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INTRODUCTION

Metals play important but varied roles in human health. Some metals are required for
normal metabolic function, with optimal amounts for maximum benefit. Others are only
known to cause toxic effects. Most of our knowledge of the function of metals in human health
has been acquired in the last 100 years. However, evidence of adverse health effects attributed
to metal exposures dates back to early civilizations. For example, it has been deduced that
extensive mining and smelting of lead and its widespread use in the Roman Empire caused
significant incidence of lead poisoning (Nriagu 1983; Hong et al. 1994).

The source of metals in the environment ultimately can be traced back to their occurrence
primarily in rocks, with their release to soil, water, and air facilitated by weathering processes.
Consequently, the natural occurrences of metals in soils and waters are strongly correlated to
the varied distribution of rock types and the compositions of the constituent minerals. More
than 2000 years ago the Greek physician Hippocrates recognized relationships between
disease and location, illustrating that environmental factors influenced human health. Today
there are many known geographic patterns of disease that have been correlated with properties
of soils or waters, or even aerosol particles. It has been difficult to demonstrate cause-effect
relationships for many correlations, and efforts to relate total concentration of a metal
contaminant to toxic impact have proven difficult (Davies et al. 2005). This point illustrates
the essential concept that the total amount of an element in an environmental setting is not
necessarily a good measure of its potential health threat.

Within the last two centuries human activities have been highly effective in redistributing
metals on local, regional, and even global scales. This has contributed to a greater exposure
to humans. We have also changed the chemical forms of metals, sometimes with unfortunate
consequences that include enhanced mobility in the environment as well as creation or
enhancement of more toxic forms.

Nearly three-quarters of the elements in the periodic table are classified as metals.
Inasmuch as all but a few of them occur in nature, it is probably correct to say that each
one has (or will be found to have) an important role with regard to environmental health. In
this paper, we focus primarily on a few of the so-called heavy metals that are known to be
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associated with adverse health effects. In a broad sense the heavy metals can be considered
to include metals with atomic number greater than 20 (Ca), but many readers will know that
a consistent definition has not found universal acceptance (Duffus 2002). Heavy metals
should not necessarily be equated with toxicity, however, as a number of them are essential
for human health in small amounts. Heavy metals have widespread occurrence as trace or
minor constituents of soils, rocks, and waters, as well as living organisms (including humans).
Commonly included among the heavy metals are arsenic, which is a metalloid, and selenium,
anon-metal. Depending on factors such as oxidation state, electron configuration, ionic radius,
and the presence of various ligands, metals exhibit a rich variety of coordination compounds in
aqueous, solid, and even gaseous forms. The fact that the particular chemical form of a metal
strongly influences its chemical behavior, mobility in the environment, uptake by organisms,
and toxicity is certainly justification for characterizing and understanding metal speciation, not
only in the environment but also in the body.

METAL SPECIATION CONCEPTS

Speciation refers to aspects of the chemical and physical form of an element. Oxidation
state, stoichiometry, coordination (including the number and type of ligands), and physical state
or association with other phases all contribute to define speciation. These properties govern
the chemical behavior of elements, whether in environmental settings or in human organs,
and play a crucial role in determining toxicity. The focus on metal speciation in this chapter
reflects the varied roles it plays in human health. Metals such as iron and zinc are essential
for metabolic function, but can be toxic in excess. Others, like cadmium and lead, have no
known beneficial function and pose health risks even at low levels of exposure and uptake. The
amount of exposure or uptake is obviously a key factor in assessing adverse health impacts,
and defines the field of toxicology. However, the metal speciation is also a critical factor in
determining toxicity. For example, inorganic dissolved mercury (Hg?*(,;)) and methyl mercury
chloride (CH3;HgCl,,q)) are both considered to be toxic, but the properties and behavior of the
latter make it a significantly greater health threat (NRC 2000). Another example is illustrated
by the two common oxidation states of chromium in soils and water. Hexavalent chromium in
the form CrO,?~ is soluble in water, making it mobile, and readily taken up by organisms. This
form is also a known carcinogen (ATSDR 2000). Trivalent chromium tends to be insoluble,
often forming hydroxide solids, and is considered an essential element in small amounts. We
will see later that the pathways of uptake involve processes that may alter speciation, thereby
changing a toxic form into a benign one, or the reverse.

Although the concept of speciation is now widely appreciated in many fields, there have
been few efforts to provide a formal definition. Bernhard et al. (1986) pointed out that usage
varies among different fields, ranging from evolutionary changes to distinctions based on chem-
ical state. A Molecular Environmental Science Workshop convened by the U.S. Department of
Energy in 1995 cited at least five aspects important for defining speciation: element identity,
physical state, oxidation state, chemical formula, and detailed molecular structure (DOE 1995).
Both reports emphasized the importance of techniques available for determining these proper-
ties and the limitations they place in our ability to identify and distinguish species.

Several Divisions within the International Union of Pure and Applied Chemistry (IUPAC)
addressed speciation concepts in detail (Templeton et al. 2000), recommending that its usage
in chemistry be restricted to distribution of chemically distinct species: “Chemical compounds
that differ in isotopic composition, conformation, oxidation or electronic state, or in the nature
of their complexed or covalently bonded substituents, can be regarded as distinct chemical
species.” Although very similar to current usage in the Earth and environmental sciences, the
TUPAC notion of speciation includes the isotopic identity of the element. Isotopic identify
(i.e., mass differences within the nucleus) may have only a marginal effect on chemical
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behavior, and then only when mass differences are large, such as with light isotopes. However,
isotopic identity could also be significant in instances where particular isotopes have special
characteristics, such as radioactivity.

The IUPAC concept of speciation does not draw attention to the significance of the physical
state or association in distinguishing species. Earth and environmental scientists are particularly
aware of the importance of physical associations. For example, occurrences of Cs* as an aquo
ion in a soil water solution, sorbed at the surface of a mineral, or exchanged into an interlayer
site in a smectite all represent distinct species, even though they may share the same oxidation
state, coordination, ligands, and other local properties.

This last example also highlights the fact that multiple species of a metal commonly co-
exist in real systems. Where different species of a given metal share some property, such as
oxidation state, it can be difficult to distinguish among them. In fact our ability to characterize
metal speciation is dependent on the techniques used and the information they provide. For
example, the use of a technique that gives direct information regarding oxidation state may fail
to distinguish metal species having the same oxidation state but are complexed by different
ligands. Identification of species using a mass spectrometry method may fail to distinguish
oxidation state, but also may require sample processing that could alter speciation. Such
problems become amplified in complex solutions such as lung or gastric fluids, which contain
numerous organic components, including peptides, amino acids, and phospholipids. Hence,
species assessment is operationally defined, and no single technique provides information
concerning all relevant aspects that define a species. Advantages can often be gained by use
of several complementary techniques for species characterization. In view of the fact that
many of the metals most relevant for human health occur at very low concentrations, adequate
characterization may pose serious challenges. Later is this chapter, we consider some of the
more commonly used techniques for assessment of metal speciation.

SIGNIFICANCE OF SPECIATION

The chemical and physical aspects that define speciation of a metal control its reactivity,
including its solubility and uptake behavior, and, in many circumstances, toxicity. Solubility
and uptake behavior, in turn, influence mobility of the metal in the environment, and therefore
constrain pathways of exposure to organisms, including humans. During exposure the metal
speciation directly influences absorption across a physiological membrane, which allows entry
into systemic circulation. A transformation in speciation may occur in biological fluids (e.g.,
lung or gut fluids) prior to any absorption, however, which may affect absorption and subsequent
toxicity. Within organ systems detoxification processes may further alter speciation and toxicity,
and also influence transport, excretion, and storage. This oversimplified description illustrates
the importance of metal speciation over the entire spectrum of process impacting the metal’s
fate from weathering to human impact. Readers are referred to Plumlee and Ziegler (2003) and
Plumlee et al. (2006) for more a comprehensive discussion of these aspects.

The dependence of toxicity on speciation is now well known. The behavior of a metal
may be completely changed by its oxidation state or its association with specific ligands, as
exemplified by the contrasting toxicities of methylmercury and inorganic mercury species.
The metalloid tin also shows markedly different health threats depending on its association
with specific ligands. Neither metallic nor inorganic forms of tin present a health problem in
small amounts; in fact, SnF, is a common additive of toothpaste. However, many organotin
compounds, which are predominantly created by human industrial processes, are highly toxic
(ATSDR 2005c). Tributylin tin, widely used as a biocide and antifouling agent for seagoing
vessels since the 1970s (de Mora 1996), is a potent ecotoxicant (Alzieu 1996; Maguire 1996),
persists in marine environments (Diez et al. 2002; Sudaryanto et al. 2004, 2005), accumulates
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in tissue of fish and shellfish (Alzieu 1996; Sudaryanto et al. 2004), and may cause adverse
health effects in humans (Kafer et al. 1992; Dopp et al. 2004).

One of the complicating aspects of speciation is that each species exhibits a distinct be-
havior, making generalizations about stability and reactivity difficult. In this chapter, we do
not attempt to provide a comprehensive review of metal speciation. Instead, our approach is to
illustrate important aspects of metal speciation on human health using selected examples.

As noted already, the total concentration of a particular element in any system, environ-
mental or human, is not necessarily a good indicator of its potential health impact. Although
this concept has been widely embraced by the research community and acknowledged by
regulatory agencies, its impact on development of regulatory standards in the US has been
limited. Even in the toxicology field, many bioassays do not consider speciation of metals. It is
noteworthy, for example, that current methods for analysis of metals in soils (e.g., EPA 3050b)
are designed to recover the more soluble metal fraction by use of acid digestion. As specia-
tion techniques become more widely used and as understanding of the differences in behavior
among species, including transformations, improves, it is likely that agencies will take greater
account of these factors in formulating regulations. This is a critical area of research to which
geochemists and mineralogist will be able to make important contributions.

