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ABSTRACT

Cultivated soils around the historic mine site d¢faisis (Spain) contain elevated
concentrations of As (up to 621 mg g Cu (752 mg kg) and Pb (2395 mg Kj,
exceeding the regional background levels and thtitstry limits set for agricultural
use. A site-specific health risk assessment of pational and environmental exposures
was conducted using an approach based on guidéloragegulatory agencies, refined

by combining bioaccessibility and bioavailabilitsté.

Oral bioaccessibility, as determined by simulatihng human digestion process in
vitro (Unified BARGE Method), was largely related ttotal trace element
concentrations in soil. Arsenic seemed to be evdidiributed among the gastric and
gastro-intestinal phases (about 31%), whereas ibacdessible fraction of pH-
dependent metal cations, like Pb and Zn, was radtigehigher in the stomach (nearly
50%) than in the gastro-intestinal tract (less th@Ao). Bioaccessibility assessed by
single extraction with 0.43 M HNO3 was overestindaig a factor of 1.2-1.4 relative to

that obtained from the BARGE method.

Site-specific relative bioavailability (RBA) valued As (27.7%) and Pb (42.6%),
predicted from bioaccessibility measurements thinoligear regression models, had
little effect on the overall risk estimates. Foe timgestion pathway, the RBA-adjusted
cancer risk values (9.7E-05 to 2.0E-04) exceededehulatory threshold in all plots,
and the hazard index re-calculated after adjustroémral dose was also above the
allowable limit, with values ranging from 2.5 to84 However, no detrimental health

effects are expected to occur through inhalatiosodfparticles in nearby residents.
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1. Introduction

Soil heavy metal contamination is a worldwide eonimental concern, particularly
in regions with a long history of mining and mepabcessing (Fernandez-Caliani et al.,
2009a). Evidence of increased total concentratainsarmful trace elements in mine-
impacted soils is not sufficient for an assessmétheir potential health risks (Gupta et
al., 1996), as it provides only a conservativeneste for screening purposes. The actual
health risks depend not only on the exposure cdrateon but also on the intake rate
and the biologically available fraction of contammts. In the absence of site-specific
data, soil exposure assessment is usually setdwmasg that all ingested potentially
toxic elements (PTE) are fully bioavailable (Ng at, 2015), as adopted by many
environmental guidelines and regulatory agencfésnsidering the potential large
difference between oral bioavailability and totahce element content routinely
measured, human exposure to soil contamination beyoverestimated, thereby
influencing risk calculations, remediation decis@nd costs (Bruce et al., 2007; Juhasz
et al.,, 2007; Bradham et al., 2011; Ng et al., 20}ence, reliable site-specific
bioavailability factors derived from experimentabts are increasingly used in human

health risk assessments.

In vitro bioaccessibility (IVBA) tests provide a rapid anosteffective alternative
to in vivo assays for predicting relative bioavailability (RBAf PTE in soils and
sediments (USEPA, 2007; 2017), after being coredlatithin vivo bioavailability data
(Ruby et al., 1996; Rodriguez and Basta, 1999; sluk&a al., 2009, 2014; Denys et al.,
2012; Li et al.,, 2015; Diamond et al., 2016). Salen vitro assays have been

developed over recent years (Yan et al., 2016, Kengpet al., 2017), in attempts to
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simulate the effects of the human digestion proeessg synthetic digestive juices.
These approaches provide a valuable tool for esitigméhe effect of the soil matrix on

bioaccessibility and oral bioavailability (Oomenagt 2003).

In an effort to harmonize the use of bioaccessybiln human health risk
assessment of contaminant soils in Europe, the ®&iessibility Research Group of
Europe (BARGE) has developed &mvitro test, commonly known as the Unified
BARGE Method (UBM), that supports site-specificimsites of oral bioavailability
(Oomen et al., 2002; Wragg et al., 2011). The UBkthod (ISO certification 17924)
has been extensively validated againstravivo model for a variety of PTE (Caboche,
2009; Wragg et al., 2011; Denys et al., 2012). Mesments of IVBA using this assay
appear to be a reliable predictor of RBA in rislsessment. Results from a recently
developed single extraction method using 0.43 M HNRodrigues et al., 2018)
showed that the extraction efficiency of PTE inl gorelated to that ai vitro methods,

including the UBM.

The purpose of this study was two-fold. First, iasvintended to quantify the
bioaccessibility of PTE for the ingestion pathwaycultivated soil around Tharsis, one
of the oldest and most outstanding mine sites @irSprhe second aim was to assess
the site-specific health risks associated with pational and environmental exposures
to PTE of concern, after adjustment for RBA, byngsa Risk Based Corrective Action

(RBCA) approach based on the USEPA'’s guidelinesi$@ranalysis.

