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Abstract

Current best mining practices call for mine closure planning throughout the lifecycle of a mining project, and
many countries have specific guidance for developing mine closure plans. These guidelines (country-specific)
are intended to address the footprint left behind from historical mining and processing activities and ensure
that the post-closure condition does not represent a health risk to current or future communities and the
environment (biodiversity). Among many other aspects, the closure plan should provide an approach for
evaluating post-closure risk that incorporates the best available site data, including environmental (e.q.,
physical, chemical, biological, end-use and social data) — all of which are important for developing a
site-specific post-closure risk assessment and protective site remediation levels. A key issue in characterising
potential chemical exposure and risk from a closed mine site is understanding the chemical and physical
processes dffecting site environmental media (e.g., tailings, contaminated soil, surface water, etc.) as these
characteristics influence chemical (metal/metalloid) mobility and bioavailability. Important fate
characteristics influencing bioavailability include pH, soil cation exchange capacity, organic carbon content,
acid volatile sulphides and redox potential. Reduced bioavailability as a result of site and media-specific
physical/chemical characteristics translates to a reduction in organism (human, ecological) toxicity potential
and, as illustrated for human health, in the development of more-realistic (and site-specific) remediation
levels. Accordingly, understanding mine site environmental conditions affecting bioavailability is important
in preparing a scientifically robust mine closure risk assessment and in developing site-specific remediation
levels protective of site end uses.

1 Introduction

Understanding the potential for exposure of local communities using a closed mine site in the future where
metals/metalloids are of concern is an important part of the closure risk assessment and cleanup-level
development process. Specific guidelines for assessing post-closure risk are country-specific and are not
reviewed here; in many cases these guidelines are not specific to mine closure sites. However, the purpose
of contaminated site guidelines is to address the footprint left behind from historical site activities (e.g.,
mining and processing) and to ensure that the post-closure condition does not represent a risk to current
or future communities and the environment (biodiversity). Typically, contaminated site and/or mine
closure guidelines (not reviewed here) provide a framework for identifying and assessing the health and
environmental risk associated with the site to be closed. In some countries, including the United States, the
United Kingdom and Canada, risk-based media (e.g., soil, water) concentrations developed by federal, state
or provincial agencies are available for consideration as first-tier screening levels to establish whether there
is a potential for site risk associated with some (but not all) post-closure use scenarios (e.g., residential,
industrial). Frequently, generic soil standards are available with guidance for conducting tiered
assessments, with or without consideration of bioavailability, on a site-specific basis. For large and often
complex sites, which mining sites often represent, a tiered approach that includes methods for evaluating
bioavailability is most scientifically defensible. In this paper, bioavailability—defined as the extent to which
a substance can be absorbed by a living organism and reach systemic circulation—is discussed relative to
why and when it is important to consider, the history of its use, key environmental fate factors affecting it
and its use to evaluate environmentally relevant exposure and realistic remediation levels.

Contact author: S.C. Robinson, email: scrobinson@golder.com Mine Closure 2013, Cornwall, UK | 403


https://doi.org/10.36487/ACG_rep/1352_33_Robinson

Metal/metalloid bioavailability considerations in addressing site risk and remediation in mine closure S.C. Robinson

2 Why and when to consider bioavailability

Bioavailability is an important concept to be considered in both human and ecological site risk assessments
as well as in determining potential cleanup levels, where required (NRC, 2003). While consideration of the
processes affecting bioavailability should be an integral part of a risk assessment and/or the development
of risk-based cleanup levels, it is often neglected due to a perceived greater ‘burden of proof’ for
incorporating bioavailability into decision making (NRC, 2003).

A key part of understanding metal/metalloid exposure at a site (for example, a smelting and/or mine site) is
establishing whether and to what degree soil- and/or mineral matrix-bound metals can be absorbed into
(i.e., become bioavailable) to the circulatory system of exposed terrestrial receptor groups (e.g., people,
animals, plants, etc.), since it is known that total (bulk) concentrations in soil and total concentrations in
water do not correlate well with toxicity (Ruby et al., 1999; Smolders et al., 2009). In aquatic environments,
understanding the local water chemistry is particularly important because it strongly influences the uptake,
and hence toxicity, of metals to aquatic life in fresh water.