ROLE OF METALS IN HUMAN HEALTH
AND METAL TOXICITY CONCEPTS

The human body requires the uptake of several essential metals for its proper function.
As briefly summarized in Appendix 1, a number of heavy metals are known to be essential.
The roles of some of the essential heavy metals listed in Appendix 1, such as vanadium and
tungsten, are not fully known. For others, including arsenic and tin, essential roles have been
suggested, but not demonstrated. Some metals play a role in active centers of metalloenzymes.
In fact, for metals such as cobalt this may represent the dominant “species” in the human body.
Other metals, such as chromium(IIl) and vanadium, are metabolized within the body to form
low molecular weight compounds that play a role in glucose metabolism.

The dose-response curve for an essential metal, schematically shown in Figure 1a, has a
characteristic optimal range, flanked by suboptimal ranges. For some metals, a deficiency may
be expressed as a specific disease. For example, chromium is important in the human metabolic
system. A lack of chromium(III) disrupts glucose metabolism and can lead to obesity, diabetes,
and cardiovascular disease, as well impairment of the reproductive system (Appendix 1).
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Figure 1. Schematic dose-response curves for (a) an essential metal and (b) a non-essential toxic metal.
NOAEL and LOAEL are no observed adverse effect level and lowest observed adverse effect level (see
Table 1).
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It is important to note that deficiency in a metal may be caused by several factors. A diet
lacking an essential metal is a common cause. For example, in China outbreaks of Keshan
disease, a type of heart disease, are restricted to well defined geographic regions (Fordyce
2005). The occurrence of this disease is associated with a lack of dietary selenium. It is within
this context that speciation is important. Crops grown on soil must be able to extract the
selenium from the soils. Within Zhangjiakou District, Hebei Province, China, Keshan Disease
has a high prevalence despite the fact that there is significant total selenium in the soil. In fact,
a study in this region showed that the prevalence of the disease is not correlated with a lack
of selenium in the soil as might be expected (Johnson et al. 2000). Rather, the cause for the
selenium deficiency in the diet is a result of the fact that the soil-bound selenium is not in a
form that is available to the plants. Soils in affected areas are rich in organic matter, and it is
hypothesized that selenium is strongly bound with the organic fraction (Johnson et al. 2000).
Alternatively, the organic matter may promote reduction of selenate to selenite, the latter
commonly being more strongly sorbed to iron hydroxides in soils (Hartikainen 2005). This
example illustrates the importance of speciation—in this instance in soils—rather than total
concentration in understanding the incidence of a disease.

While geological factors have been shown to contribute to diseases, such as Keshan
Disease, additional confounding factors can lead to complex patterns in the prevalence of
a disease. The interaction between metals (or metalloids) is one of the confounding factors.
Nutritional status is known to affect toxicity. For example, anemia—low iron status—promotes
the uptake of nickel and manganese. Hence, individuals affected by anemia are at a higher risk
for adverse effects of nickel and manganese uptake compared to healthy individuals exposed to
the same nickel and manganese levels. Conversely, exposure to methylmercury has been shown
to inhibit uptake of selenium, an antioxidant (Norling et al. 2004). A second major confounding
factor is genetic predisposition. Genetic disorders that disrupt the uptake or transport of essential
metals or formation of antioxidants are more difficult to diagnose and remedy. For example,
Hallervorden-Spatz syndrome (HSS) is a neurodegenerative disease caused by a genetic defect
that disrupts the function of ferritin, an iron storage protein. HSS leads to accumulation of iron
in the brain and is thought to cause oxidative stress (Zhou et al. 2001).

Exposure and uptake of toxic metals, or even essential metals at levels in excess of the
optimal range, can lead to adverse health effects. Exposure history is an important factor in
evaluating the toxicity of a metal. Toxicologists distinguish between acute and chronic toxic-
ity. Acute toxicity is that associated with short-term exposure to a toxicant, sometimes in lethal
doses. Chronic toxicity is that associated with long-term exposure, and is usually the type most
relevant to environmental toxicants. Studies based on rats or other laboratory animal models
are commonly used to assess adverse health effects and to establish the no observed adverse
effect level NOAEL) and the lowest observed adverse effect level LOAEL). A schematic dose-
response curve for a toxic metal or substance is shown in Figure 1b. The outcomes of these
studies form the basis for regulations. An overview of the methodology behind such studies
is given by the U.S. EPA (http://www.epa.gov). Table 1 defines common terms used in such
studies. Toxicity data for metals and other susbstances are available (on-line) from the Agency
for Toxic Substance and Disease Registry (ATSDR) within the U.S. Department of Health and
Human Services (http://www.atsdr.cdc.gov). For a web-based introduction to the basic concepts
in toxicology and its terminology the reader is referred to the National Library of Medicine (Na-
tional Institutes of Health) web page: http://sis.nlm.nih.gov/enviro/toxtutor/Tox1/amenu.htm.

BIOAVAILABILITY AND BIOACCESSIBILITY CONCEPTS

The term bioavailability is much used throughout the literature. There is a general
understanding that the meaning addresses the potential for a substance to interact with an
organism. With the use of this term now widespread among many disciplines, confusion
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Table 1. Some abbreviations and terms relating to toxic effects of metals.

Abbreviation Definition

NOAEL No-observed-adverse-effect level. The actual doses (levels of exposure) used
in studies that showed no observable adverse effects to the organism.

LOAEL Lowest-observed-adverse-effect level; LOAELS have been classified into
“less serious” or “serious” effects. “Serious” effects are those that evoke
failure in a biological system and can lead to morbidity or mortality (e.g.,
acute respiratory distress or death). “Less serious” effects are those that
are not expected to cause significant dysfunction or death, or those whose
significance to the organism is not entirely clear.

MRL Minimal Risk Level; an estimate of daily human exposure to a substance that
is likely to be without an appreciable risk of adverse effects (noncarcinogenic)
over a specified duration of exposure

CEL Cancer effect level
LDs, Lethal dose that leads to 50% mortality

Note: Other web resources that provide definitions of terms used in toxicology are http://extoxnet.orst.edu/
tibs/standard.htm and http://www.atsdr.cdc.gov/glossary.html.

sometimes develops as specific meanings emerge from a particular context, discipline, or
method of study. An example is the meaning of bioavailability shared by the toxicology and
pharmacology fields, where it refers specifically to the fraction of an administered dose that is
absorbed into the organism’s circulatory system or into the organ where an effect occurs (Ruby
et al. 1999; NRC 2003). The reason for such a restricted definition is clear upon consideration
of the methodologies typically employed to evaluate efficiency of uptake of a drug or a
toxicant. For example, a study might involve assays of blood levels of a given toxicant to
identify peak plasma concentration and half-life resulting from specific oral dosages. Even
this definition of bioavailability could find disfavor, since substances absorbed through the
gastrointestinal tract of humans first circulate through the liver, where metabolism may limit
the amount released to general systemic circulation.

This view of bioavailability is of little value to the soil geochemist examining the fraction
of a metal in a soil that becomes soluble and mobile during a sequential extraction procedure.
In fact, there may be no universally acceptable definition of bioavailability, a prospect that
may be most evident where operational definitions are desired. The lack of a common view of
bioavailability was addressed by a recent report from the National Research Council (2003) in
the context of soil and sediment contaminants, and summarized by Ehlers and Luthy (2003).
We refer the reader to this publication for a more detailed description of various definitions
of bioavailability and the rationale for their use. Rather than propose a working definition, the
NRC study recommended the adoption of a process-based view, with bioavailability processes
being defined as “the individual physical, chemical, and biological interactions that determine
the exposure of plants and animals to chemicals associated with soils and sediments,” which
is shown schematically in Figure 2.

While a process-oriented view will be intuitive for many geochemists, the NRC perspective
is purposely limited on the organism side to exclude processes following transport of a
substance across the biological membrane. Because of the context relating to soil and sediment
contaminants, it places emphasis on those factors and processes that make the substance
“available” to the organism, that is, in a form that can be transported across the organism’s
biological membrane. This is most commonly interpreted to be a soluble form. However, it
is also possible that very small solids or colloidal particles could be transported across some
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Figure 2. Schematic diagram illustrating the range of bioavailability processes as defined in the NRC
study (2003). [Reprinted with permission from Bioavailability of Contaminants in Soils and Sediments,
Copyright (2003) by The National Academies of Sciences, Courtesy of the National Academies Press,
Washington, D.C.]

membranes, such as the linings of lungs. Ruby et al. (1996, 1999) used the term bioaccessibility
to represent the fraction of a toxicant (or substance) that becomes soluble within the gut or lungs
and therefore available for absorption through a membrane. The amount actually absorbed,
which according to the view described above reflects bioavailability, may be less than the
soluble fraction. This concept of bioaccessibility carries over to the release or solubilization
of soil- and sediment-associated metals in environmental systems external to the organism.
Selective sequential extraction procedures are familiar examples of protocols for solubilizing
certain constituents in geomaterials (e.g., Tessier et al. 1979; Scheckel et al. 2003, 2005). This
concept of bioaccessibility also applies to in vitro studies that assess the release (solubility)
of solid-bound metals in simulated biological fluids, as models of human lung, gastric, or
intestinal fluid. Such physiologically based extraction tests (PBET) are being evaluated as in
vitro alternatives to more costly in vivo studies using animal models (Ruby et al. 1996, 1999;
EPA 2005). Plumlee and Ziegler (2003) describe bioaccessibility tests and comparisons with
bioavailability for a variety of earth materials. Similar in vitro approaches have been widely
used in pharmacological studies to assess drug release (e.g., Lin and Lu 1997).