2. Study area
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The mining district of Tharsis, in southwestern i8d&ig. 1), is a historic mine site
of world-class importance in terms of both its @eology and its environmental
geochemistry. Past and recent large-scale minimggpmcessing and smelting activities
have left a legacy of dereliction and environmerdagradation. Open-pit mining
operations led to destruction of the natural vegetatransforming soils into degraded
mine spoil lands (Fernandez-Caliani et al., 2008ynandez-Caliani and Barba-Brioso,
2010). Nowadays, huge quantities of waste rockspilgpoil heaps and tailings
impoundments constitute major sources of acid ndira@nage (AMD). The metallic
pollutants are being transferred from tailings amdste rock dumps to nearby
agricultural soils by AMD and atmospheric depositaf wind-blown dust (Chopin et
al., 2007a,b). Notwithstanding the above, a nunatbemall orchards have persisted on
limited areas of arable soils adjacent to the ngrarea, by adopting traditional farming
methods that enable cultivation of food crops (Madeet al., 2011), all at risk of
contamination with PTE. The arable land close te thining area is devoted to
agriculture with families growing vegetables andits for their own consumption,

despite the fact that soil is occasionally floothgdextremely acid mine waters.

3. Materialsand methods

The studied soil is silty loam in texture, neutalslightly alkaline (pH= 7.1-7.6),
and has a relatively high content of total orgaracbon (about 7.1%) and carbonates
(up to 14%) owing to the use of organic and limeeadments to improve soil fertility
and to prevent soil acidity. Further details alibgt soil constituents and properties can

be found in a complementary paper (Madejon eRalll).
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3.1 Soil sampling and pretreatment

Five agricultural plots close to waste dumps of nlearby open pit were sampled
(Fig. 1). Thirteen soil grab samples were takeraatlom from the root zone to a depth
of 20 cm, using an Edelman hand auger. In addifive,samples of the plough layer
were collected in each plot, and the extractedwa# bulked and thoroughly mixed to

provide a composite sample (3-4 kg) per plot faabcessibility analysis.

The samples were air-dried at room temperature disdggregated by gently
crushing to pass through a 2-mm sieve. For bioado#isy assays, bulk soil samples
were sieved to <250 pum, as recommended by USEPA7(2@008). After
homogenization, aliquots of the sieved materialeagnound in an agate mortar to fine

powder (<63 um) for chemical analysis.

3.2 Total trace element chemical analysis

Total concentrations of As, Cd, Co, Cr, Cu, Ni,dnd Zn in soil were measured by

ICP-MS after a multi-acid (HF-HCIEHNO3s-HCI) digestion. Quality control included

the use of a method reagent blank, internationaifieel reference materials (SARM-1

and SARM-4) and replicates by the laboratory tockh@ccuracy and precision of the

analytical data. The RSD was less than 10%.

3.3Invitro bioaccessibility test

The UBM has been the assay adopted in this workusecit provides a reliable
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estimate of the bioaccessibility, has undergonerdlaboratory trials (Wragg et al.,
2009) and has been correlated with bioavailabtigga from soils contaminated by
either mining and smelting activities (Denys et @012). Four synthetic digestive
fluids (saliva, gastric fluid, duodenal fluid ande) were used to mimic the human
digestion model (Table S1). A full description betvalidated UBM methodology can

be found in Wragg et al. (2009), Roussel et all(@@&nd Pelfréne et al. (2011).

In vitro bioaccessibility (IVBA) was calculated by dividirtige extractable amount
of each PTE of concern in the gastric and gastestmal phases by its total

concentration in the ingested soil, and expressedl percentage basis:

Cext X Vext
Eq 1 IVBA (%) = Cooil X Moot x 100
where: G is the amount ofn vitro extractable PTE (mg™1); Ve is the extraction

solution volume (L); G is the concentration of PTE in soil (mgBgand My is the

mass of soil sample being assayed (kg).

The extractable concentrations were measured byMS&mRnN an Agilent 7700 ICP-
MS instrument. All measurements were done in trgik to assess the precision of the
digestion procedure. The accuracy of the extractwatocol was evaluated by
analyzing the standard reference mateN#T 2710a, finding good agreement with
values reported in literature (Koch et al., 201Quality control included the use of

reagent blanks of gastric and intestinal juiceb(@&2).

