friried applied
b sciences

Article

Different Approaches for Incorporating Bioaccessibility
of Inorganics in Human Health Risk Assessment of
Contaminated Soils

Daniela Zingaretti * and Renato Baciocchi

check for

updates
Citation: Zingaretti, D.; Baciocchi, R.
Different Approaches for
Incorporating Bioaccessibility of
Inorganics in Human Health Risk
Assessment of Contaminated Soils.
Appl. Sci. 2021, 11, 3005. https://
doi.org/10.3390/app11073005

Academic Editors: Fulvia Chiampo

and Massimo Zacchini

Received: 4 February 2021
Accepted: 24 March 2021
Published: 27 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratory of Environmental Engineering, Department of Civil Engineering and Computer Science Engineering,
University of Rome “Tor Vergata”, Via del Politecnico 1, 00133 Rome, Italy; baciocchi@ing.uniroma?2.it
* Correspondence: zingaretti@ing.uniroma?2.it

Abstract: Ingestion of soil represents one of the critical exposure pathways in the human health risk
assessment (HHRA) framework at sites contaminated by inorganic species, especially for residential
scenarios. HHRA is typically carried out through starting from the so-called “total concentration”,
which is estimated from the fraction of inorganic species extracted from the soil using standardized
approaches, i.e., microwave acid extraction. Due to the milder conditions, a smaller portion of
the inorganics present in the soil is actually dissolved in the gastro-intestinal tract (bioaccessible
fraction), and afterward reaches the bloodstream, exerting an effect on human health (bioavailable
fraction). Including bioaccessibility in HHRA could then allow for the achievement of a more realistic
assessment than using the total concentration. In this paper, the bioaccessible concentration of
different inorganics in soil samples collected from a firing range was estimated by applying two
in vitro tests, i.e., the Unified Barge Method (UBM) and the Simple Bioaccessibility Extraction Test
(SBET). Moreover, different options for incorporating bioaccessibility in HHRA for the estimation
of the cleanup goals were also applied and discussed. Despite the notable differences in terms of
reagents and procedure between the two methods, the obtained results were quite close, with the
SBET method providing slightly higher values. The role of the soil particle size distribution on the
calculation of the cleanup goals accounting for bioaccessibility is also discussed.
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1. Introduction

Incidental ingestion of contaminated soils represents one of the main exposure path-
ways when assessing human health risks associated with metals or metalloids such as Pb,
As, and Cd [1]. This is particularly true at sites characterized by residential or recreational
use, due to the presence of children (e.g., [2]). In fact, for their typical hand-to-mouth
behavior, the fine fraction of soil could adhere to children’s hand and then be ingested [3,4].
Once ingested, the contaminants present in the soil can be mobilized by the gastrointestinal
juices (bioaccessibile fraction) and then adsorbed, i.e., pass the intestinal wall reaching the
blood circulation (bioavailable fraction) [5,6].

According to the ASTM-RBCA (American Society for Testing and Materials -Risk-
Based Corrective Action) approach [7,8], human health risk assessment (HHRA) for the
soil ingestion pathway is typically carried out starting from the total soil concentration of
the contaminants, which is estimated from the fraction of inorganic species extracted from
the soil using standardized approaches, i.e., microwave acid extraction. Combining it with
the relevant exposure factors, i.e., the ingestion rate (IR), the exposure duration (ED), and
the body weight (BW), allows for the estimation of the exposure (E) for a given receptor.

There is evidence in the literature that this assumption can lead to overestimating the
actual risks for human health [9]. Indeed, only a fraction of the inorganic content of a soil
has been shown to reach the blood circulation system once ingested [3]. Furthermore, it is
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worth noting that the bioavailable fraction of a contaminant is strictly correlated to the soil
properties and contaminant characteristics, which change from site to site [10-12].

