of 
Ingestible 

Size 
Fraction  
(mg/kg)  

As Conc. 
of Bulk 
Sample 
(mg/kg ) 

Ingestible 
Fraction/Bulk  

(% Enrichment)  

As 
Bioaccessibility 

(%)  

Std 
Dev 

As Conc. of 
Ingestible 

Size Fraction 
(mg/kg)  

As Conc. 
of Bulk 
Sample 
(mg/kg) 

1/4/2013 213 163 31% 4.1% 0.41% 8 4 

2/4/2013 183 127 44% 6.8% 0.77% <5 5 

2/11/2013 173 143 21% 7.4% 0.68% <5 4 

2/20/2013 171 135 27% 8.5% 0.22% <5 4 

3/4/2013 173 102 70% 7.8% 0.47% <5 4 

4/1/2013 178 97 84% 6.8% 0.44% 8 6 

5/7/2013 118 34.8 239% 14.7% 0.41% 5.3 3.8 

6/5/2013 153 86.3 77% 8.0% 0.12% 6 4.4 

7/8/2013 114 56.4 101% 10.3% 0.43% 5.6 4.6 

8/5/2013 175 68 157% 21.8% 0.15% 9 9 

9/9/2013 166 63 163% 19.1% 0.22% 16 10 

10/7/2013 160 28 471% 20.1% 1.63% 12 13 

10/10/2013 157 57 175% 12.2% 0.34% 13 4 

10/29/2013 153 47 226% 15.4% 0.22% 10 8 

11/4/2013 135 38 255% 18.2% 0.15% 11 10 

11/25/2013 166 54 207% 21.6% 1.31% 12 6 

12/2/2013 141 143 -1% 15.9% 0.80% 11 6 

12/22/2013 159 64 148% 15.1% 0.21% 9 9 

1/6/2014 149 52 187% 13.2% 0.18% 10 7 

2/3/2014 138 60 130% 24.9% 1.45% 5 5 

2/25/2014 136 27 404% 18.4% 0.15% 8 5 

3/3/2014 559 475 18% 4.6% 0.29% <5 4 

3/3/2014 449 410 10% 3.3% 0.21% * * 

4/2/2014 257 93 176% 6.8% 0.21% <5 27 

5/1/2014 268 153 75% 10.9% 0.17% <5 11 

7/7/2014 271 156 74% 11.8% 0.85% * * 

8/1/2014 313 134 134% 9.7% 0.55% * * 

11/2/2014 662 567 17% 2.7% 0.04% 17 31 

12/1/2014 678 365 86% 4.5% 0.03% 17 26 

12/4/2014 331 211 57% 5.3% 0.31% 16 10 

1/6/2015 261 193 35% 5.2% 0.16% * * 

1/12/2015 280 133 111% 3.1% 0.09% * * 

Min 114 27 -1% 2.7% 0.03% 5 4 

Max 678 567 471% 24.9% 1.63% 17 31 

Avg. 239 142 125% 11.2% 0.43% 10 9 

Std. Dev. 149 132 109% 6.3% 0.40% 4 7 

Jackie Dall

Jackie Dall

Jackie Dall

Jackie Dall

Jackie Dall

Jackie Dall

Jackie Dall

Jackie Dall
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Table S3. 

Date of 
Collection 

As Conc. 
(mg/kg) 

Preceding 
dry days 

Unrinsed 
IVBA 

Std. 
Dev. 

Rinsed 
IVBA 

Std. 
Dev. 

Absolute 
Change in 

IVBA 

% Change 
in IVBA 

8/5/13 175 9 20.4% 0.4% 17.5% 0.3% -2.9% -14% 

2/25/14 136 17 18.7% 0.5% 15.0% 0.2% -3.7% -20% 

5/7/13 118 0 13.2% 0.6% 11.5% 0.5% -1.7% -13% 

7/7/14 271 73 10.7% 0.1% 6.5% 0.3% -4.1% -39% 

3/3/14 559 0 4.6% 0.1% 3.3% 0.1% -1.3% -28% 
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Table S4. 

    
As(V) sorbed to 

goethite Scorodite Sodium arsenate 

Collection 
Date IVBA % Description [As] 

(mg/kg) 
EXAFS 

proportion 

As mass 
(per kg 
sample) 

EXAFS 
proportion 

As mass 
(per kg 
sample) 

EXAFS 
proportion 

As mass 
(per kg 
sample) 

8/5/13 21.8% Pre-Extraction 175 59% 103 15% 26 32% 56 

    
Post-
Extraction 137 56% 77 5% 7 46% 63 

    % Difference     -26%   -74%   12% 
10/7/13 20.1% Pre-Extraction 160 45% 72 38% 61 18% 29 

    
Post-
Extraction 128 49% 63 30% 38 30% 38 

    % Difference     -13%   -37%   33% 
2/25/14 18.4% Pre-Extraction 136 37% 50 33% 45 36% 49 

    
Post-
Extraction 111 45% 50 13% 14 48% 53 

    % Difference     -1%   -68%   9% 
11/4/13 18.2% Pre-Extraction 135 62% 84 0% 0 63% 85 

    
Post-
Extraction 110 62% 68 0% 0 56% 62 

    % Difference     -18%   -   -27% 
7/7/14 11.8% Pre-Extraction 271 30% 81 42% 114 28% 76 

    
Post-
Extraction 239 53% 127 29% 69 4% 10 

    % Difference     56%   -39%   -87% 
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Table S4 (continued). 

    
As(V) sorbed to 

goethite Scorodite Sodium arsenate 

Collection 
Date IVBA % Description [As] 

(mg/kg) 
EXAFS 

proportion 

As mass 
(per kg 
sample) 

EXAFS 
proportion 

As mass 
(per kg 
sample) 

EXAFS 
proportion 

As mass 
(per kg 
sample) 

7/8/14 10.3% Pre-Extraction 114 46% 52 18% 21 36% 41 

    
Post-
Extraction 102 46% 47 14% 14 53% 54 

    % Difference     -10%   -30%   32% 
2/4/13 6.8% Pre-Extraction 183 28% 51 22% 40 44% 81 

    
Post-
Extraction 171 27% 46 28% 48 28% 48 

    % Difference     -10%   19%   -41% 
3/3/14 4.6% Pre-Extraction 559 41% 229 38% 212 23% 129 

    
Post-
Extraction 533 54% 288 39% 208 0% 0 

    % Difference     26%   -2%   -100% 
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