Furthermore, for evaluating the potential suitapilof the recently developed
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method (1ISO-17586:2016) using dilute nitric acidd@M HNG;), a single extraction

test was performed to estimate the oral bioaccéiggsitf PTE (Rodrigues et al., 2018).

3.4 Health risk assessment

Quantitative health risk analysis of site-specRPi€E was performed using the
RBCA Tool Kit for Chemical Releas€Connor et al., 2007). Reference dose (RfD)
and cancer slope factor (CSF) were used to evathatdéealth effects associated with
soil surface exposure, while inhalation referermecentration (RfC) and inhalation unit
risk factor (URF) were the toxicological parametersed for outdoor air exposure

assessment (Table S3).

The mean dose received by an individual throughderdal soil ingestion,
vegetable ingestion, dermal contact and inhalatiooutdoor dust was calculated on a

daily basis by using the following exposure equaiUSEPA, 1989):

EQ.2  ADDing = &0X g{\j\ji; ’AEF XED \ cF

Eq 3 ADDveg — [(Csoil X TCabg X IRabg) + (Csoil X TCbg X IRbg)] x EF x ED

BW x AT
Csou x SA x AF x ABS X EF x ED
Eq. 4 ADDder = BW x AT x CF
Cairx IRinh x EF x ED
Eq 5 ADDinn = BW X AT
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where ADDQyg, ADDyg, ADDyer and ADDy, are the average daily dose of PTE from
incidental soil ingestion, vegetable ingestion, nd@r contact and inhalation,
respectively, expressed as mass of contaminanirpebody weight over time (mg kg
L.day); Gy is the concentration of PTE in soil (mgRgC.: is the concentration of
PTE in ambient air at the point of exposure (mg):nTC is the fraction of contaminant
transferred from soil to above-ground vegetableéSy{g) and below-ground vegetables
(TChy); IRwil is the ingestion rate of soil particles (mg/dafBang and IRy are the
ingestion rate (kg/day) of above-ground and beloaugd vegetables, respectively;
IR is the inhalation rate (ffday); EF is the exposure frequency (days/year)iEie
exposure duration (years); BW is the body weighthefexposed individual (kg); AT is
the time period over which the exposure is avera@egys); SA is the exposed skin
surface area (cfiy AF is a skin-soil adherence factor (mg 9mABS is the soil dermal

absorption factor or dermal bioavailability (ung#®; and CF is a units conversion factor

(kg mg?).

The fraction of PTE that is presumed to be tramstein the soil-crop system,
allowing to predict the health risk associated &metable intake, was estimated by
using the transfer coefficients calculated expentaky by Madejon et al. (2011) on

samples taken from the same agricultural plots.

The ambient air concentration of PTE ({Cwas estimated by dividing the soil
concentration by a pathway-specific natural attdooafactor (NAF). The NAF was
calculated from the ADF/PEF ratio values, where AlBRhe lateral air dispersion
factor derived from a steady-state 3-D Gaussiapedsson model available in the

RBCA Tool Kit, and PEF is the particulate emissiactor.
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The inhalation exposure concentration was calcdldtg multiplying the PTE

concentration in air by the exposure multiplieeath receptor, as given by:

~ __ CarxETxEFxED
Eq.6  ECnh = =31 365 days

where EGy, is the inhalation exposure concentration (mg);nET is the exposure time

(hours/day); and &, EF, ED, and AT are as previously defined.

The carcinogenic risk values for oral and dermglosxire to As were estimated by

using the following relationship (USEPA, 1989):

Eq. 7 CR = ADD x CSF

where CR is the cancer risk; ADD is the chronidyddiose averaged over a 70-year

lifetime (mg kg'-day), and CSF is the cancer slope factor (miday).

Similarly, the probability of increased cancer demce over a lifetime was

estimated in terms of inhalation slope factor wlie& exposure is via inhalation, as

follows:

Eq. 8 CR = ADDRQy, X SFI

where CR is the cancer risk; SFI is the inhalastope factor {g kg'-day). The SFI

can be interpreted from the unit risk utilizing tfedlowing relationship (Greene and
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Morris, 2006):

EQ.9  SFI=URFx x— x BWx 1000

where URF is the inhalation unit risk factarg(m®); IRix, and BW are as previously

defined.