Agreement on the usage of bioavailability, bioaccessibility, and related terms seems
unlikely in the near future, including within the environmental geochemistry and mineralogy
fields. In response to the NRC report, Semple et al. (2004) suggested temporal and/or spatial
distinctions between bioavailable and bioaccessible compounds. They proposed that the term
bioavailable compound be used where the substance “is freely available to cross an organism’s
cellular membrane from the medium the organism inhabits at a given time.” They proposed
using bioaccessible to indicate a compound that “is available to cross an organism’s cellular
membrane from the environment, if the organism has access to the chemical,” indicating that
such a compound could subsequently become bioavailable once the proximity of the compound
to the organism allows. Other authors have proposed the term geoavailability to represent the
fraction of a toxicant or contaminant in a geologic material that becomes soluble or mobile as a
result of various biogeochemical processes (Smith and Huyck 1999). This focus on terminology
may appear to be only marginally relevant to the main topic. However, as Ehlers and Luthy
(2003) note, bioavailability concepts may very well enter into risk assessment in the future and
play an important regulatory role. Hence, we can expect further discussion of these concepts
and related terminology, and it is incumbent on geoscientists to participate in this dialog.
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In this chapter we refrain from recommending a preferred usage, and merely alert the reader
to the potential for confusion. However, having noted that bioaccessibility can be generalized to
include solubilization of metals in geomaterials, we tend to follow that usage here and retain the
distinction with bioavailability, which we will use to refer to absorption across a physiological
membrane. As emphasized in the following section, we believe there is merit in taking a broad
view of the role of metal speciation, encompassing processes from weathering and transport in
geomedia, through exposure and uptake by humans, to fate within organs.

PATHWAYS OF METAL UPTAKE—
FROM SOIL, WATER, AND AIR TO HUMAN ORGANS

Historically, the gulf between the geosciences and the health sciences has tended to
constrain the research activities in each community to address different parts of the broader
subject of environmental health. Geoscientists have typically limited their attention to
environmental processes that govern the bioaccessibility of metals up to and sometimes
including exposure. Health scientists have naturally focused on the health impact, generally
beginning with exposure. Clearly both communities recognize the continuum of processes that
link the geologic and health aspects. In this chapter, the primary goal is to illustrate the role of
metal speciation spanning both environmental and physiological processes.

General exposure pathways are described by Plumlee et al. (2006) elsewhere in this
volume (also see Plumlee and Ziegler 2003). Exposure pathways for metals are the same as
for other toxicants (aka xenobiotics): ingestion (gastrointestinal tract), inhalation (respiratory
tract), and dermal contact. A particular metal may be present in a solid, a liquid, or a gas
phase. The physical form commonly dictates the nature of the exposure. For example, arsenic
that desorbs from iron oxide-coated sands in an aquifer will enter groundwater that may be a
source of drinking water. Here, ingestion of dissolved arsenic is the main exposure pathway.
Ingestion is also possible for metals in solid forms, including food and soil particles. Certain
associations of a metal may also dictate exposure. For example, inhalation would be the
primary exposure pathway for arsenic associated with airborne particles (e.g., in mineral
dust). If a fraction of inhaled particles is transported by mucociliary action to the pharynx,
then ingestion may become a secondary exposure pathway.

Environmental processes

Geochemists generally consider that metals are released to the human environment
initially by weathering of rocks and are subsequently modified by various processes operating
at or near Earth’s surface, both natural and anthropogenic; these processes can enhance the
environmental mobility of metals or lead to their sequestration. Human activities have been
especially effective in redistributing metals and modifying their form, including speciation.

There are numerous physical, geochemical, and biologic processes that influence the
behavior of metals in surficial settings. Much of the attention has focused on processes that
mobilize or immobilize metals, since mobility generally facilitates exposure. A dissolved metal
can be transported by fluid flow, eventually entering a water supply or being taken up within
a food chain. In contrast, a metal that precipitates as a coating on mineral grains in a soil or
aquifer is immobilized, and may be effectively eliminated from exposure unless remobilized by
a subsequent process. In many circumstances, bioaccessibility in geomaterials is equated to the
occurrence of a metal in a dissolved form. However, there are examples in which solid forms
may have significant potential for exposure. Metals that are associated with small particles that
are mobile may have greater potential for exposure. For example, colloids and airborne particles
are mobile and both have been shown to have associated metals. Metals contained in the bottom
sediments in streams, lakes, and marine settings may also enter the food chain if they are scav-
enged by bottom feeders or may even become remobilized upon interacting with gut juices.
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The most important processes that control the mobility of metals in the environment
include dissolution/precipitation, complexation with ligands, sorption/desorption by solids,
biotransformation, uptake by soil and aquatic biota, and reduction/oxidation (redox) (Fig. 3).
We provide only a brief overview of these processes here, as there are a number of existing
sources that offer detailed reviews relating to metals (e.g., O’Day 1999; Traina and Laperche
1999; Brown and Parks 2001;Warren and Haack 2001; Sparks 2003).

Dissolution and precipitation involving metal species are subject to both thermodynamic
and kinetic controls. Using the chemical analysis of a water as input, aqueous speciation
programs, such as MINTEQAZ2 (U.S. EPA), PHREEQC (Parkhurst and Appelo 1999), and The
Geochemists Workbench (http://www.rockware.com) (Bethke 2002), facilitate calculation of
saturation states of the water with respect to a wide range of minerals and solids. However, there
are many important environmental phases for which thermodynamic stability data are lacking,
including many amorphous phases. Moreover, some of the phases controlling metal solubility
in nature are solid solutions, and satisfactory solution models are available for relatively few
environmentally relevant phases. Owing to a variety of possible kinetic factors, it is important
to recognize that supersaturation does not guarantee that precipitation will occur. For example,
inhibitors, often sorbed metals, may introduce kinetic constraints that limit precipitation (and
dissolution). Plumlee et al. (2006) and Plumlee and Ziegler (2003) describe kinetic factors that
influence the dissolution of asbestos and other mineral phases in human fluids.

Metal solubility is also strongly coupled to complexation in the aqueous phase. Metals that
have a high affinity for either organic or inorganic ligands may exhibit significantly increased
solubility through formation of complexes. The high affinity of UO,** for dissolved CO5>" is
an environmentally important example. In the absence of dissolved CO;>, the total solubility
of UO,** controlled by equilibrium with the mineral schoepite (UO;-2H,0) at neutral pH is
3.4 uM. With 1 mM total dissolved carbon dioxide in the solution the total UO,** solubility is
tenfold higher (56 uM) because of carbonate complexation.

Aqueous complexation may also influence the uptake of metals by aquatic and soil organ-
isms. For example, dissolved Cu®* and Ni?* are readily taken up by some aquatic phytoplank-
ton, whereas uptake is extremely limited when these same metals are strongly complexed with
organic ligands or natural organic matter. Although many studies of aquatic organisms have
shown correlations between metal uptake and the fraction of the metal occurring as a free ion
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(i.e., the free-ion activity model)(Morel 1983; Campbell 1995), relatively little is known of the
actual chemical form of the metal taken up (cf. Hudson 1998; Sunda and Huntsman 1998).

In systems that contain solid phases, sorption processes, involving transfer of dissolved
metals to solid surfaces, represent some of the most important controls on dissolved metal
concentrations (e.g., Brown et al. 1999; Sparks 2003). Sorption can be considered to include
adsorption (i.e., accumulation of ions at the surface), surface precipitation (formation of
a distinct phase at the surface), and co-precipitation (incorporation of ions into a phase,
commonly as it precipitates). Sorption is generally most effective at removing a dissolved metal
from solution when the metal is present at relatively low concentration and the available solid
surface area is high. However, sorption also depends on several solution properties, including
pH, ionic strength, and the presence of complexing ligands or competing species. Properties of
the solid-liquid interface, including surface charge (Hochella and White 1990) and surface site
coordination (Reeder 1996; Elzinga and Reeder 2002) are also important factors.

Generally, metal cations exhibit increasing adsorption as pH increases, as a response
to decreasing proton charge on the surface. The change in adsorption efficiency typically
occurs over a narrow pH range and is commonly referred to as the adsorption edge. The
position of this edge with respect to pH may vary for different metals on the same sorbent,
which generally reflects differing affinities of the metals for surface sites or different sorption
mechanisms. For a given metal cation sorbing on different solid phases the pH range of the
adsorption edge typically differs because of different surface charge properties and different
surface sites. Adsorption of anions is usually greatest at low pH and decreases with increasing
pH, also reflecting electrostatic properties of the surface. Anion species of acids may exhibit
sorption maxima in their pH dependence, usually coinciding with their pK, values and
demonstrating differences in sorption behavior among the more and less protonated species.
Metal cation sorption may also be influenced by complexation, which may vary with pH and
ligand concentration. Uranium again provides a good example. U(VI), occurring as the UO,>*
aqueous species, shows a rapid increase in adsorption on ferrihydrite with increasing pH (in
the pH range 3.5-5.5), which is typical behavior for a cation (Fig. 4). However, at higher pH
(7.5-9.5), U(VI) adsorption decreases abruptly as a result of the formation of uranyl carbonate
anion complexes having low affinity for the surface (Waite et al. 1994). Increasing the dissolved
carbonate concentration causes the edge at higher pH to shift to lower pH values due to increased
carbonate complexation, thereby resulting in a narrower pH range of maximum adsorption.