On a site-specific basis, bioavailability is important because in many risk assessments there is a ‘gap’ that
typically occurs between the exposure assessment step, where the metal dose is quantified, and the
toxicity or effects assessment steps, where toxicity benchmarks are identified to evaluate whether a dose
or concentration poses a potential risk. When discussing human health, toxicity benchmark values used are
typically represented by reference doses, derived no-effect levels and cancer slope factors. Ecological
toxicity is typically represented by toxicity reference values and by predicted no effect concentrations
(PNECs), which address sensitive toxicological endpoints (i.e., growth, survival and reproduction) and are
derived from the scientific literature. The ‘gap’ between the exposure and toxicity lies in the different forms
of the chemical that occur in the exposure matrices at a site (e.g., soil, sediment and water) versus the form
of the chemical underlying its chemical toxicity benchmark, which is used to characterise risk. The toxicity
and/or carcinogenicity associated with these different forms can be quite different, but these differences
may not always be accounted for in the risk assessment or in developing cleanup levels. However, where
site contamination conditions warrant, considering bioavailability adjustments makes sense.

This raises the question of when does it make sense to consider bioaccessibility testing for a site. The case
is strongest when there is a convergence of certain factors, specifically: (1) when the contaminant of
concern for in-vitro bioaccessibility (IVBA) or other bio-elution testing is likely to be a risk and remediation
driver at the site; (2) when default assumptions on bioavailability are inappropriate, based on the site
exposure media; (3) where a significant change to remedial goals is likely by incorporating bioaccessibility
(i.e., where large amounts of contaminated soil or waste are involved); and (4) where conditions at the site
are unlikely to change substantially over time. Accordingly, it is prudent that regulators support the use of
IVBA assessments at sites where respondents have an interest in conducting defensible cleanups, as well as
at sites where the regulatory agency must shoulder the cost of site remediation and where significant costs
in cleanup can be realised by developing site-specific cleanup levels. It is recommended therefore that
where conditions at a site warrant it, as noted previously, bioavailability be considered.

To illustrate the importance of considering bioavailability, the degree of exposure and risk will be directly
proportional to bioavailability such that a higher site-specific bioavailability from site exposure matrices will
translate to higher receptor exposure and risk and higher remediation costs (Figure 1). Conversely, in
developing risk-based cleanup levels, bioavailability is inversely proportional to the magnitude of the
chemical/metal/metalloid cleanup level such that the higher the bioavailability from site matrices, the
lower will be the cleanup level for that matrix and hence the greater the remediation that will be required.
When differences in bioavailability between site exposure media and toxicity benchmarks are not
considered, this can result in an inaccurate estimation of exposure/risk and thus inaccurate cleanup levels
(if desktop-derived), which in turn can result in either too much or too little site remediation to protect
health and the environment (Figure 1).

404 | Mine Closure 2013, Cornwall, UK



Ecosystem reconstruction and after care

Remediation
=
Cleanup Exposure
A Level and Risk A
=
© ]
] -3
> -]
= s
[-%

S <
g 3
K] <}
= £
w

Exposure Cleanup

and Risk Level

.

Bioavailability

Figure1  Relationship between bioavailability, risk, clean-up levels and remediation

3 History and use of bioavailability in risk assessment
First, some definitions:

e Bioavailability: The extent to which a substance can be absorbed by a living organism. Typically,
this is measured using a live (in-vivo) animal study.

e Bioaccessibility: The bioaccessible fraction of a medium is the fraction that is soluble under
physiological conditions and therefore potentially available for absorption into systemic
circulation. Typically this is measured using a bench top laboratory test known as a physiologically
based extraction test (PBET).

e Relative bioavailability: The ratio of the absorbed fraction from a site medium, such as soil or
sediment, to the absorbed fraction from a reference material (often the medium in the underlying
toxicity study, which is often a water-soluble metal/metalloid form).