Thus, in combining the equations Eq. 5 and Egh&,cancer risk associated to As
exposure via inhalation of ambient air was estichdtg multiplying the inhalation

exposure concentration (B by its inhalation unit risk factor (URF), as foNs:

Eq. 10 CR=E{n XURF

For non-carcinogens, the risk was based on therdhagetient, in accordance with

the standard guidelines (USEPA, 1989):

Eq.11 HQ =%

where HQ is the hazard quotient (unitless); ADDhe average daily dose (mgkg

day); and RfD is the chronic reference dose orpgtabe intake level (mg Kgday).

When the exposure is via inhalation, the aboveeasgion becomes:

ECinh
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whereEG, is the inhalation exposure concentration (md) and RfC is the inhalation

reference concentration (mg3n

For multiple PTE 1f), the overall pathway hazard index (HI) was calted by

summing individual hazard quotients (HQ

Eq.13 HI = ¥, HQi

If the HI exceeds a value of 1.0 there may be conder potential non-

carcinogenic risk. Otherwise, there are likely éorto adverse health effects.

4. Resultsand discussion

4.1 Trace element concentrations

The soil contains elevated concentrations of moe«ed PTE (Table 1), notably
As, Cu, Pb and Zn, which are well beyond the normaalges reported for Spanish
agricultural soils (Lopez-Arias and Grau-Corbi, 2p@nd for regional soils (Galan et
al., 2008; Locutura et al., 2012). The areal dsition of the PTE concentrations varied
meaningfullydepending on the location of the plot. The maximaancentrations of As
(621 mg kg), Cu (752 mg kg), Pb (2395 mg k{) and Zn (593 mg kb were found in
the grab samples from plots located in the immedratinity of the mine waste dumps.
These levels are more than one order of magnitbdeeathe soil geochemical baseline,

and are comparable to those reported in other sgveolluted mine soils of the region

10
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(Lopez et al., 2008; Fernandez-Caliani et al., 2008abari and Fernandez-Caliani,

2017).

The total mean concentrations of As and Pb exceduedhealth-based screening
levels for agricultural land use (Junta de Andau®015). The reference level for Cu
was also exceeded in samples from the plots 1d23afherefore, As, Pb and Cu are
the key contaminants as they are potentially hdratfthe concentrations found in the
soil. Based on the precautionary principle, thetgplof this study are potentially
contaminated and require site-specific quantitatig& assessment. In contrast, the
mean concentrations of Cr, Ni, Co, Cd, and Zn it exceed the maximum allowed

limits, and unlikely to pose a human health threat.

4.2 Bioaccessibility of trace elements

Average concentrations of PTE extracted from thepough layer and associated
standard deviations in each extraction phase, tesrdimed by using the UBM method,
are given in Table 2 along with the results obtdifrem the single extraction test with

0.43 M HNG..

The As concentrations of the gastric phase (UBMa@qd gastro-intestinal phase
(UBM-GI) were rather similar, varying from about 8y kg" to about 160 mg Ky
(plot 5), with mean values of 117 and 122.6 mg,kgspectively. The average UBM-G
levels of Cd, Co, Cr and Ni, and especially thespective UBM-GI mean values were
relatively low compared with those of As. Conveysétb ranked the highest contents

of metals solubilized in the UBM-G extracts (57999 kg'), followed by Zn (181-

11
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334 mg kg') and Cu (175-304 mg Ky, although the concentrations extracted from the
UBM-GI compartment showed a strong decrease, péatly for Pb (less than 112 mg
kg') and Zn (less than 64 mg Kgwhich represent the maximum amounts of

contaminants that are available for intestinal gitsan.

A good linear relationship between bioaccessible mtal concentrations of PTE
was observed particularly for Zn, Cu and As, witrefiicients of determination @R
ranging between 0.79 and 0.99 in both extractioasphk, and for Pb in the UBM-G
phase (R= 0.97). The bioaccessible concentrations of thelenents increased
significantly (p< 0.05) as the total metal contienthe soil increased. Bioaccessibility is
not dependent upon the readily available metaltibacsince the amount of PTE
extractable with water and Ca@.01 M in soil samples from the same orchards is

negligible, according to Madejon et al. (2011).

For all PTE, the bioaccessible fractions (Fig. 8ajied within a short range of
values in both digestive extracts. According tartineean values (shown in brackets),
the relative bioaccessibility of PTE in the UBM-®gse increased in this order: Cr
(4.56%) < Ni (16.92%) < Cd (18.58%) < As (30.30% & (34.58%) < Cu (41.18%) <
Zn (48.70%)~ Pb (48.72%). Interestingly, the metal bioaccebgibin the UBM-GI
phase followed the order: Cr (1.80%) < Pb (7.50%)d(8.20%) < Zn (9.66%) < Ni
(14.94%) < Co (21.48%) As (31.66%) < Cu (37.52%yicating that a considerable
proportion of the total concentrations may be tighbund to soil matrix, and so may
not be available for intestinal absorption. Thisamsistent with the fact that most PTE
in regional mine sites are specifically bound tdu&ble phases, notably Fe oxides and

oxy-hydroxides (Barba-Brioso et al., 2008; Pérepddet al., 2008; Fernandez-Caliani

12
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et al., 2009a), which are not easily dissolvedHh®y digestive solutions used during the

UBM extraction (Denys et al., 2012).