Spectroscopic investigations have demonstrated that different types of surface complexes
may form, including inner-sphere and outer-sphere types (Fig. 5). Although multiple factors
may be important, inner-sphere surface complexes are generally more strongly bound to
surfaces than outer-sphere complexes, and therefore may be less susceptible to desorption,
or release to solution. For more information, readers are referred to the excellent reviews
of sorption by Anderson and Rubin (1981), Davis and Kent (1990), Stumm (1992), Sparks
(2003), and Sposito (1984, 2004).

Biotransformations commonly involve reduction/oxidation (redox) processes. Because
large solubility differences sometimes exist between different oxidation states of a metal,
bacterially mediated reduction or oxidation may be highly effective in controlling metal
concentrations in environmental solutions. Uranium again provides a useful illustration.
Over the environmentally relevant pH range, U(IV) is relatively insoluble, often forming
oxide phases such as uraninite, UO,. Uranium(VI) is relatively soluble and is generally
considered the mobile form of uranium. Bacteria present in soil systems have been shown
to reduce dissolved U(VI) to U(IV), resulting in the formation of uraninite (e.g., Lovley et
al. 1991; Fredrickson et al. 2000). This process may effectively immobilize uranium in the
subsurface. However, in oxidizing conditions, uraninite may become re-oxidized, resulting in
its remobilization as U(VI) (e.g., Senko et al. 2002).
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Figure 4. Uranium(VI) adsorption behavior on ferrihydrite as a function of pH and at different total CO,
concentrations. The decrease in adsorption above pH 7.5-8 is attributed to formation of aqueous uranyl
carbonate complexes that have low affinity for sorption. [Reprinted with permission from Waite et al.,
Geochimica et Cosmochimica Acta, Vol. 58, Fig. 6, p. 5470. Copyright (1994) Elsevier.]
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Figure 5. Diagrams showing outer- and inner-sphere adsorption complexes and a surface precipitate.
[Reproduced from Brown (1990).]

Redox processes may also occur without biological mediation, however, kinetics are
commonly sluggish. In surface environments important electron donors/acceptors include
organic matter and compounds containing iron, manganese, and sulfur. Many redox processes
occur at surfaces of solids and are associated with sorption processes. Adsorption of metals
onto surfaces can change their electronic structure and promote redox reactions that are
inhibited when the metal is dissolved. For example, it has been demonstrated that reduction of
Cr(VI) co-adsorbed with Fe(Il) onto an Fe(IlI)-oxide mineral substrate is significantly faster
compared to the homogenous reaction between these two metal species (Buerge and Hug
1999). The same phenomenon has been observed for the reaction between Fe(Il) and uranyl
(Liger et al. 1999). While the effect of sorption on the kinetics of electron transfer reactions
of transition metals in aquatic systems has received some attention, this phenomenon is likely
to also play a role within the human body where transition metals may be ingested or inhaled
as adsorbed species on mineral dust (Schoonen et al. 2006). Further information on electron
transfer reactions in the environment is provided in reviews by Bartlett and James (1993),
Sparks (2003), and Schoonen and Strongin (2005).
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Because the processes described above are the dominant controls on metal mobility in
the near-surface environment, they are also among the most important factors governing the
environmental exposure of humans to metals. Next we consider the processes associated with
metals following exposure.

Internal processes

After ingestion, inhalation, or dermal contact, the fate and impact of a metal are affected
by absorption, distribution, metabolism (or biotransformation), and elimination. Collectively,
these processes, commonly referred to as ADME, define the field of toxicokinetics (Guidotti
2005). The behavior of metals throughout these internal processes is strongly dependent on
speciation. Moreover, metal speciation typically changes during these processes. The health
effect of a metal toxicant, including the mechanism of toxicity, is also dependent on speciation
and constitutes the field of toxicodynamics. We do not discuss toxicodynamics, except to note
a few well known examples. Moreover, the level of material that we present here is very basic,
and interested readers are encouraged to consult more comprehensive reviews. A useful starting
point for geoscientists is the Environmental Health and Toxicology web page of the National
Library of Medicine (National Institutes of Health) (http://sis.nlm.nih.gov/enviro.html).

Absorption involves transport of the metal across a physiological membrane (e.g.,
commonly a phospholipid bi-layer). This may occur via different mechanisms (e.g., passive,
facilitated, or active transport) depending on the substance and its chemical form as well as
the cell type (Dawson and Ballatori 1995; Foulkes 2000). Absorption of Cr(VI), for example,
occurs via facilitated transport, following the sulfate and phosphate pathway, whereas Cr(III)
transport is primarily by passive diffusion and much less efficient. Methylmercury has a
significantly greater absorption efficiency than inorganic ionic mercury, which is mainly
attributable to the higher lipid solubility of the methylated form. Some of the properties of
metals and other substances that influence absorption are listed in Table 2. Metal speciation may
be altered before absorption occurs, for example in the presence of gastric or lung fluid, or in
mucus. Foulkes (2000) has emphasized that, because of their high affinity for complexing with
proteins and other biological molecules in internal fluids, most non-essential heavy metals are

Table 2. Properties of a metal or substance that influence
absorption at physiological membranes.

Property Effect

Concentration/dose Fractional absorption may vary with concentration, including

inversely.

Molecule size and charge Dependent on transport mechanism (passive, facilitated, or
active). For passive diffusion, neutral charge and small size

favor absorption.

Competing antagonists

pK, of acids

Lipid solubility

Particle size/surface area (solid)
Phase identity (solid)

Solubility (solid)

Sorption state (solid)

Matrix components (solid)

Competition depending on transport mechanism.
Nonionized form of some acids more readily absorbed.
Lipid-soluble species more readily absorbed.

Smaller particles solubilized more rapidly.

Relates to solubility and association of metal.

More soluble solids generally allow greater absorption.
Metal sorbed on solid surface more readily released.

Other components in solid may enhance/reduce absorption.
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transported across membranes as complexes, rather than as free metals. Transformations may
also include changes in metal oxidation state. An example is the partial reduction of Cr(VI)
to Cr(II), which begins in the saliva and gastric fluid and influences absorption. Absorption
may be influenced by a number of factors, including the fed state. For example, in rats orally
ingested Cr(VI) is absorbed more readily in the fasted than in the fed state (O’Flaherty 1996).

After absorption, a metal undergoes distribution and metabolism (also known as
biotransformation). Some metals are distributed to all or most tissues and organs (e.g.,
arsenic), whereas others concentrate in specific organs, which may not be the target organs.
Lead, for example concentrates in bone, yet its primary toxicity is in brain function. Both
transport and storage depend on chemical form. Methylmercury, for example, readily crosses
the blood-brain barrier, whereas inorganic mercury (Hg?*) does not. Metal transport in the
blood commonly involves an equilibrium partitioning between plasma and proteins, with some
metal species preferentially entering red blood cells. More than 90% of the methylmercury
in the blood enters red blood cells and binds with hemoglobin (NRC 2000). Metals absorbed
from the gastrointestinal tract do not pass directly into general systemic circulation, but first
enter portal circulation where some toxicants are metabolized by the liver.

Metabolism encompasses all of the biotransformations that modify the form (i.e.,
speciation) of a toxicant. These are typically enzymatic processes occurring with multiple
steps and intermediate metabolites. Metabolites may be more or less biochemically active than
the original substance. Generally metabolism serves to detoxify a toxicant, often by creating a
chemical form that is more readily eliminated. For example, the methylation of arsenic in the
liver facilitates its elimination and is considered a detoxification mechanism.

Elimination of metals occurs primarily through urine, feces, and by exhalation. Water
soluble forms are excreted readily in urine. The liver secretes some metals (e.g., lead and
mercury) into bile, which are then eliminated with feces or remain in enterohepatic circulation
(Guidotti 2005). Some metals are stored in various tissues, and may provide evidence of
exposure over time. For example, analysis of hair serves as a method for assessing chronic
exposure to mercury. The primary storage site for lead is in bone and its analysis serves as a
cumulative biomarker for exposure.

These ADME processes are usually unique to the particular species of metal, and clearly
involve complex processes. Quantitative modeling of these processes is a major focus in
the toxicokinetics field. Such physiologically based pharmacokinetic (PBPK) models have
been developed for a number of metal toxicants, and are being improved as new data permit
(O’Flaherty 1998). Inasmuch as quantitative modeling of environmental processes for metals
is also well advanced, it may not be long before comprehensive models are developed that
address both environmental and internal fate of metals.

The range of environmental and internal processes that we have described is shown
conceptually in Figure 6. In the following section we illustrate the ways in which speciation
influences bioaccessibility and bioavailability through four examples of metals/metalloids:
arsenic, chromium, lead, and mercury.

ROLE OF METAL SPECIATION: ARSENIC

Arsenic has become the focus of worldwide concern following the recognition of
its widespread and devastating health impact in many developing regions, most notably
Bangladesh and West Bengal. The occurrence of arsenic in soils and aquatic systems, including
the sediments and groundwater in the Bengal Basin region, and the geochemical processes that
influence arsenic mobility have been reviewed recently by Plant et al. (2005) and Smedley
and Kinniburgh (2002, 2005). Recent reviews of arsenic toxicity and human health effects
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Figure 6. Idealized diagram illustrating the range of pathways and processes affecting the environmental
and physiological behavior of metals. [Adapted from the National Library of Medicine (http://
www.sis.nlm.nih.gov/enviro/toxtutor/Tox2/al 1.htm).]

are given by NRC (1999, 2001), IPCS (2001), and ATSDR (2005a). Here, we provide a brief
overview of the role of arsenic speciation as it relates to mobility in the environment, human
exposure, bioavailability, and health effects.