Different methods, either in vivo or in vitro, have been successfully developed and
tested for assessing the bioavailability of metals and metalloids in soils. The in vivo
procedures use swine and mouse as models for evaluating the inorganic accumulation
in animal tissues or blood after exposure to contaminated soils and have been proven to
be quite robust (e.g., [13,14]). However, the adoption of these methodologies within any
HHRA procedure is impractical due to the high costs and times required and to ethical
considerations [2]. Several simple, cheap, and reproducible in vitro tests have also been
developed, which allow for the estimation of the bioaccessible fraction of a contaminant,
and consequently provide a conservative estimate of the bioavailable fraction [4]. The
bioavailable fraction will then be at most equal to the bioaccessible one. The different
in-vitro tests rely on various reagents for mimicking at laboratory scale the digestive
juices and conditions of the gastrointestinal tract of the human body so as to investigate
the mobilization of the contaminants from the soil [15]. The methods investigated in
the literature include the Physiologically Based Extraction Test (PBET) [10], the Simple
Bioaccessibility Extraction Test (SBET) [16,17], the In Vitro Gastrointestinal (IVG) test [18],
the methods developed by the Deutsches Institut fiir Normung e.V. [19] and by the Dutch
Institute of Public Health (RIVM) [20], and finally the Unified Barge Method (UBM) [6].
Many differences can be found in comparing the operating conditions adopted by these
methods. For instance, several methods (e.g., RIVM and DIN) are carried out without
mixing, whereas others (e.g., UBM and SBET) are carried out using dynamic conditions.
Furthermore, some methods (e.g., SBET) mimic only the gastric phase, which is assumed
to be the most relevant one for the inorganic mobilization, whereas other procedures (e.g.,
UBM) try to simulate the mouth, the stomach, and the intestinal tract. All the above-
mentioned tests have shown good in vivo-in vitro correlations (IVIVC) for the tested
inorganics (e.g., [18,21,22]). However, the results obtained applying each method to the
same soil can be significantly different in terms of the estimated bioaccessible fractions due
to the diverse experimental conditions adopted by each procedure [5].

Two of the most used methods are the UBM and SBET, which present huge differences
in terms of extraction juices, time, and complexity. The UBM method was developed by the
Bioaccessibility Research Group of Europe (BARGE), which was looking for a joint decision
on a harmonized bioaccessibility method. Hence, it was chosen to adopt the procedure
previously elaborated by RIVM. The UBM procedure was tested in an inter-laboratory
trial [23]) and was validated in vivo for arsenic, cadmium, and lead. The UBM procedure
is physiologically based and is aimed at mimicking mouth, stomach, and small intestinal
cavities. Therefore, this method includes the preparation of four digestive fluids (i.e., saliva,
gastric, duodenal, and simulated bile solutions) using both chemical reagents and enzymes
that are sequentially put in contact at 37 °C with a soil sample in two extraction phases.
Although this procedure effectively simulates at the laboratory scale the process that the
soil undergoes once ingested, the preparation of the digestive solution is complex and the
procedure can be labor intensive.

The SBET represents a simplified form of the PBET procedure developed in response
to some requests from USEPA (United States Environmental Protection Agency) regional
offices [15]. Unlike the UBM method, the SBET is not physiologically based and has no
digestive enzyme in the gastric fluid. Namely, the procedure consists in a single extraction
step with a 0.4 M glycine (pH = 1.5) solution at 37 °C for 1 h simulating the stomach
acidic environment. This method was initially validated against swine in vivo assay for
lead [24,25]. However, afterwards the SBET procedure was also applied for measuring
the bioaccessibile fraction of cadmium and arsenic [5] and more recently was also applied
to other metals or metalloids (e.g., [26,27]). Currently it is adopted by the USEPA as a
standard procedure for evaluating the bioaccessibility of lead and arsenic [17].