The IVBA results showed that As appears to be gveidtributed among the
gastric and gastro-intestinal phases, with a redatioaccessibility of about 31%,
suggesting that As solubility was similar in botbnmgpartments. In agreement with
previous studies (e.g. Roussel et al., 2010), #im&able As concentration did not
change noticeably when the pH shifted from aciditugs in the gastric phase to near-
neutral values in the intestinal phase of the sefipien vitro extraction. However, the
remaining PTE were preferentially extracted in thBM-G phase, with Pb and Zn
being the most bioaccessible metals in the ga#itiid. A similar partitioning pattern
between gastric and gastro-intestinal digestionetsodas been reported in the literature
for a range of soil types contaminated with PTEKRat al., 1996; Navarro et al., 2006;
Juhasz et al., 2007; Bosso et al., 2008; Rouss#l,62010; Pelfréne et al., 2011; Ng et

al., 2015).

A plausible explanation for the variability of theoaccessibility results is based on
the strongly pH-dependent behavior of certain nsefdthe highly acidic environment of
the stomach phase increased the solubility of BRbaAd other divalent metallic cations
in the gastric extracts making them more bioacbéssind available for uptake by the
body. The decrease of bioaccessibility of the me#tions observed in the UBM-GI,
particularly Pb and Zn with percent bioaccesswildwered by around 40%, may be
due to re-adsorption onto the soil particles, caxalion by biomoleculas or chemical
precipitation from solution under the alkaline ctiimehs prevailing in the intestines

(Ellickson et al., 2001).
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The amounts of As, Cu, Pb and Zn released fromsthleby the 0.43 M HN@
single extraction test were greater than the IVBAasurements (Fig. S2). Gastric
bioaccessibility was overestimated by the singlgagtion test by a factor of 1.2-1.4.
Nevertheless, there is a strong linear relationsfip= 0.95-0.99) between the
concentrations of such elements in the UBM-G andDgiBbil extracts, indicating that
the extraction efficiency of both methods is stat#ly similar, as found by Rodrigues

et al. (2018).

4.3 Site-specific health risk assessment

Two scenarios were considered in the risk evalogiimcess. An occupational on-
site farm worker scenario (Scenario 1) in whichaalult receptor would be exposed to
surface soil through multiple pathways: a) dermagdaasption from direct skin contact
with surface soil while performing agricultural agies; b) inhalation of re-suspended
particles generated during soil tillage and haimgstc) incidental ingestion of soll
particles by hand-to-mouth transfer; and d) condionmf vegetables that take up PTE
from the AMD-affected soil. An off-site residentiatenario of ambient air exposure
(Scenario II) in which the surrounding populatiomyrbe environmentally exposed to
PTE by outdoor inhalation of dust blown from thetp] with receptor distances of

about 150 m.
Applicable exposure parameters characterizing thterpial duration, frequency,
and ingestion rate of vegetables were site-speedices based on a population survey,

whereas averaging time, soil dermal adherence baedrgtion factors, and ingestion

14
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rate of soil particles were the conservative défaalues recommended by USEPA
(2011) for on-site worker and age-adjusted residentceptors (Table S4). Standard
values for applicable outdoor air parameters and-sgiecific soil properties and
partitioning parameters listed in Table S4 wereo gisovided as input data in the
algorithm. In agreement with the Spanish regulatprigelines (Tarazona et al., 2005),
which are fully integrated within the European leffamework, the target health risk
value considered for the assessment was 1.0E-Ogednotoxic carcinogens, i.e. a
cancer risk of one excess case of cancer in 100r@Niduals exposed over a 70-year

lifetime, and the unity value for systemic chenscal

Results from the quantitative health risk assessrf@neach exposure scenario
under consideration are given in Table S5 (soilosype pathways) and Table S6

(ambient air exposure pathway).