Arsenic in the environment

Arsenic is not an abundant element in Earth’s crust, with an average concentration in
crustal rocks of ~2 ppm (Wedepohl 1995). However, it has a strong association with sulfide-
bearing mineral deposits and especially with pyrite (FeS,), which is widespread. Arsenic
also exhibits an association with iron oxide and hydroxide minerals, which are abundant
as weathering products. Common sources of arsenic in the environment are listed in Table
3. Arsenic occurs in the 3—, 1—-, 0, 3+ and 5+ oxidation states, but in nature 1—, 3+, and
5+ oxidation states dominate. Arsenide minerals and sulfides in which As(I-) is a common
substituent typically exhibit low solubilities in reducing natural waters. However, oxidative
weathering results in the formation of arsenite [As(III)] and arsenate [As(V)] species; these
occur as oxyanions or neutral species and may be quite soluble depending on pH and other
solution properties. In solution, redox potential (Eh) and pH are the dominant controls on As
speciation. An Eh-pH stability diagram is shown in Figure 7. Coexistence of As(III) and As(V)
species in natural waters has been interpreted to indicate that electron transfer occurs, if not
redox equilibrium. However, rates of electron transfer may be slow and strongly influenced
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Table 3. Common sources of arsenic in the environment.

* Volcanic emissions and hot springs

* Dissolved in groundwater from interaction with rock (mobilization from igneous and
sedimentary sources, oxidative dissolution of arsenic-bearing sulfide minerals)

* Mining waste, pH-mediated mine effluents, and tailings ponds
* Arsenic-containing pesticides (sodium arsenite or lead arsenate)

* Organic arsenic compounds as herbicides: monosodium methanoarsonate (MSMA),
disodium methanoarsonate (DSMA), arsenic acid, and dimethylarsenic acid

* Waste from industrial metal smelting processes

* Leaching of wood preservatives: chromated copper arsenate (CCA) and ammoniacal
copper arsenate

» Combustion of fossil fuels in electrical power plants
* Arsenic dusts and gases released during cement manufacture

* Animal waste management from feed additives in poultry (roxarsone to control coccidiosis
and promote growth)

* Arsenic trioxide waste from glass manufacturing process (pre-1970)

by bacterial activity (e.g., Cullen and Reimer 1989; Smedley and Kinniburgh 2005). The acid
dissociation constants (K,), expressed here as pK, values, for H;AsO,4 are 2.22, 6.98, and 11.53.
Below pH ~7 the dominant As(V) species is H,AsO,~ and above pH ~7 HAsO,?" is dominant,
except at very low or high pH (Fig. 8). The pK, values for H;AsO; are 9.23, 12.13, and 13.4, so
that H3AsO,° is the dominant dissolved inorganic As(III) species in most natural waters.

In view of its affinity for sulfur, As(IIT) may form thio-complexes (cf. Wilkin et al. 2003).
Methylation may also occur in the environment as a result of microbial processes, resulting in
formation of several As(III) and As(V) methyl species, including monomethylarsonous acid
[MMA(ID)], dimethylarsinous acid [DMA(III)], monomethylarsinous acid [MMA(V)], and
dimethylarsinic acid [DMA(V)] (Fig. 9). Anderson and Bruland (1991) reported the formation
of dimethylarsenate [DMA(V)], (CH3),AsO,", on a seasonal basis to become the dominant
dissolved As species in a freshwater reservoir, followed by breakdown to arsenate. Bright et al.
(1996) also reported methylated arsenic species in lake sediment pore waters, with formation
presumed to be associated with bacterial activity. Other organic species include arsenobetaine
and arsenocholine, which are forms commonly present in food. In the majority of natural
waters, however, inorganic arsenic forms are most abundant (Smedley and Kinniburgh 2002).

Human exposure to arsenic is primarily through ingestion of water and food, although
airborne particulates containing arsenic may be locally important. For this example, we focus
on exposure through drinking water and to a lesser extent on ingestion of arsenic-containing
solids. Consequently, solubility of arsenic is the main geochemical factor influencing
exposure in this circumstance. Additionally, arsenic associated with particles that are mobile
could also contribute to exposure. As noted earlier, numerous geochemical processes control
metal solubility and mobility, including mineral precipitation/dissolution, sorption, and
biotransformation. Metal speciation is a critical aspect of all these processes.

Arsenic sorption. Because dissolved arsenic concentrations are typically very low, even in
contaminated systems, sorption processes can be highly effective in limiting As concentration
and thereby controlling mobility and bioaccessibility. A number of studies have demonstrated
that As(III) and As(V) species may sorb strongly with oxide and hydroxide minerals, especially
iron, aluminum, and manganese oxyhydroxides. Sorption is strongly dependent on pH and
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Figure 7. Eh-pH predominance
diagram for arsenic in the presence
of sulfur at 25 °C (As,, = 1070 M;
Si = 1074 M).
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Figure 8. Aqueous speciation diagrams for (a) As(III) and (b) As(V)
systems at 25 °C (As,, = 10 ppb, and 1 mM NaCl).

other solution properties. Arsenite and arsenate exhibit very different sorption behaviors as
a function of pH, and in some systems sorption is sensitive to ionic strength. As an example,
Arai et al. (2001) compared As(III) and As(V) sorption on y-alumina over the pH range 3-10
(Fig. 10). Arsenate sorption increases with decreasing pH, over the range from pH 9.5 (near
the point of zero charge, PZC) to 4.5. This behavior is typical for sorption of anion species
(e.g., Hingston 1981). Arsenate sorption is not observed to be sensitive to ionic strength; this
has been interpreted to be suggestive of formation of inner-sphere surface complexes, which
was confirmed using EXAFS spectroscopy (Arai et al. 2001).

Arsenite exhibits less overall sorption than arsenate on y-alumina, with a broad maximum
at pH ~8.5 (see also Goldberg 2002). A decrease in arsenite sorption is observed above pH
9 and likely reflects the change in dominant aqueous speciation to an anion, H,AsO;'~. Over
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the pH range 5-9, arsenite sorption is decreased
at higher ionic strength, which is suggestive
of outer-sphere surface complexation. In sifu
EXAFS spectroscopy showed that inner-sphere
As(IIT) complexes dominate at pH < 5.5 and a
mixture of inner- and outer-sphere complexes
exists at pH > 5.5 (Arai et al. 2001). Several
studies have shown that arsenate and phosphate
compete for sorption sites, owing to similar
chemical behaviors (e.g., Jain and Loeppert
2000). Consequently arsenate sorption may
be significantly depressed where phosphate is
elevated.

There are numerous studies of As(III) and
As(V) sorption on other mineral and oxide
surfaces that readers should consult for further
insight (e.g., Fuller et al. 1993; Waychunas et al.
1993; Goldberg 2002; Smedley and Kinniburgh
2002; Stollenwerk 2003).

Arsenic redox behavior. Much of the
arsenic present in surface environments has
been derived from the oxidative weathering
of reduced species in sulfide mineral deposits
and primary rocks (Smedley and Kinniburgh
2002). Because of the relatively low solubility
of reduced arsenic, much of the interest in redox
behavior, from the perspective of health impact,
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Figure 10. The pH and ionic strength dependence of As(III) and As(V) sorption on y-alumina. [Reprinted
with permission from Arai et al., Journal of Colloid and Interface Science, Vol. 253, Fig. 1, p. 83.
Copyright (2001) Elsevier.]
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has focused on transformations between As(IIl) and As(V) species. Both oxidation states are
common in soils and near-surface waters, and it is not uncommon to have both As(IIl) and
As(V) species co-existing in solutions and in solids (Hering and Kneebone 2002). The Eh-
pH diagram shows that the predominance fields for species of both oxidation states coincide
with Eh-pH conditions typical of many environmentally important settings (Fig. 7), so that
redox transformations can be expected. However, in most cases As(Il1)/As(V) redox behavior
is controlled by interaction with minerals, microbes, or organic matter that serve as electron
donors or accepters. As is often the case in systems containing multiple redox couples, the
As(IIT)/As(V) couple is commonly not in equilibrium with other redox couples (Spliethoff
et al. 1995; Hering and Kneebone 2002). This reflects widely differing kinetics of electron
transfer and strong dependence on mechanism. Hence As(III) species may persist in oxidizing
systems and As(V) may persist in reducing conditions (cf. Inskeep et al. 2002).

Important oxidants for As(IIl) include Mn(IV) oxides (e.g., birnessite), titanium oxides,
H,0,, and possibly dissolved ferric species (Foster et al. 1998; Manning et al. 2002; Voegelin
and Hug 2003). Photochemical oxidation may also be important (Inskeep et al. 2002).
Dissolved oxygen has been shown not to be an effective oxidant, except at high pH (e.g.,
Manning and Goldberg 1997). Dissolved sulfide has been shown to reduce As(V), with
formation of intermediate sulfide complexes (Rochette et al. 2000). Many of the important
redox processes occur at mineral surfaces and are associated with sorption. As noted above,
arsenate is often associated with iron and aluminum hydroxides, and is typically more strongly
sorbed by these phases than arsenite at circum-neutral and acidic pH conditions. An important
mechanism of release of sorbed As(V) involves its reduction to As(III). This may occur either
by arsenate reduction at the surface with subsequent As(III) release to solution, or by reductive
dissolution of a ferric hydroxide sorbent followed by reduction of arsenate to arsenite as
shown in Figure 11 (Inskeep et al. 2002). Reductive dissolution of iron (hydr)oxides (with
sorbed arsenate) is thought to be a factor causing the elevated dissolved arsenic concentrations
in groundwater in Bangladesh (e.g., Smedley and Kinniburgh 2002).