The availability of standard in vitro procedures allowed for the incorporation of
oral bioaccessibility into forward HHRA on soils [28] and toxic waste [29] for estimating
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risks for exposed receptors and into backward HHRA for the definition of soil cleanup
goals [30]. However, the final outcome of the HHRA procedure depends on the bioacces-
sibility method used but also on how bioaccessibility is incorporated into HHRA. First,
one aspect to consider is that despite the characterization of soil contamination usually
being carried out on the particle size fraction below 2 mm, the different in vitro procedures
are typically performed on finer size fractions, i.e., the <250 um fraction for the UBM and
the <150 um for the SBET. Hence, it is crucial to decide to which total metal content to
refer the bioaccessible concentration. According to Guney et al. [28], considering the total
inorganic content of the fine fraction would provide a more appropriate and conservative
estimate of the concentration in ingested soil since the fine fraction tends to have higher
inorganic concentrations in general and is more likely to be ingested by children. More
recently, Mehta et al. [29] also performed both the bioaccessibility and the risk calculations
on the fine fraction, for consistency, as they carried out the bioaccessibility tests on this
fraction using the UBM. Bioaccessibility was found to depend on the soil particle size con-
sidered [31], but Li et al. [32] concluded that although a general trend of higher potentially
toxic element (PTE) bioaccessibility in finer fraction is found, this does not mean that the
highest PTE bioaccessibility is always found in the finest size fraction. How to incorporate
the bioaccessible fraction estimated by the standard in vitro procedure into forward and
backward HHRA is still a matter of debate, especially with reference to how to account
for the distribution of the contaminants and for the trend of bioaccessibility among the
different soil particle size fractions.

Shooting ranges have long been recognized as a potential source for environmental
contamination due to the large accumulation of lead (Pb) in soil (e.g., [33-38]) as a result
of firing activities with bullets that are mainly composed of lead [39]. There are many
thousands of shooting ranges operating around the world for recreational activity and
military training, which are also characterized by the presence of co-contaminants, such as
antimony, zinc, copper, and nickel, [40]. Since soil ingestion represents a critical exposure
route, especially for adults and children using the site for recreation, bioaccessibility may
allow for the more correct estimation of the cleanup goals, also considering that lead is
one of the elements on which the in vitro bioaccessibility methods discussed above have
been validated.

In this work, we investigated the bioaccessibility of metals and metalloids in soil
samples collected at a firing range through applying the two procedures discussed above,
i.e., the UBM and the SBET. Lead but also other metals and metalloids present in the
site were considered as target contaminants. The estimated bioaccessibilities were then
incorporated into a HHRA procedure carried out in backward mode, thus allowing us to
estimate the cleanup goals. The results obtained using different methods for estimating
and incorporating bioaccessibility into HHRA allowed us to assess how different choices
may affect the outcome of the overall risk assessment.

2. Materials and Methods
2.1. Soil Characterization

The soil samples used in this work were collected at a military firing range in central
Italy, which is still in operation for about 4 months in a year. The definition of the cleanup
goals and of the cleanup approach is underway. Currently, a part of the site is open to
the general public for leisure activity during the weekends and holidays. Four samples
of topsoil, named Al, A2, S1, and S2, were collected at a depth of 0-0.3 m within an
investigation campaign performed at the site. These samples presented high concentrations
of some metals, mainly lead, which, as is well known, is related to the firing activity
performed at this type of site (e.g., [33-36]). The soil samples were dried (40 °C) for at least
4 days and weighted. Afterwards, the samples were sieved with stainless steel sieves to
2 mm, 250 um, and 150 um so as to obtain the soil fractions suitable for characterization
analysis and bioaccessibility tests. All 3 fractions were analyzed for the total inorganic
content, according to USEPA 3051A method [41]. Namely, the soil samples underwent a
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microwave-assisted acid digestion with nitric acid (HNO3) and hydrochloric acid (HCI),
and the obtained solutions were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES; Varian 710-ES) for measuring As, Be, Cd, Cr, Ni, Pb, V, and
Zn concentrations. The fractions with particle size below 250 and 150 um were used
for measuring the bioaccessible concentration using the UBM and SBET, respectively, as
described in Section 2.2. All analysis were performed in triplicate.

2.2. Bioaccessible Concentration

The procedure adopted for carrying out the UBM tests was the one reported in the
International Standard ISO 17924 [6]. The soil fraction used in the UBM method was the
one with a diameter lower than 250 pm, since this portion of soil is believed to adhere to
human hands and become ingested during a hand-to-mouth activity [3].