4.3.1 Surface soil exposure

The carcinogenic dose received by agricultural wskvaried by sample location
and by exposure pathway. The carcinogenic daibkmtrate of As ranged from 7.5E-05
to 1.6E-04 mg kd-day for incidental soil ingestion, from 2.8E-05 B08E-05 for
vegetable consumption, and from 2.1E-05 to 4.5Hd)5dermal contact, resulting
occupational cancer risk values greater than thelaéory threshold value (1.0E-05) in
all the plots studied. The cancer risk was caledldd be between 1.9E-04 (plot 1) and
3.9E-04 (plot 3), with a mean value of 2.9E-04. Saquently, As may pose health risks
to farm workers at any soil exposure pathway, utlderconditions and assumptions of

the assessment.
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The non-carcinogenic hazard index (HI) varied betw®.33 (plot 1) and 6.36 (plot
5), with a median value four-fold higher than tleeeptable toxic risk for the receptor
under consideration. When categorizing the PTEnayvidual hazard quotient (HQ),
the threshold value of 1.0 was exceeded for Asliirplats. However, the largest
contributor to the HI was Pb, with HQ values ramgirom 2.10 to 3.89. Therefore, Pb
and As can be regarded as the major PTE exceeikgriteria for human health
protection. The highest health risks are being e®peed by farmers performing
agricultural activities in the plots closest to thene waste dumps, with cancer risks of

3.9E-04 (plot 3) and 3.8E-04 (plot 5) and HI valaesund 6 in both plots.

4.3.2 Bioavailability adjustment for As and Pb

In our risk assessment, the bioaccessibility vadfighe gastric phase of each
composite sample was taken as the fraction of ffte that an individual is exposed to
upon soil ingestion, and then used to estimateRBA as the stomachompartment
alone is a good analogue of vivo bioaccessibility (Caboche, 2009; Roussel et al.,
2010; Pelfréne et al., 2011). Accordingly, the apph was based on the UBM-G
phase, which represents a worst-case scenarioUBM method provides a robust
vitro tool that has been validated againstiavivo model for Pb and As (Caboche,
2009; Wragg et al., 2011). Thus, iarvivo-in vitro correlation model that predicts RBA
from measurements of IVBA was applied to estimhtedite-specific bioavalability of
As and Pb in soil, by using simple linear regress&quations:

Eg.14 RBA,_ (%)= (0.59xIVBA,_)+9.8 (R?=0.90) (Juhasz et al., 2014)

rrrrrr
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Eq.15 1VBA_, (%) = (1.10xRBA,_ )+ 186 (R?=0.93) (Caboche, 2009)

Predicted RBA values of As and Pb ranged from 28.81.3% and from 37.9 to
48.9%, with mean values of 27.7+2.90% and 42.6894.Afespectively. It is apparent,
therefore, that the default exposure assumptionnoomiy used for the risk assessment
of soil contaminants may in fact overestimates plogential risk of trace element
exposure. In the absence of site-specific datafak bioaccessibility of PTE in edible
plants, it was assumed that 80% of the bioaccesgiblcontent (Schoof et al., 1999)
and 25% of the bioaccessible Pb concentration Wiongse and Dean, 2008) in

vegetables grown on cultivated soil are absorbggthe body.

In order to reduce uncertainty when conducting shie-specific risk analysis of
potential carcinogenic effects of As exposure,daecer risk was adjusted (GefRsted)

incorporating RBA into the assessment (USEPA, 2085 Jollows:

Eq. 16  CRgjusted = ADD x CSFX RBA

where ADD is the average daily dose from incidestal ingestion and vegetable
ingestion (mg kd-day), CSF is the As cancer slope factor (mg-gy), and RBA is
the predicted relative bioavailability adjustmeattbr (unitless). Similarly, for non-
cancer effects the exposure estimate was adjusheh vestimating hazard quotient

(HQ) of As, Cu and Pb, as follows:
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Eq. 17  HQudjustea = % X RBA

Actually, when considering the soil exposure adjdstor RBA (Fig. 2), the
potential health risk estimate to farmers was lothian that previously estimated based
on a default value (100% bioavailability). The RB8justed cancer risk values (Fig.
2a) exceeded the regulatory threshold value ithallplots, ranging from 9.7E-05 (plot
1) to 2.0E-04 (plots 3 and 5). The HI re-calculaddier adjustment of oral dose (Fig.
2b) was also above the allowable limit, with valuasging from 2.5 (plot 1) to 4.8 (plot

5). The concerned soil should be classified asufedl and, therefore, unsuitable for

agricultural use.