The concepts of bioavailability and bioaccessibility and their incorporation into site-specific human health
risk assessment have been employed for decades. Early work focussed on the dissolution kinetics of lead
under the simulated gastric conditions typically evaluated in bioaccessibility testing (Ruby et al., 1992,
1993) though the very early bioaccessibility test precursors likely sprang from evaluations of gastric
function and digestion (e.g., Malagelada et al., 1976, 1984). Over the past two decades, as the practice of
risk assessment has matured there has been an increasing emphasis on incorporating relevant measures of
environmental exposure to ensure that site assessments are realistic. During this period a body of literature
was growing that indicated that metals/metalloids (typically lead and arsenic) are less well absorbed from
soil by the gastrointestinal tract (Freeman et al., 1995; Ruby et al., 1999; Roberts et al., 2002, 2006).

As interest grew in the site-specific bioavailability to people of metals/metalloids in contaminated soils,
animal soil feeding studies with lead using a number of animal models, including juvenile swine, and with
arsenic in cynomolgus monkeys, began to be undertaken at some sites in the United States — typically
‘Superfund’ sites (e.g., Casteel et al., 1997; Freeman et al., 1995). These studies, typically live animal
feeding studies, evaluated the relative bioavailability from soils from a variety of contaminated metals sites.
However, there was concern among risk practitioners that the evaluation of site-specific bioavailability was
cost-prohibitive due to the time and great expense associated with conducting live animal feeding studies,
and also because the studies were limited in scope due to the small number of samples that could actually
be tested. As additional data on lead bioavailability began to show that bioavailability varied by metal form
and solubility, and with the cost of animal model testing being very expensive, alternatives to evaluating
site-specific bioavailability in human health risk assessment began to develop.

Mine Closure 2013, Cornwall, UK | 405



Metal/metalloid bioavailability considerations in addressing site risk and remediation in mine closure S.C. Robinson

In 1996, Ruby and coauthors reported on a PBET for predicting bioavailability of lead and arsenic from a
solid matrix (such as soil or mine waste) that incorporated human gastric tract parameters (Ruby et al.,
1996). For lead, the model was reported to correlate well (r? = 0.93) with the Sprague-Dawley rat model,
and for arsenic the results were found to overpredict the bioavailability in rabbit and primate feeding
studies by 2-11% (Ruby et al., 1996). Work on the in-vitro method for lead continued, including examining
the issue of validation with animal models. In 2007, Drexler and Brattin reported on a relative
bioaccessibility leaching procedure (a PBET) for estimating the in-vivo (juvenile swine) relative
bioavailability of lead in solid media using an in-vitro bench-top test (Drexler and Brattin, 2007). The swine
model is intended to simulate bioavailability conditions for young children.

Though other bioavailability and bioaccessibility studies continued to be conducted with lead at numerous
sites, many of which were United States Environmental Protection Agency (USEPA) Superfund sites, in 2007
the USEPA released guidance for evaluating the bioavailability of metals in soils for use in human health risk
assessment (USEPA, 2007b) which contains a review of the available lead bioavailability and bioaccessibility
data. At the same time, the USEPA released guidance for evaluating the relative bioavailability of lead in soil
using in-vivo and in-vitro methods (USEPA, 2007c). The following year, a Standard Operating Procedure for
conducting the in-vitro bioaccessibility assay for lead was implemented by the USEPA (USEPA, 2008). Then,
in 2009, the USEPA released a validation study of the IVBA method for lead (USEPA, 2009) that evaluated
and correlated the IVBA of lead to the bioavailability measured in juvenile swine feeding studies across a
wide range of lead soil and mineral phase concentrations. Strong correlations of the IVBA and live animal
studies were developed in the study, which validated the premise that the IVBA method could predict
reasonably well (and with low measurement error) the bioavailability of lead in juvenile swine. Correlations
of the IVBA and swine bioavailability data were evaluated using three different mathematical models: a
linear model (R? = 0.92) and two different exponential models (R? values of 0.93, 0.94).