The 4 extraction fluids, i.e., saliva, gastric, duodenal, and bile solutions were prepared
the day before performing the tests according to the specific composition and indications
reported in the above-mentioned standard. Each one of these fluids was prepared by mixing
a 500 mL solution with inorganics to a 500 mL solution with organic and solid constituents,
with a composition reported in detail in the ISO 17924 Standard [6]. Briefly, the UBM
includes 2 sequential extraction steps, corresponding to the gastric and gastrointestinal
phases. In the first step, the gastric and gastrointestinal samples were prepared by adding
0.6 g of soil to 9 mL of saliva and 13.5 mL of gastric fluid; then, after checking that the
pH of the solution was within the range 1.2 £ 0.05, the samples were incubated in an
end-over-end shaker at 37 °C for 1 h. At the end of this stage, we verified that the pH of
each suspension (both gastric and gastrointestinal samples) was lower than 1.5. Afterwards,
the gastric samples were centrifuged at 4500 g for 15 min, and the supernatants were
collected for analysis by ICP-OES. The gastrointestinal samples were mixed with 27 mL
of simulated duodenal fluid and 9 mL of simulated bile fluid, and after checking the pH
to be in the range 6.3 & 0.5, we incubated them in an end-over-end rotator at 37 °C for
4 h. At the end of this phase, after controlling the pH value (that should be 6.3 & 0.5), we
centrifuged the suspensions at 4500 x g for 15 min and analyzed the solutions by ICP-OES.

The bioaccessibility tests performed adopting the SBET were carried out in agreement
with the USEPA standard operating procedure [17]. It is worth noting that, differently from
the UBM method, following the recommendation for the assessment of incidental ingestion
of soil developed by USEPA [42], the soil used in the SBET method was the fraction with
diameter lower than 150 um, which, on the basis of studies published in the last years,
represent the dominant fraction for dermally adhered soil (e.g., [43]). The extraction fluid
was represented by a 0.4 M glycine solution whose pH was adjusted to 1.5 by adding HCL.
Then, 1 g of the soil sample was put in contact with 100 mL of the extraction fluid and
rotated end-over-end at 37 °C at 30 rpm for 1 h. At the end of the experiment, we checked
that the final pH of the solution was in the range 1.5 £ 0.5. Afterwards, the soil-liquid
solution was allowed to settle the solid particles, and then the liquid was filtered through a
0.45 pm cellulose acetate disk before analysis by ICP-OES.

All reagents used for performing characterization analysis and bioaccessibility tests
were of analytical grade and were purchased by Sigma-Aldrich (St. Louis, MO, USA).

2.3. Quality Control

In order to assure the correct application of the complex procedure envisioned in the
UBM, prior to performing the tests on the soil samples collected in the firing range, we
applied the in vitro procedure on a certified reference material, i.e., the BG5102 provided by
the British Geological Survey (BGS). This reference material is ferritic brown earth collected
from North Lincolnshire that was ball-milled to a particle size lower than 40 pm. The main
chemical and physical properties of this reference material, retrieved from the Certificate
of Analysis provided by BGS, are reported in Table S1 in the Supplementary Information.
For comparison purposes, the SBET was also performed on the same material.
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For quality control, the UBM or SBET extractions on the soil samples Al, A2, 51,
and S2 collected in the firing range were carried out in triplicate, and for each batch of
extractions, 3 procedural blanks were also tested. The detection limits of the ICP-OES
analysis were 0.033 mg/L for As and 0.005 mg/L for the other analyzed elements. Hence,
the limits of quantification for the total content determination were equal to 1.58 mg/kg for
As and 0.24 mg/kg for the other elements. As far as the bioaccessibility tests are concerned,
considering the amount of soil and liquid used in each procedure, the limit of quantification
was estimated to be equal to 1.24 mg/kg for As, 0.19 mg/kg for the other elements in the
gastric phase of the UBM, and 3.3 mg/kg for As and 0.5 mg/kg for the other elements in
the gastrointestinal phase of the UBM and in the SBET.