4.3.3 Ambient air exposure

The analysis focuses on potential health risks mhay result from the inhalation
of soil particles in the investigated plots. Theireated lifetime cancer risk values
associated with inhalation exposure of As rangemivéen 7.8E-11 and 1.6E-10 for
farmer receptors (Scenario ), with a mean valug.BE-10. This implies that they did
not exceed the regulatory threshold limit for caogens exposure (1E-05). The non-
cancer hazards due to inhalation of soil partialese also at a safe level. All HI values
(6.4E-07 to 1.0E-06) were much less than the gundelalue hence dust inhalation is
unlikely to pose health risks to the farmers. Adaagly, no detrimental health effects
would be expected to occur through the inhalatibsad particles in worker receptors.
In the case of Scenario Il, the average cancer vedke (8.2E-10) and the HI values

(8.3E-07 to 1.3E-06) were well below the regulattingits for any PTE of concern,
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indicating that ambient air pathway does not posegaificant health risk to nearby

residents living downwind.

5. Conclusions

This paper has highlighted the importance of agssgssite-specific oral
bioavailability to provide improved estimates ofnman health risks from exposure to
PTE in soils impacted by mining activities. The dioessible concentrations of the
mine-sourced PTE were largely related to their Himglal concentrations in cultivated
soil. The UBM-G phase can be used as a conservatiregate or proxy for RBA in
the light of the IVBA results achieved in this sfudlthough somewhat overestimated,
gastric bioaccessibility assessed by the 0.43 M kité€t seems to be suitable as a first-

tier for screening purposes.

The RBA estimates showed that PTE are not fullyakédable, which implies that
the use of a default value of 100% bioavailabilgynot adequate in determining the
actual risk associated with PTE in soil. Insertarsite-specific RBA values had little
effect on the overall risks, but it reduces theantanty associated with the human

exposure estimates and the extent of required renad efforts.

The results of the RBCA analysis based on the US&RAteria, after RBA-
adjusted exposure assessment, provide risk evidiEmcdecision-makers. Incidental
ingestion of contaminated soil particles is expedte be the major exposure pathway
for contaminants, with As and Pb being identifiexl @iority control pollutants to

prevent adverse effects on the health of the fasméne results can be generalized to
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other similar metal-contaminated soils elsewherdénregion, and the approach may be
of value in preventing health risks and hazard®@ated with exposures to PTE in

soils near abandoned mine sites with a long histbrgining activities.
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LIST OF ACRONYSMS AND ABBREVIATIONS

ABS: Dermal Absorption Factor

ADD: Average Daily Dose

ADF: Air Dispersion Factor

AF: Adherence Factor

AMD: Acid Mine Drainage

ASTM: American Society for Testing and Materials
AT: Averaged Time Period

BARGE: BioAccessibility Research Group of Europe

BW: Body Weight
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697 C: Trace Element Concentration

698 CR: Carcinogenic Risk

699 CSF: Cancer Slope Factor

700 EG: Inhalation Exposure Concentration
701  ED: Exposure Duration

702  EF: Exposure Frequency

703  HI: Hazard Index

704  HQ: Hazard Quotient

705 ICP-MS: Inductively Coupled Plasma-Mass Spectroynetr
706 IR: Ingestion Rate

707 IRinn: Inhalation Rate

708 IRIS: Integrated Risk Information System
709 1SO: International Organization for Standardization
710 IVBA: In Vitro BioAccessibility