Until very recently, the USEPA indicated that for arsenic the existing data were inadequate to demonstrate
that the relative bioavailability predicted from IVBA data would be quantitatively reliable across a broad
range of soil and mineral characteristics and that it did not meet the validation criteria (i.e., as established
for lead) for use in arsenic risk assessment applications or as established by EPA for considering
bioavailability in human health risk assessment (USEPA, 2007b). Therefore, bioavailability using live animals
continued to be the practice for arsenic. Interestingly, the EPA’s webpage addressing frequently asked
guestions on assessing relative bioavailability in soil at Superfund sites still contains the caution against the
use of an in-vitro approach for assessing arsenic relative bioavailability.

Similar to lead, research including live animal and IVBA tests for arsenic has continued since the 1990s.
Work on validating arsenic IVBA against live animal test data has also continued. In 2012, a final report co-
authored by the USEPA (Region 8) and the consulting firm Exponent was released that provided a thorough
evaluation of the available bioavailability data for arsenic and summarised the validation studies using the
arsenic IVBA for soils and sediments from numerous sites where the animal testing had been completed
(Griffin and Lowney, 2012). Overall, good correlations that met established validation criteria were
obtained between the arsenic measured in the IVBA and the bioavailability of arsenic measured in feeding
studies with swine (R? = 0.72) and monkeys (R? = 0.75). The overall results of the arsenic validation analysis
were shown to have met required validation criteria previously applied to lead.

Peer-reviewed studies of the underlying arsenic validation work will be published in 2013. The arsenic
validation study and underlying research has been presented to the USEPA’s Bioavailability Subcommittee
of the Technical Review Workgroup. This group is in the process of preparing a position paper
recommending use of the IVBA test for arsenic nationwide. Therefore, in the US resistance to incorporating
measures of oral bioaccessibility in human health risk assessment and associated risk management decision
making is falling away.

Bioaccessibility and its counterpart, live animal feeding studies, are focussed on the soil ingestion pathway,
which is often a driving pathway in risk assessments and remedial decision making. However, these are not
the only ways to incorporate bioavailability into human health risk assessment. Though it is beyond the
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scope of this paper to identify and discuss all possible approaches, another pathway that can sometimes
drive (even above ingestion exposures) is the skin contact (dermal absorption) pathway. Rhesus monkey
and swine animal models have been used in conducting in-vivo dermal studies. In-vitro dermal studies,
which are more cost-effective, are typically performed using human cadaver skin because no simple in-vitro
extraction methods have yet been developed (or accepted by regulatory agencies) for ‘routine’ use in
screening a series of site soils for relative dermal bioavailability. Particulate inhalation is not generally a
driving pathway at contaminated sites (i.e., unless high-dust recreational vehicle use is probable), and in-
vitro methods are not currently used to assess this pathway. However, research on developing in-vitro
biomimetic (bio-elution) tests to evaluate absorption from simulated skin sweat and lung fluid is underway.

In Europe it is unclear if, or how broadly, bioaccessibility testing to support human health risk assessment is
used (or accepted). For example, in a 2005 science update (UK Environment Agency, 2005) the UK
Environment Agency expresses ambivalence in its use, and though they do not prohibit practitioners from
using bioaccessibility, they do require submission of a strong body of scientific evidence to support use and
the use of bioaccessibility methods that are scientifically robust and suitable for the site and contaminants
being studied. A second science update (UK Environment Agency, 2007; post 2007) did not refute the 2005
finding but continues to highlight the uncertainties of using in-vitro methods in the United Kingdom.