2.4. Risk Assessment

Incorporating bioaccessibility requires the modification of the approach usually un-
dertaken to carry out HHRA at contaminated sites. In this discussion, we make reference
to the approach followed in Italy [44], which essentially relies on the RBCA-ASTM ap-
proach [7,8]. Namely, in forward mode, Risk or Hazard Index is estimated from the total
soil concentration (C), which is calculated by normalizing the concentration measured
on the soil particle size fraction below 2 mm (C7or 2/11,) to the soil fraction with particle
diameter between 2 mm and 2 cm (Fp;;):

C = Crot2mm * Fomm 1)

This means to assume that all contaminants are present in the particle size fraction
below 2 mm, whereas the fraction between 2 mm and 2 cm is assumed to be clean.
For the soil ingestion pathway, risk (R) and hazard index (HI) are given by

R=EM- SF-C )
EM.-C
HI =R ©)

where SF (mg/kg/d)~! and RfD (mg/kg/d) are the carcinogenic slope factor and reference
dose of a given chemical, respectively.

EM, which includes the exposure parameters, is given by

ED-EF-IR
EM = BW - AT @)

where ED is the exposure duration (y), EF the exposure frequency (d/y), IR the soil
ingestion rate (mg/d), BW the body weight (kg), and AT the averaging time (y).

The backward HHRA allows for the estimation of the cleanup goal for a given chemi-
cal, here named CSR by the Italian legislation [45], by simply reversing the risk equations

shown above, thus leading to
TR

CSReane = Er-sF ©)
THI-RfD
CSRnon canc — Tf (6)

where TR and THI are the target carcinogenic risk (10~° for the Italian legislation) and the
target hazard index (1 for the Italian legislation), respectively. When incorporating the
bioaccessibility (BA) in the estimate of the cleanup goals for the soil ingestion pathway, we
obtained the following equations:

TR

EM-SF-BA

THI-RfD
EM-BA

CSRCQ?ZC - (7)

CSRnon canc — (8)
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The question now becomes how to estimate the bioaccessible fraction of hazardous
compounds to be considered in the above-mentioned equations.

One option proposed in the literature (e.g., [28,29]) relies on estimating the bioaccessi-
bility with reference to the total concentration measured in the same particle size fraction
used for measuring the bioaccessible concentration, as shown in the following equation.

BA; = _Cpa 100 9)
CroTFINE

where Cps (mg kg™ !) is the bioaccessible concentration of each inorganic measured adopt-
ing for instance the UBM or SBET methods, and Crorpne is the total inorganic con-
tent (mg kg~!) measured on the same soil fraction used for the bioaccessibility test (i.e.,
d <250 um for the UBM or d < 150 um for the SBET).

Another option could be to calculate the bioaccessibility (BA) with reference to the
total soil concentration (C), i.e., the concentration in the soil fraction < 2 mm normalized to
the to the soil fraction with particle diameter between 2 mm and 2 cm, which is usually
considered in the HHRA procedure. However, for consistency, in this case, the particle size
distribution also had to be taken into account, normalizing the bioaccessible concentration
to the soil fraction used in the in vitro methods, thus leading to the following equation:

BA, — CW‘% 1100 (10)

where Cpy (mg kg~ !) is again the bioaccessible concentration of each element measured
adopting either the UBM or the SBET method, Fp,4 is the soil fraction used in the in vitro
methods (i.e., d < 250 um for the UBM or d < 150 um for the SBET), and C is the total soil
concentration (Equation (1)).

3. Results and Discussion
3.1. Soil Characterization

Table 1 shows the particle size distribution of the different soil samples, with reference
to the 2 mm, 250 um, and 150 um sieves.

Table 1. Particle size fractions of the soil samples collected in the firing range.

Al A2 S1 S2
(%) (%) (%) (%)
d>2mm 87.8 31.2 57.7 60.7
d<2mm 12.2 68.6 423 39.3
d <250 um 2.4 11 4.2 3.8
d <150 um n.d. 4.3 2.2 2.1

Sample A1l is mostly made of coarse particles, above 2 mm, which correspond to
88% weight of the overall sample, whereas the fraction below 250 um represents only
2.4% weight. In this case, the particle size fraction below 150 um was so low that it was
not possible to collect an amount sufficient for carrying out the characterization and the
bioaccessibility tests. Sample A2 is slightly finer, with 69% weight of the particles below
2 mm, whereas the particle size fractions below 250 um and 150 pm were slightly higher
thanin Al, i.e., 11% and 4.3%, respectively. Samples S1 and S2, instead, had similar particle
size distribution, with around 60% of the particles above 2 mm and the finer fractions
representing around 4% (d < 250 um) and 2% (d < 150 pm).