711 NAF: Natural Attenuation Factor

712 PEF: Particulate Emission Factor

713  PTE: Potentially toxic element

714 RBA: Relative BioAvailability

715 RBCA: Risk Based Corrective Action

716  RfC: Inhalation Reference Concentration
717  RfD: Reference Dose

718 RSD: Relative Standard Deviation

719  SA: Exposed Skin Area

720  SFI: Inhalation Slope Factor

721  TC: Soil-Plant Transfer Coefficient



722

723

724

725

726

UBM: Unified BARGE Bioaccessibility Method
UBM-G: Gastric phase of the UBM test

UBM-GI: Gastro-intestinal phase of the UBM test
URF: Inhalation Unit Risk Factor

USEPA: United States Environmental Protection Agenc
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Element )
i As Cd Co Cr Cu Ni Pb Zn
(mg kg")
Composite samples (< 250 pum)
Plot1 | 247 | 3.27 | 24 60 | 477 | 32 | 1199 | 532
Plot2 | 341 | 3.00 | 21 54 | 455 | 26 | 1291 | 409
Plot3 | 518 | 3.67 | 28 57 | 695 | 30 | 1748 | 695
Plot4 | 336 | 3.26 | 20 44 | 466 | 23 | 1300 | 469
Plot5 | 505 | 3.31 | 27 45 | 639 | 27 | 2215]| 628
Afthmetic | 509 4| 330| 24| 52| 5464 27.6 1550.646.6
mean
Standard | 1,221 go0] 35 72| 1121 3.9 4284 116.0
deviation
Median | 341 | 327| 24 54 477 27| 1300 53p
SRM 2710a N
(mossuredy| 1620 | 12.8| 6.5 25| 3439 8.4 4406 4266
SRM 2710a
certie) | 1540 | 123| 6.0 23| 3420 80 55J0 4180
Grab samples (< 2 mm)
Plot1-1 | 215 - - - 305 - 002 342
Plot1-2 | 221 - - ; 289 - 911] 304
Plot1-3 | 172 - - - 385 - 778 293
Plot2-1 | 372 - - - 471 - 1308 512
Plot2-2 | 374 - - Y 526 - 1432 557
Plot 2-3 | 360 - - - 579 - 1410 485
Plot 2-4 | 349 - - - 499 - 1396 493
Plot3-1 | 393 - - - 580 - 1422 584
Plot3-2 | 207 / - - 355 - 857|  44¢
Plot3-3 | 453 - - - 615 - 1760 553
Plot3-4 | 561 - - - 615 - 1963 573
Plot4-1 | 575 ) - 56 692 23| 2395 598
Plot5-1 | 621 - - 48 752 24| 226D 589
Afthmetic | - a2¢ | - | s13 | - | 1446| 487
mean
Standard |, g i i i 146 | - | s27| 108
deviation
Median | 372 ; - - 526 - 1410 512
Reference values (< 2 mm)
Regional | ¢ - 19 95 32 35 38 76
baselin@
R‘ig\‘j'earfory 36 25 24 | 10000 595| 1530 275 10000

aGalan et al. (2008Y.Junta de Andalucia (2015).



ag“k%ﬂt) As | cd Co Cr cu | Ni Pb | zn
Gastric phase (UBM-G)

Plotl | g0+12| 0.6440.15 7.2+1.2| 2.5+0.4| 198+351.5+0.7| 609+85| 266+3]
Plot2 | 79412 | 0.55£0.12 7.24¢1.1| 1.740.3| 175+25.1+0.6| 577+74| 181+16
Plot3 1147423 0.64+0.18 9.621.9| 2.8+0.6| 271+4/5.3+1.0 761+114 31426
Plot4 1123416/0.57+0.13 7.6+1.3| 2.0+0.4| 183+291.4+0.7| 631+92| 238+2]
PlotS 1156423/0.67+0.17 9.9+1.8| 2.7+0.5| 304+561.8+0.9/996+157 334232
Gastrointestinal phase (UBM-GI)

Plotl | g0+13| 0.27£0.01 4.1£0.7| 1.0:0.3| 1744281.0:0.7| 112+18| 57+4
Plot2 | 89+13| 0.25+0.01 4.420.7| 1.0+0.3| 163+2{B.6+0.6| 8612 | 38+2
Plot 3 1157425/0.30+0.02 5.6+1.0| 0.9+0.3| 239+381.4+0.8 108+17| 5443
Plot4 | 126418 0.26+0.01 4.7+0.8| 0.8+0.3| 175+253.8+0.6| 108+18| 48+2
PlotS 1161425/0.27+0.01 6.9+1.1| 1.0+0.3| 277+431.6+0.8 108+16| 64+2
Single extraction (0.43 M HNO3)

Plotl | 9717 | 0.1640.03 4.8+0.7 | 0.91+0.28276+34| 1.2+0.3| 818+39| 327+4]
Plot2 | 110+9| 0.15+0.05 4.520.7 | 0.83+0.32268+37| 1.5+0.6 830+30 | 231432
Plot3 | 18049 | 0.15£0.01 7.340.9| 0.93+0.12369+45| 1.3+0.2| 100159 401249
Plot4 | 150484/ 0.16+0.05 5.420.6| 0.90+0.31272+35|1.4+0.5( 911+19 | 293431
Plot5 1503426/0.16+0.02 10.021.0 1.07+0.18 467+55| 1.4+0.2| 1549480 438252
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Bullet points:

Bioaccessible fraction is largely related to total trace element content in soil

* Arsenic appears evenly distributed among the gastric and gastro-intestinal
phases

» Bioaccessihility of pH-dependent metal cationsis higher in the stomach phase

» Predicted bioavailability of Asand Pb had little effect on the overall health risk