Microbial activity has been shown to cause both reduction and oxidation of arsenic
species. We do not describe these reactions here, but refer readers to the overview of Inskeep
et al. (2002).

Arsenic precipitation/dissolution. Precipitation and dissolution may also provide im-
portant constraints on As solubility. In many aquatic systems, however, arsenic concentrations

Arsenate Reduction Substrate Reduction

Fe(OH),f=AsO,* ASO>==AFe(OH),

Red

9

AsO,* (aq)
@3
AsOz* (aq)

Figure 11. Schematic diagram showing reductive release mechanisms for As(IIl). [From Inskeep et al.
(2002), Environmental Chemistry of Arsenic. p. 191, Fig. 4. Reproduced by permission of Routledge/
Taylor & Francis Group LLC. Copyright (2002).]
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remain very low so that supersaturation with respect to arsenic oxides/hydroxides or to
arsenite or arsenate salts is uncommon. However, high concentrations of cations may allow
supersaturation and precipitation. Some remediation strategies rely on precipitation to remove
arsenic from solution, such as wastewater. Additives such as lime, fly ash, Portland cement,
and ferrihydrite have been used to induced formation of arsenic phases (e.g., Moon et al. 2004).
Calcium arsenite and arsenate phases have received some attention as possible precipitates for
immobilizing arsenic (e.g., Bothe and Brown 1999). However, the effectiveness of precipitation
as a remediation strategy depends on the solubility of the solid. Overviews of important
arsenic-containing phases and minerals are given by Cullen and Reimer (1989), Nordstrom
and Archer (2003), and O’Day (2006). Foster (2003) describes arsenic speciation in a number
of solid phases, including that for arsenic bound with oxides and hydroxides. Arsenic mineral
solubilities vary widely according to arsenic oxidation state, composition, crystal structure.
The total dissolved arsenic concentration and the concentrations of individual arsenic species
in equilibrium with different arsenic-containing phases depend on the overall solution
composition, including pH, ionic strength, T, and P. Aqueous speciation programs facilitate
such calculations and provide an equilibrium distribution of aqueous species. Nordstrom and
Archer (2003) have critically evaluated the thermochemical data available for selected arsenic
phases and aqueous species. In general, As(II) and As(V) oxides are moderately soluble in
most aqueous solutions. As,Os occurs as arsenolite and claudetite, whereas As,Os is not known
as a mineral. Arsenic sulfides, such as realgar and orpiment, tend to be relatively insoluble
in most reduced solutions, as are metal arsenides and arsenic sulfosalts. Metal arsenates and
arsenites exhibit a range of solubilities depending on the metal involved and other factors (cf.
Sadiq 1997). As described below, solubility is important in controlling the bioavailability of
arsenic-containing solids following ingestion or inhalation.

Arsenic coprecipitation. Arsenic may also coprecipitate with mineral phases that are form-
ing, thereby providing an effective mechanism for removing arsenic from solution. For example,
coprecipitation with ferrihydrite has been shown to significantly reduce dissolved arsenate
(e.g., Fuller et al. 1993; Richmond et al. 2004). The similarity of AsO,>" to other tetrahedral
oxoanions, such as PO,*~ and SO,>, should allow As(V) substitution (e.g., Myneni et al. 1997;
Foster 2003). In addition As commonly substitutes for S in pyrite and other sulfides.

Arsenic in the body

Arsenic absorption. Once ingested, dissolved As(IIT) and As(V) are both readily absorbed
in the human gastrointestinal tract. Studies that systematically compare the relative absorption
efficiencies of dissolved As(Ill) and As(V) in humans from oral exposure are lacking.
However, an NRC review cited studies of humans and animals indicating 80-90% absorption
for dissolved As(III) and As(V) doses (NRC 1999). MMA(V) and DMA(V) are also readily
absorbed in the gastrointestinal tract of humans (ATSDR 2005a), as is arsenobetaine from
ingestion of fish (IPCS 2001).

Arsenic present in or associated with solid forms generally shows lower absorption
efficiency than dissolved arsenite or arsenate, especially for phases exhibiting low solubility.
There are few systematic studies of gastrointestinal absorption (oral bioavailability) in humans
for different As compounds. Studies in animal models have been summarized by ATSDR
(2005a) and IPCS (2001). Although significant differences exist between different animals,
solubility of the arsenic source is the most significant factor influencing absorption. For
example, gastrointestinal absorption in rodents is low for relatively insoluble GaAs (<22%)
compared to more soluble sodium arsenite and sodium arsenate (80-90%) (Yamauchi et al.
1986; IPCS 2001).

Gastrointestinal absorption from arsenic-containing soils and sediments has also been
studied using animal models. The summary given by IPCS (2001) shows great variation
depending on the animal model and the characteristics of the soil (not surprisingly). A series of
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recent studies sponsored by the U.S. EPA (Region 8) have examined the relative bioavailability
of arsenic in various soils, sediments, and mine waste material using a juvenile swine model
(http://www.epa.gov/regionS/r8risk/hh_rba.html). These in vivo studies compared absorption
of arsenic in different solid forms relative to that of sodium arsenate, which is expected to be
completely soluble in gastric fluid. A summary of this work (EPA 2005) reports that relative
bioavailabilities range from 10 to 60% for the substances examined. Lowest bioavailabilities
were observed when arsenic was present as As,Os or in reduced forms, such as arsenides
or As-containing sulfides. Higher bioavailability was observed for As-sorbed onto metal
oxyhydroxides, such as FeOOH. Owing to the complex and heterogeneous nature of the
test materials used in these studies the speciation of the arsenic was not fully characterized.
Nevertheless, the wide range of relative bioavailabilities observed underscores the importance
of speciation. Furthermore, the task of characterizing the speciation in such materials
represents a challenge for geochemists and mineralogists.

Arsenic metabolism. The most important metabolic pathway of inorganic arsenic in
humans involves methylation. The liver is the most important site of methylation. The likely
in vivo mechanisms of methylation involve reduction of As(V) to As(III) and oxidative methyl
transfer to produce monomethylarsonic acid [MMA(V)] and dimethylarsinic acid [DMA(V)]
as illustrated in Figure 12. Methylation is enzymatically controlled, and S-adenosylmethionine
is the primary methyl donor (Zakharyan et al. 1995). Glutathione is a likely electron donor
for the reduction steps (Scott et al. 1993). The process does not go to completion as indicated
by the presence of As(III), MMA(V), and DMA(V) in human urine (e.g., Le 2002), which
serve as important biomarkers for arsenic exposure. Methylation has been found to be variable
among individuals, by gender, and according to diet (Vahter 2000). Methylation is highly
variable among other mammals (Vahter 2002).

ﬁ +2e” +CH,* ‘I-? + 2¢” + CH,*
HO— AIS—OH b HO—AIS—OH e H;C—AIS—OH—P H3C—AIS—OH —_ H:,C—AIS—OH
OH OH OH OH CH;,3
As(V) As(lll) MMA(V) MMA(II) DMA(V)

Figure 12. Summary of the human arsenic methylation process involving reduction and oxidative addition
of methyl groups. [Reproduced with permission from Environmental Health Perspectives, Le XC et al.
(2000).]

Methylation has long been considered a detoxification mechanism for arsenic, as
MMA(V) and DMA(V) are less reactive and less toxic than inorganic arsenic (Styblo et
al. 2000; Vahter 2002), and methylation facilitates elimination through urine and decreases
retention (NRC 1999). However, several recent studies have noted the release and persistence
of the intermediate metabolite MMA(III), which is highly reactive and possibly more toxic
than inorganic As(III) (Styblo et al. 2000; NRC 2001). Therefore, methylation should not be
considered solely as a detoxification process (NRC 2001).

Arsenic elimination. The principal pathway by which arsenic is eliminated is through
the urine. Studies have shown that approximately 33-38% of an ingested arsenic dose is
eliminated in the urine within 48 h and 45-58% within 4-5 days (Tam et al. 1979; Buchet et
al. 1981). Elimination of ingested As(V) is slightly more rapid than for As(III) (Pomroy et al.
1980). MMA(V) and DMA(V) are eliminated more rapidly: 75-78% within 4 days (Buchet
et al. 1981).

Arsenic toxicity. Mechanisms of arsenic toxicity are still not well understood, and a
description of proposed models is beyond the scope of this chapter. Excellent summaries of



Role of Metal Speciation in Bioaccessibility & Bioavailability 79

the vast spectrum of adverse health effects associated with arsenic exposure are provided by
the NRC reviews (1999; 2001), the Agency for Toxic Substances and Disease Registry (2005a)
within the U.S. Center for Disease Control (http://www.atsdr.cdc.gov), and the IPCS (2001),
sponsored by the World Health Organization (http://www.inchem.org/documents/ehc/ehc/
ehc224.htm). At least one contributing reason for the variety of health effects associated with
arsenic is the fact that arsenic is transported to and retained to some degree in all major organs,
as indicated by postmortem findings.