For ecological evaluations, site-specific bioavailability is commonly evaluated at mine sites in the United
States and internationally using a variety of approaches. Common methods include (but are not limited to):

e Evaluation of soil/sediment physical and chemical factors (nature of solids and metal associations,
speciation, including Acid Volatile Sulphide in sediment).

e Measurement of labile (available) soil fractions of metal present (sequential extractions) versus
total concentrations to identify bioavailable fractions.

e Evaluating site water chemistry to evaluate metal toxicity to aquatic receptors using the Biotic
Ligand Model (BLM).

e Measurement of tissue concentrations at various trophic levels (receptor, prey species), which
provides an integrated understanding of bioavailability incorporating multiple receptor exposure
pathways and can address secondary poisoning.

e Laboratory and/or in-situ toxicity tests (terrestrial, aquatic), which also provide an assessment of
integrated exposure and bioavailability.

Many of these approaches are also used in European ecological risk assessments and in implementing risk-
based water quality standards, such as in the United Kingdom (UK Environment Agency, 2008a, 2008b,
2009). European ecological risk assessments also are more commonly incorporating quantitative
bioavailability adjustments to ecological predicted no effect concentrations for terrestrial receptors at
contaminated sites, based in large part on comprehensive chemical risk assessments conducted under
current regulations, including the existing substances regulation (Council of the European Communities
Regulation 793/93) and REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals). Both
Europe and the United States utilise the Biotic Ligand Model for evaluating bioavailability to aquatic
receptors, and ‘user friendly’ models are available for use.

4 Fate processes affecting bioavailability

4.1 Soil and sediment

Bulk soil/sediment concentrations are typically poor predictors of toxicity to human and ecological
receptors (Alexander et al.,, 1998; USEPA, 2007a), though this is often the form evaluated during site
investigation and closure activities. Considerable research has demonstrated that systemic absorption and
toxicity of metals/metalloids can be significantly reduced when site exposures are predominantly to solid
forms or the metals are contained within environmental media such as soil, slag, or ore (Ruby et al., 1999;
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USEPA, 20073, b, c; Schaider et al., 2007; Meunier et al., 2010). In porous media such as soil, the most
important solids for adsorption reactions (which reduce bioavailability) are oxyhydroxides of iron and
manganese (Langmuir et al., 2003). Metal adsorption capacity in soil is a function of surface area and
surface site density, and the greatest site densities are those of organic material (e.g., organic carbon) and
oxyhydroxides (USEPA, 2007a). Accordingly, in soil, the higher the organic carbon content and/or the oxides
of iron and manganese, the lower will be metal bioavailability (Kim et al., 2003; Davis et al., 1996; Dudas,
1987), as metals are known to sorb strongly to these soil materials. Other soil properties that affect
bioavailability and hence toxicity include particle interactions, percent organic carbon, pH, redox, cation
exchange capacity, percent clay and the time since the metal/metalloid was added (aging) (Ruby et al.,
1999; NRC, 2003; McLaughlin, 2005; Kuperman et al., 2006; USEPA, 2007a; Smolders et al., 2009).

In sediment, some key factors affecting bioavailability include aging, acid volatile sulphide content, redox
and iron/manganese oxide content (NRC, 2003; USEPA, 2007a). Iron and manganese undergo both
oxidation and reduction reactions depending on soil/sediment conditions. This has important implications
for both bioavailability and toxicity, since both (iron) Fe** and (manganese) Mn** ions are major structural
metals, and thus chemical reduction of these cations affects the amount of mineral surfaces available for
binding (and thus retaining) other metals (McLaughlin, 2005), as previously noted. Typically for metal
cations, as pH increases (alkaline conditions) bioavailability/solubility and toxicity decrease as a result of
increased negative charges and a tendency toward the formation of sparingly soluble compounds
(phosphates, carbonates, hydroxides). Under reducing conditions, many metals (soil, sediment) form
insoluble sulphide compounds, thereby reducing their bioavailability (McLaughlin, 2005; USEPA 2007a).