Figure 1 reports for each soil sample collected in the firing range (i.e., A1, A2, S1, and
52) the metal and metalloid contents determined applying USEPA Method 3051A on the
fractions with particle diameters lower than 2 mm, 250 um, and 150 pm. The contents
shown in Figure 1 are the mean values obtained from each triplicate. As mentioned above,



Appl. Sci. 2021, 11, 3005

7 of 14

1000

100 4

0.1

1000

0.1

for sample Al, the amount of the soil fraction d < 150 pm was insufficient for performing
the analysis.
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Figure 1. Total inorganic content of fraction d <2 mm, d <250 um, and d < 150 um for samples A1, A2, S1, and S2 (striped

bars represent values below the limit of quantification).

There were no substantial differences found between the concentrations measured
in the three different soil fractions. Lead was the only inorganic that regularly presented
a higher concentration in the finest fractions d < 250 pm and d < 150 pm than in fraction
d <2 mm. Indeed, the finer soil particles usually present a greater specific surface than the
coarser fraction, and hence may sorb a higher amount of inorganic per unit weight [46].
Since this effect was observed on lead only, the enrichment of Pb observed in the finer
fraction of the soil samples was linked to the firing activity carried out in the shooting
range and to the bullet residues that can end up in soils after use [35]. This result is in
agreement with what has also been observed in previous studies that analyzed the Pb
contamination in firing ranges (e.g., [36]).

3.2. Quality Control

Figure 2 reports the bioaccessible concentration obtained adopting UBM and SBET
procedures to the reference material BGS102. Furthermore, for quality control purposes,
in the same figure, the maximum and minimum bioaccessible concentration of As and Pb
reported in the Certificate of Analysis of this material adopting UBM are also reported.
It is possible to observe that the values obtained in this work adopting the UBM on the
d < 250 um fraction fall within the range reported for As and Pb in the BGS certificate
of analysis. This result confirms that all the different steps of the UBM procedure were
correctly carried out.
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Figure 2. Bioaccessibile concentrations obtained applying the Unified Barge Method (UBM) (UBM-G:
gastric phase; UBM-GI: gastro-intestinal phase) and Simple Bioaccessibility Extraction Test (SBET) to
BGS102. The striped bars represent values below the limit of quantification. A 10-fold dilution of the
extract for the SBET was applied.

3.3. Bioaccessible Concentration

Figure 3 reports the results of the UBM and SBET methods for the four samples
collected at the firing range in terms of bioaccessible concentrations. Namely, for each
sample, the concentrations measured in the gastric and gastrointestinal phases of the
UBM (named UBM-G and UBM-GI, respectively) were compared with the values obtained
by the SBET. For sample BGS102, the values of the bioaccessible concentration of As
and Pb reported in the certificate of analysis provided by the supplier are also shown
for comparison.
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Figure 3. Comparison of the bioaccessibile concentrations obtained applying UBM (UBM-G: gastric
phase; UBM-GI: gastro-intestinal phase) and SBET to samples A1, A2, S1, and S2. The striped bars
represent values below the limit of quantification.

Regarding the UBM results, it is possible to observe that for all the tested samples,
the bioaccessible concentration measured for the different inorganics in the gastric phase
was higher than that obtained for the gastro-intestinal phase. This result is in agreement
with what has already been observed in previously published papers (e.g., [2,15,46]) that
attributed this behavior to the strong influence of the pH of the solution. The pH of the gas-
tric phase in fact was significantly lower (pH = 1.2) compared to that of the gastrointestinal
phase (pH = 6.3), leading to a higher mobilization of the inorganics from the soil to the
solution. As also stated by Medlin et al. [16], the change in pH from low to neutral values
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120%

passing from gastric to gastrointestinal conditions is likely to determine a precipitation of
inorganics and hence a lower bioaccessibility.