It is commonly stated that the toxicity from arsenic exposure varies in the order As(III) >
As(V) >> MMA(V) = DMA(V) (and other organic forms). Ingested MMA(V) and DMA(V)
are metabolized less and eliminated more rapidly and to a greater degree than inorganic arsenic
(IPCS 2001; ATSDR 2005a). Arsenic present in fish, primarily arsenobetaine, apparently
undergoes little metabolism and is readily eliminated (Le 2002). At high doses, studies have
shown that more arsenic is retained after ingestion of As(IIl) than As(V) (NRC 1999). A
significant factor contributing to the greater toxicity of As(IIl) is its greater solubility in lipids
and its ability to cross cell membranes more readily than As(V) species (Schoolmeester and
White 1980), in part due to its neutral charge at physiological pH. Studies using laboratory
animals have generally shown lower LDs, concentrations for As(III) ingestion compared to
As(V) ingestion (IPCS 2001), which supports the greater toxicity of the As(IIl) form. As noted
above, there is recent evidence suggesting that the toxicity of the metabolite MMA(III) may be
more toxic that inorganic As(III). However, the ATSDR (2005a) has emphasized that studies
based on laboratory animals do not provide good quantitative models for human toxicity.

Finally, many related factors are known or thought to modify arsenic toxicity. For example,
diet has been shown to influence arsenic toxicity (Peraza et al. 1998) and more specifically
the degree of methylation (e.g., Steinmaus et al. 2005), which may be one factor that explains
variability of health effects among individuals or groups. Another aspect of interest is the
observation that co-exposure to selenium may reduce the toxicity of arsenic (e.g., Levander
1977). The mechanism for this effect is under investigation, but may involve the formation of
an arsenic-selenium complex either with reduced toxicity or more rapid elimination. Recent
studies by Gailer and co-workers (2000, 2002) have identified the formation of a seleno-bis (S-
glutathionyl) arsinium complex, [(GS),AsSe]", in rabbits injected with arsenite and selenate,
with rapid excretion to bile.

ROLE OF METAL SPECIATION: CHROMIUM

Chromium is one of the more abundant heavy metals, with an average crustal concentration
of 126 ppm (Wedepohl 1995). There is a long history of mining and processing of chromium,
fueled by numerous industrial applications. Chromium is an important component in steel and
other alloys, paints, magnetic recording tape, electroplating, wood preservative, and leather
tanning, and serves as an anticorrosive agent in water-cooling systems. Other sources of
chromium in the environment are listed in Table 4. Its widespread use has been accompanied by
releases to the environment that pose persistent health hazards. Chromium is among the metals
included in the ATSDR/EPA National Priority List of hazardous substances, and is present at a
majority of sites on the CERCLA National Priority List (http://www.atsdr.cdc.gov/cercla). The
environmental behavior and toxicology of chromium have been studied extensively. Readers are
directed to the reviews of the environmental behavior of chromium by Rai et al. (1989), Fendorf
(1995), and Kimbrough et al. (1999). Summaries of the environmental toxicology of chromium
are given in ATSDR (2000), IPCS (1988), EPA (1998a,b), and O’Flaherty et al. (2001).

Chromium in the environment

Chromium may exist in oxidation states ranging from —II to VI. In the near-surface
environment, the IIT and VI oxidation states are most important. It is well known that Cr(III)
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Table 4. Some common sources of chromium in the environment.

e Occupational exposure from production of chromate, stainless-steel, chrome plating

e Air emissions and water effluents from ferrochrome production, ore refining, tanning in-
dustries, chemical manufacturing industries (e.g., dyes for paints, rubber and plastic prod-
ucts), metal-finishing industries (e.g., chrome plating), manufacturing of pharmaceuticals,
wood, stone, clay and glass products, electrical and aircraft manufacturing, steam and air
conditioning supply services, cement production

e Air emissions from incineration of refuse and sewage sludge
e Combustion of oil and coal
e Oxidation and leaching from stainless steel into a water-soluble form

e Motor vehicle exhaust and emissions from automobile brake linings and catalytic
converters

e Tobacco smoke

is an essential micronutrient, playing a role in glucose metabolism. In contrast, Cr(VI) is
considered a known carcinogen (by inhalation route) and is associated with both acute and
chronic health effects (by inhalation and ingestion), as well as being a contact allergen (EPA
1998a; ATSDR 2000). Cr(IV) and Cr(V) are thought to play a role in the mechanism of
toxicity and have been associated with production of reactive oxygen species and carbon-
based radicals that may interact with DNA (cf. EPA 1998a; Gaggelli et al. 2002). In minerals,
water, and most soils, chromium is dominantly coordinated with oxygen. Cr(IIl) shows
a strong preference for octahedral coordination. The Cr** aqua ion undergoes hydrolysis,
yielding Cr(OH)**, Cr(OH),*, Cr(OH),°, and Cr(OH),” species depending on pH (Fig. 13).
Cr(III) may also form aqueous complexes with organic and inorganic ligands. Cr(VI) occurs
almost exclusively in tetrahedral coordination with oxygen, as the chromate anion (CrO,>").
The pK,, value for chromic acid, H,CrQOy, is ~6.5, so that HCrO,~ dominates in solutions below
pH 6.5, and CrO4>~ dominates above (Fig. 13). Cr(VI) also occurs as dichromate, Cr,0,>", but
this species only become important at millimolar Cr concentrations and greater.

Figure 13. Eh-pH predominance
diagram for aqueous chromium
at 25 °C (Cryo = 1 uM).
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Interconversion between Cr(IIl) and Cr(VI) depends on oxidation potential and pH (Fig.
13). Inasmuch as chromium is usually present at very low concentration in soils, surface
sediments, and aquatic systems, other redox couples, commonly involving iron or organic
matter, are usually important in controlling chromium oxidation state. Chromium occurring in
natural minerals is dominantly as Cr(III), as in the important ore mineral chromite (FeCr,Oy).
The occurrence of Cr(VI) species and compounds is usually a result of anthropogenic activities
or oxidative weathering.

Solubility and dissolution/precipitation. There are significant differences in the behavior
of Cr(III) and Cr(VI) species under most surface conditions. Cr(IIl) compounds and minerals
are largely insoluble except at low and very high pH. Over the pH range 6-10.5 precipitation
of crystalline or amorphous Cr(OH); or (Fe,Cr)(OH); effectively limits dissolved Cr(III)
concentrations to values below the current EPA drinking water MCL of 0.1 mg/L (Rai et al.
1987; Sass and Rai 1987), thereby limiting the oral exposure of this Cr species through water.

In contrast, Cr(VI) is highly soluble over the pH range of most natural waters. Chromate
salts of sodium, potassium, magnesium, and calcium are highly soluble and rarely limit
environmental Cr(VI) concentrations. Only PbCrO, (crocoite) is relatively insoluble. This
striking difference in solubility between Cr(IIl) and Cr(VI) species has the unfortunate
consequence that the essential micronutrient, Cr(III), is largely absent as a dissolved species in
water while the toxic form, Cr(VI), is soluble and therefore potentially mobile. This solubility
difference, however, also presents a potential remediation strategy based on conversion of
soluble Cr(VI) to insoluble Cr(III).

Chromium reduction/oxidation. Owing to the significant difference in Cr(III) and Cr(VT)
mobilities in the near-surface environment, redox processes are important for influencing
chromium bioaccessibility and exposure to organisms. Although pH dependent, the Cr(IIl/
VI) redox potential is relatively high, and CrO,?" is a strong oxidant. Ferrous iron, organic
matter, and sulfides have been shown to reduce Cr(VI) to Cr(IIl) readily even in the presence
of dissolved oxygen (James and Bartlett 1983a,b; Rai et al. 1989; Fendorf 1995; Patterson et
al. 1997). Reduction by Fe(II) has been shown to result in the formation of (Fe™ Cr™M)(OH);,
which is insoluble and stable (Eary and Rai 1988). Cr(VI) reduction may be facilitated at
surfaces of minerals containing Fe(Il). For example, magnetite and ferrous biotite surfaces
have been shown to reduce Cr(VI) to Cr(III) (Ilton and Veblen 1994; Peterson et al. 1996;
Peterson et al. 1997). Fendorf et al. (2000) also demonstrated that Cr(VI) may be reduced by
bacterial processes even in aerobic conditions.

Rai et al. (1989) and Fendorf (1995) report several studies in which Cr(III) was rapidly
oxidized to Cr(VI) by manganese oxides, which are common constituents in soils. The
effectiveness of this process, however, may be limited by formation of a hydrous Cr(OH); or
CrOOH precipitate at the MnO, surface (Fendorf et al. 1992; Charlet and Manceau 1993).

Chromium sorption. Owing to the high mobility of Cr(VI) in environmental systems much
attention has been focused on the sorption behavior of this Cr species and its effectiveness in
reducing mobility. As anion species (CrO4>~ and HCrO,"), Cr(VI) exhibits greatest sorption at
low pH (Fig. 14). Above pH 7 sorption may not be effective in removing Cr(VI) from solution
(Zachara et al. 1987, 1989, 2004). In view of their nearly ubiquitous occurrence, iron oxides
and hydroxides are likely to be some of the most effective sorbents. Chromate sorption may
be strongly diminished as a result of competition for available surface sites by other anion
species, such as carbonate, phosphate, and sulfate (e.g., Zachara et al. 1987).