The physical form of the metal/metalloid also affects bioavailability. For example, lead and arsenic occur in
soil as a complex mixture of solid-phase chemical compounds of varying particle sizes and morphologies.
These compounds include discrete mineral phases, co-precipitated and adsorbed species associated with
soil minerals or organic matter and dissolved species that may be complexed by a variety of
organic/inorganic ligands (Ruby et al., 1999). Metals/metalloids contained within mineral matrices and also
as slag are also known to have relatively low bioavailability. For example, the relative bioavailability of lead
to juvenile swine fed slag from a slag site in Utah was around 20% (USEPA, 1998) of soluble lead acetate.
Often the lead in slag at mining and smelting sites can be encapsulated within the soil mineral grains such
as quartz, which will limit bioavailability (Ruby et al., 1999). The latter illustrates that not all forms of metals
are readily absorbed into an organism.

In soil, leaching and aging of metals typically results in transformations to more stable forms and species,
such that as the time from initial contamination increases, concomitant reductions in bioavailability (and
toxicity) are apparent (USEPA, 2007a; Donner et al., 2012). For example, the toxicity of metals in solutions
freshly added (or spiked) into soil have been shown to vary considerably from the toxicity associated with
metal forms from aged, field-contaminated soils (Smolders et al., 2009). Smolders and colleagues believe
this change in speciation (chemical form) may explain the poor relationship between total metal
concentrations and toxicity observed across a wide range of biota. Leaching (aging) of soils has been shown
to result in reductions of cationic metal toxicity to a variety of organisms (e.g., Smolders et al., 2004).

4.2 Freshwater

A number of countries are incorporating bioavailability in their environmental management approaches to
freshwater contamination and compliance, such as the United Kingdom’s use of the Biotic Ligand Model to
implement environmental quality standards for metals under the Water Framework Directive (UK
Environment Agency, 2009), which, like the United States (USEPA, 2007d), utilises the BLM for establishing
site-specific metal compliance for aquatic ecological protection. The BLM is a mechanistic model (tool) that
is used on a site-specific basis to quantitatively evaluate site water chemistry and its effects on metal
speciation and bioavailability (Paquin et al., 2002). Key water chemistry parameters that control metal
bioavailability from water include pH, temperature, dissolved organic carbon (a measure of natural organic
matter), major metal cations (i.e., calcium, magnesium, sodium and potassium), anions (i.e., sulphate,
chloride) and dissolved inorganic carbon (i.e., carbon dioxide, carbonic acid, bicarbonate anion and
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carbonate). The use of these water chemistry parameters in establishing site-specific bioavailability is an
improvement over consideration of hardness only, since water quality criteria based on hardness alone
may be under-protective at low pH and over-protective at high dissolved organic carbon levels, as is the
case with copper (USEPA, 2008) and because other water chemistry factors, identified above, have been
shown by researchers to affect metal toxicity.

5 Bioavailability: impact on site outcomes

Although the more common bioavailability measures, as previously discussed, are frequently used in site
risk assessments, the use of bioaccessibility to affect site outcomes for human health is not as common.
Some illustrative examples of the successful use of bioaccessibility testing to support human health risk
assessment and site cleanup are discussed in this section. Site examples illustrating similar concepts for
ecological protection (e.g., use of BLM, bioavailability adjusted PNECs) are also available but are not
reviewed here.

The National Zinc Corporation operated a smelter at Bartlesville, Oklahoma, a Superfund site, for 70 years
without emission controls, resulting in downwind deposits of metals in various locations in Bartlesville.
Lead and cadmium concentrations in the top 60 cm of soil were over three times the regional background
levels for these metals (USEPA, 1993) and higher in some locations. House dust, soil and slag were all
tested, using a combination of live animal feeding studies (lead, cadmium) and an arsenic bioaccessibility
study (PTI Environmental Services, 1994). Following the site investigation, risk-based cleanup levels were
developed that included bioavailability adjustments for arsenic, cadmium and lead. Based on the
bioavailability test results for these, the relative bioavailability for each metal/metalloid used in the risk
assessment was, respectively, 25%, 33% and 20%. Using these adjustments for bioavailability, the USEPA
and Oklahoma Department of Environmental Quality accepted a tripling in state cleanup levels for arsenic
and cadmium (from 20 to 60 ppm for arsenic and from 30 to 100 ppm for cadmium) and an almost doubling
in the cleanup level for lead (from 500 to 925 ppm) (USEPA, 1994). Incorporating the bioavailability
adjustments resulted in remediation costs that were reduced by over USS 40 million; the bioavailability and
bioaccessibility studies (including planning and execution) cost 0.5% of this amount.