Comparing the bioaccessible concentrations obtained for the two methods, one can
observe that, except for A2, which was probably affected by heterogeneity, the SBET proved
to be more conservative, with values slightly higher than those of the UBM. Furthermore
Figure 3 shows that for all the analyzed inorganics, the bioaccessible concentrations de-
termined by the SBET were quite close to the values obtained for the gastric phase of the
UBM (i.e., UBM-G). These results could have been expected considering that, although the
two methods are characterized by very different procedures and reagents, the pH of the
solution in the SBET and in the gastric phase of UBM were similar (1.2 compared to 1.5).
This observation underlines once more that pH is a key parameter to consider for assessing
bioaccessibility of inorganics.

3.4. Implication for the Contaminated Site Management

As described in Section 2.4, the bioaccessibility was estimated for each soil sample
starting from the bioaccessible concentrations measured with the two in vitro methods (i.e.,
UBM and SBET) and using the two different equations, (9) and (10). Figure 4 reports the
comparison of the values of the bioaccessible fraction (BA;-UBM, BA;-SBET, BA,-UBM,
and BA,-SBET) obtained for each soil sample. In the UBM case, the bioaccessible fraction
was estimated by using the higher concentration among those measured in the gastric and
the gastrointestinal phases, thus adopting a conservative approach.
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Bioaccessibility of metals and metalloids contained in samples A1, A2, S1, and S2 estimated adopting
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of quantification.

It has to be noticed that for the tested soil samples, the use of either the UBM or the
SBET bioaccessible concentration did not notably affect the bioaccessibility when the results
obtained with the same equation were compared. This means that, at least for the samples
investigated in this work, despite the two methods following different procedures and
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reagents and being carried out on different size fractions, the estimated bioaccessibility is
basically the same.

On the other hand, significantly different results were obtained using the two equa-
tions. Namely, the values obtained with Equation (10) (BAj), regardless of the in vitro
method used, were at least one order of magnitude lower than those calculated with
Equation (9) (BA;). This difference stems from the different assumptions behind the two
equations. BA; did not account for the particle size distribution and was simply the ratio
between the bioaccessible and total concentration measured on the same particle size
fraction. In BA,, the bioavailable concentration was normalized to the particle size fraction
above 250 pm or 150 um, for UBM and SBET, respectively, whereas the total concentration
was also normalized to the soil fraction above 2 mm. As an example, we can look at the
values obtained for lead in the different samples using the UBM. For sample A1, BA; was
close to 1 and BA; around 0.5. This resulted from two counteracting effects (see Equation
(10)). On the one hand, the particle size fraction below 250 um (2.4%) was lower than
the one below 2 mm (12.2%), i.e., a ratio around 0.2; on the other hand, the total lead
concentration in the <250 um fraction was higher than the one in the <2 mm fraction
(836 mg kg~ ! vs. 351 mg kg~ ! respectively), i.e., a ratio of around 2.4. For sample A2, BA;
was around 0.5, whereas BA; was around 0.1. In this case, the particle size fraction below
250 um (11%) was lower than the one below 2 mm (68.6%), i.e., around 0.16 ratio, whereas
the total lead concentration in the <250 um fraction was slightly higher than the one in the
<2 mm fraction (263 mg kg ! vs. 206 mg kg~!, respectively), i.e., a ratio of around 1.3. The
behavior observed for samples S1 and S2 was somehow in between those observed for Al
and A2.

The bioaccessibility of lead in shooting ranges was investigated by numerous studies
adopting different methods (see Table 2). Walraven et al. [35] investigated the Pb bioacces-
sibility in different sites characterized by various lead sources (Pb bullets and pellets, car
battery Pb, gasoline Pb, diffuse Pb, made ground and city waste), observing that the shoot-
ing ranges showed the highest bioaccessibility. Generally, the bioaccessibility measured in
shooting ranges falls within the range 45-100% [35-38]. The results obtained in the present
study, particularly those estimated with Equation (9), fit well with data available in the
literature. However, the values determined considering also the particle size distribution
(hence using Equation (10)) were found to be generally lower than the values of previously
published works. This difference can be explained through considering the fact that in
these studies, the bioaccessibile fraction was estimated by referring to the total content of
the soil.