In the United States, the California Department of Toxic Substances Control recently was awarded a grant
by the USEPA to study the relative bioavailability of arsenic at the historical Empire Mine Site. The goal of
the grant study was stated as follows:

“Through implementing the Study DTSC hopes to provide better tools for characterizing AML sites
so that bioavailability of arsenic can be employed in risk assessment and risk management
decisions, resulting in more cost-effective cleanups” (DTSC, 2013).

Though ongoing, bioaccessibility test results from one of the site arsenic samples tested using the PBET are
instructive in illuminating that the arsenic present at the site has very low bioavailability (Mitchell et al.,
2010), and thus a higher risk-based cleanup level for arsenic seems reasonable to expect:

e In-vitro gastric bioaccessibility of arsenic was reported as only 1.62%.

e Most of the arsenic in the sample was associated with ferrihydrite mineral (iron mineral); iron
oxides, as discussed in section 4.1, are known to lower arsenic bioavailability.

In New Zealand, soil protection standards prohibit the use of bioaccessibility testing in site-specific
assessments (NZ Ministry for the Environment, 2011). The Thames Coromandel District Council, overseeing
the site-specific health risk assessment of a very large residential subdivision built on historical mine tailings
rich in arsenic, supported the use of bioaccessibility testing for the large area, given the potentially high
surface fill removal volumes and/or capping cost liabilities they faced since significant areas with risk were
identified based upon the Ministry’s conservative arsenic soil cleanup standard, which incorporated a
default 100% arsenic bioavailability. The average oral bioavailability of arsenic in surface and shallow soils
based on dozens of samples taken across the subdivision soils was 27% (no arsenic mineral phase data
available) (Golder Associates, 2012). The site-specific human health risk assessment conducted for the area
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found very low human health risk (Golder Associates, 2012). Using the site-specific bioaccessibility data, the
default Ministry arsenic soil cleanup standard more than doubled from 20 mg/kg to 50 mg/kg.

This was the first use of bioaccessibility testing in a contaminated land assessment in New Zealand.
Acceptance of the results by the Ministry of Environment and the Thames Coromandel District Council was
also in part due to the recent (December 2012) USEPA validation study conducted for arsenic, as previously
discussed (Griffin and Lowney, 2012), which showed good correlations between arsenic PBETs
(bioaccessibility) and live animal bioavailability feeding studies. Based on the results of the site risk
assessment, the Thames Coromandel District Council recommended at an April 2013 meeting not to
undertake physical remediation at the subdivision because of the very low risk to human health (Thames
Coromandel District Council, 2013). Though no figures are currently available on the remedial cost savings
resulting from the use of relative bioavailability in evaluating (the lowered) site exposure, they are
substantial (millions of dollars).

6 Conclusions

This paper discusses why and under what conditions considering bioavailability for metals and metalloids is
appropriate; these principles are also relevant to organic contaminants. A review of the history and use of
bioavailability covered the most common bioavailability methods used and how bioaccessibility for soil
ingestion exposure pathways (a typical driving pathway at contaminated sites), in particular, is a useful tool
when assessing risk and remediation with regard to human health. An overview of important fate processes
affecting bioavailability for metals and metalloids is instructive and provides insight for risk practitioners
into physical and chemical parameters that, on a site-specific basis, will affect the bioavailability to
receptors (human, ecological) from site exposure media. Finally, human health-based examples are
provided of how bioavailability (specifically bioaccessibility) has historically been, and is currently being,
used to maximise environmental relevance in the evaluation of site human health risk and remediation in
order to achieve balance between health protection and sensible environmental remediation.
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