Table 2. Studies on the bioaccessibility of Pb in shooting ranges.

Bioaccessibility Method References
(%)
Walraven et al., 2015 61-79 RIVM [35]
Sanderson et al., 2012 46-70 SBET [36]
Smith et al., 2011 50-100 SBRC [37]
Moseley et al., 2008 75-85 PBET [38]

The cleanup goals (CSR) for each soil sample were calculated using Equations (7) and (8),
accounting for the bioaccessibility estimated using the two proposed approaches, i.e., either
by Equation (9) (BA;) or Equation (10) (BA;). The obtained values are reported in Figure 5
for each soil sample and compared with the cleanup goal of each contaminant assuming
100% bioaccessibility. The latter value was obviously the same for all samples, since it
depended only on the target risk (THI = 1 or TR = 10~°), on the exposure parameters, and
on the toxicity of the contaminant. For all contaminants and for any BA considered, the
CSR were calculated for both the carcinogenic and non-carcinogenic effects, and the lower
value was taken as representative CSR for each sample.
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Figure 5. Comparison of the cleanup goals (CSR) calculated for each soil sample (A1, A2, S1, and S2) using the different

bioaccessibility BA; and BA; or considering a 100% bioaccessibility. The striped bars indicate that the normalized cleanup

goals were at least higher than the reported value, whereas the bars with horizontal strips indicate that the cleanup goal

was higher than 10°.

Clearly, the cleanup goals had an opposite behavior with respect to the one reported
for bioaccessibility, meaning that a lower bioaccessibility corresponded to a higher cleanup
goal. Let us consider the case of arsenic for sample A2—looking at Figure 5, we can observe
that the CSR was higher when the estimated bioaccessibility, shown in Figure 5, was lower.
In this case, BA was calculated by starting from a bioaccessible concentration equal to the
quantification limit, and therefore represents a maximum estimate, i.e., the effective BA
could be lower. Hence, the corresponding CSR represents a minimum estimate, and the
effective CSR could be higher.

Similarly to what was observed for the bioaccessibility values, the cleanup goals
proved to be significantly influenced by the approach adopted for evaluating the bioacces-
sible fraction. The bioaccessibility method did not notably affect the results, although the
cleanup goals estimated adopting the SBET proved to be in most cases higher than those
estimated on the basis of the UBM. Clearly, as expected, accounting for bioaccessibility led
to a remarkable increase of the cleanup goals, up to 100-fold using BA; and up to 1000-fold
using BA,.

4. Conclusions

In this paper, the results obtained by adopting two different methods for estimating
the bioaccessible concentration of inorganics were compared and discussed. Namely, four
soil samples collected in a firing range were used to carry out tests adopting the UBM
and SBET. The obtained results showed that among the extraction parameters, pH is one
of the most important factors. Despite the huge differences in reagents, time, costs, and
complexity of the two procedures adopted, the bioaccessibility using the SBET was only
slightly higher than the one obtained with the gastric phase extraction of the UBM, which
is characterized by similar pH values of the SBET. Hence, the latter method could be
adopted at an early stage in order to obtain an easier and faster estimate of the bioaccessible
concentration and the UBM could be applied in a second stage only on few samples that
would benefit from a more accurate bioaccessibility estimate.
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The bioaccessible concentrations estimated in the in vitro methods were then used for
calculating the bioaccessible fractions and the cleanup goals, adopting two approaches,
neglecting or considering the normalization on the basis of the particle size distribution,
respectively. The first approach is surely more conservative but has the drawback that the
cleanup goals related to the soil ingestion pathway would not depend on the soil particle
size distribution; in principle, two soils with the same bioaccessible concentration but with
different PSD (e.g., with 99% and 1% fine particles below 250 um, respectively) would have
the same cleanup goal. The second approach allows us to overcome this drawback, but on
the other hand could lead to excessively permissive cleanup goals.

How bioaccessibility should be incorporated into the HHRA framework needs further
investigation on the source-to-hand and hand-to-mouth transport pathways, so as to avoid
the use of either over- or under-protective risk assessment approaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11073005/s1, Table S1: Guidance values and confidence intervals reported in the certificate
of Analysis of BGS5102.
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