Chromium in the body

Chromium exposure. The previous discussion focused primarily on environmental
processes that control the behavior of different chromium species in soils, sediments, and
aquatic systems. These influence human exposure mainly through ingestion of water, but may
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Figure 14. The pH dependence of chromate adsorption on different mineral and solid sorbents. [Reprinted
with permission from Rai D et al., The Science of the Total Environment, Vol. 86, Fig. 4, p. 21. Copyright
(1989) Elsevier.]

also relate to accidental ingestion of soil or inhalation of mineral dusts that contain chromium.
The largest source of chromium intake for the general population is from food, where it
occurs in the Cr(IIl) state (WHO 2003). Inhalation of Cr-containing airborne particles from
industrial emissions, both Cr(III) and Cr(VI), may be locally significant, but most instances
are associated with occupational exposures. Exposure may also occur through dermal contact.
Here, we restrict the following discussion to illustrate examples where chromium speciation
is relevant to health effects. Much of this information has been taken from the comprehensive
reviews provided by IPCS (1988), EPA (1998a,b), ATSDR (2000), and WHO (2003). Readers
are also referred to O’Flaherty (1996) and O’Flaherty et al. (2001).

Absorption and distribution. The efficiency of chromium absorption in the gastrointestinal
tract is relatively low, and contrasts with the much greater absorption of arsenic noted in the
previous section. Cr(VI) exhibits greater absorption than Cr(IIl), but both depend on the
chemical form and other factors, including food and nutritional status. After oral exposure,
most studies have shown absorption of soluble Cr(Ill) of ~0.5%, whereas absorption of
soluble Cr(VI) compounds was 2-7% (ATSDR 2000; EPA 1998a,b), with a similar absorption
efficiency for dissolved Cr(VI). However, Cr(VI) is partially reduced to Cr(III) in gastric fluid
(and elsewhere in the body) (De Flora et al. 1987), which decreases the total absorption owing
to the lower absorption efficiency of Cr(III). Essentially no absorption was observed following
oral exposure of Cr(III) as insoluble Cr,O; (Finley et al. 1996). Absorption of dietary Cr(III)
is approximately 0.5-2% (EPA 1998b), and absorption of Cr(II) in the form Cr(III) picolinate
(the form commonly used in vitamins) is as much as 3% (Gargas et al. 1994). Studies using
lab animals generally support the greater absorption efficiency of Cr(VI) over Cr(III). Cr(III)
absorption, however, may be enhanced when Cr(Ill) is complexed by organic ligands (e.g.,
oxalate) (ATSDR 2000) or when present in biologically active complexes (Mertz and Roginski
1971; O’Flaherty 1996).

Studies of inhalation exposure also show greater absorption of Cr(VI) than Cr(III) in the
lungs. This has been confirmed by studies using lab animals, which have also indicated that
the efficiency of chromium absorption in the lungs may be significantly greater than in the GI
tract. Studies using a rat model (summarized in ATSDR 2000) showed 53-85% absorption
from Cr(VI) particles (including clearance to the pharynx and into the GI tract) and 5-30%
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absorption from Cr(IIl) particles. Lab animal studies also show that absorption depends
strongly on the solubility of the inhaled compound, with greater absorption for more soluble
phases (Bragt and van Dura 1983). This supports the view that dissolution of a solid to a
soluble form is normally required for absorption across a physiological membrane.

The greater absorption of Cr(VI) compared to Cr(IIl) is largely due to the facilitated
transport of chromate across cell membranes, following the same anion channel pathway as
sulfate and phosphate (Wiegand et al. 1985). Absorption of Cr(III) is limited, occurring only
by passive diffusion and/or phagocytotsis, which are much less effective. In the blood, Cr(VI)
is able to cross the membrane of red blood cells, where it is rapidly reduced to Cr(III) and
interacts with proteins. In contrast, Cr(III) is largely restricted to the plasma (WHO 2003). The
greater tendency of Cr(VI) to cross cell membranes is also reflected in chromium distribution
following exposure. One study using a mouse model showed that Cr was detected only in the
liver following one year of exposure to Cr(II) chloride (a soluble form). In contrast, Cr was
detected in all organs for mice exposed to soluble Cr(VI) for the same period (ATSDR 2000).

O’Flaherty (1996) has suggested that because of its low absorption efficiency the factors
that influence bioaccessibility of any particular environmental chromium source are likely to
be the single most important determinant of toxicity.

Metabolism and elimination. The essential role of Cr(III) is associated with a biologically
active Cr(II) complex that is involved in glucose metabolism (Anderson 1986). Cr(VI) is
not stable in the body, and a variety of electron donors, such as ascorbate and glutathione,
cause reduction to Cr(III) species (De Flora et al. 1987). This proceeds throughout the body,
including in saliva, gastric and lung fluids, blood, and in major organs. This reduction of
Cr(VI) can be considered a defense or detoxification mechanism. However, Cr(V) and Cr(IV)
intermediates are formed during reduction; these have been associated with formation of
reactive oxygen species, and may be involved in the mechanism of toxicity (Gaggelli et al.
2002; Levina et al. 2003).

Absorbed chromium is mostly excreted as Cr(III) complexes through the urine within a
period of several hours to several days (ATSDR 2000). The absence of Cr(VI) in urine, even
after exposure to Cr(VI), indicates that reduction is complete within this time frame. Some
chromium is retained in tissue and bone for periods on the order of months or longer. The large
chromium fraction that is not absorbed following oral exposure is eliminated in the feces.

ROLE OF METAL SPECIATION: LEAD
Lead in the environment

Lead poisoning is one of the most common and serious environmental issues in
industrialized nations, particularly with regard to its effect on the cognitive development
of young children. Although lead occurs in the environment naturally, the vast majority
of the instances of elevated lead levels in the environment that are of concern for human
health are the result of human activity. Anthropogenic sources of lead include the mining,
smelting, and refining of lead ore, emissions from coal and oil combustion, emissions from
combustion of leaded gasoline, lead-based paints and solders, lead arsenate pesticides, and
waste incineration. Much of the review of lead in the environment provided here is taken
from the U. S. Department of Health and Human Service’s Agency for Toxic Substances and
Disease Registry on the effects of lead in the environment and its toxicology (ATSDR 2005b).
In addition to the ATSDR overview, excellent reviews are also provided by Baxter and Frech
(1995) and Ryan et al. (2004). Here, we provide a brief overview of the role of lead speciation
as it relates to mobility in the environment and human exposure, bioavailability, and health
effects.
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Lead as a mineral is extremely rare (Wedepohl 1995). The most common form of lead in
the Earth’s crust is galena (PbS), but other important ore minerals include cerussite (PbCOs),
anglesite (PbSQ,), and minium (Pb;0,). Lead minerals are commonly found in association
with zinc, copper, and iron sulfides and are commonly associated with gold and silver ores.
Lead can also occur as a trace element in coal, oil, and wood. The majority of the lead used in
industry today comes from recycling. Lead occurs in both the 2+ and 4+ oxidation states, but
in nature the 2+ oxidation state dominates.

Lead species in natural waters. In most ground and surface waters, the solubility of
lead compounds is generally low. The solubilities are dependent on water pH, the presence of
coexisting ionic species and ligands, water salinity, and the organic matter content. Solubility
tends to be highest in soft, acidic water. Eh-pH diagrams for the system Pb-CO,-H,O are
shown in Figures 15a and 15b for 5
ppb and 207 ppb Pb,,, respectively -
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PbO-PbSO,, and PbS (Corrin and Natusch 1977; EPA 1986; Spear et al. 1998). Oil and coal
combustion has also been found to release PbCl, and PbO (Nerin et al. 1999). Prior to 1990
nearly 90% of all lead emissions were the direct result of combustion of leaded gasoline. In
1984 the U.S. Environmental Protection Agency mandated the gradual phase-out of the use
of lead alkyls in gasoline and banned their use entirely in 1996 (EPA 1996). Today, industrial
emissions from metal smelting operations and battery manufacturing are the largest sources of
lead to the atmosphere.

The vast majority of the lead emissions from leaded gasoline are in the form of inorganic
particulates such as lead bromochloride. These halogenated lead compounds are formed
from the combustion of gasoline as the tetra-alkyl lead additives react with halogenated
lead scavenger compounds (EPA 1985). Less than 10% of the lead emitted from combustion
of leaded gasoline is emitted as organolead compounds such as vapor phase lead alkyls.
However, tetra-alkyl lead vapors are strongly photoreactive, and quickly react to form trialkyl
and dialkyl lead compounds, and eventually inorganic lead oxides (Eisenreich et al. 1981). In
direct sunlight the half-life of tetraethyl lead vapors is approximately 2 hours (DeJonghe and
Adams 1986). These lead particles are then deposited to either land or water through both
wet and dry deposition. Their fine particle size and solubility in acidic solutions make these
particles a particularly potent source of bioaccessible lead.

Lead species in soils. Once deposited to soils, the speciation of lead can take several
different forms depending on the soil type. Key factors controlling its speciation in soils include
soil pH, the organic matter content, and the soil cation exchange capacity (NSF 1977; Reddy et
al. 1995). All of these factors, along with the mineral form, particle size, and association with
other mineral phases, affect speciation of lead in soils and its potential for solubilization, which
would influence its bioaccessibility and bioavailability (Fig. 16; Ruby et al. 1999).
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Figure 16. Properties of lead species and compounds and their effects on lead bioaccessibility and
bioavailability in soils. [Reprinted with permission from Ruby et al. (1999). Copyright (1999) American
Chemical Society.]
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Sorption processes play a very important role in lead speciation in soils. In particular,
iron(IlT) and manganese(I1I/IV) oxides and hydroxides, which are ubiquitous in most soils,
are very effective sorbents for lead (O’Reilly and Hochella 2003). A number of studies (e.g.,
O’Reilly and Hochella 2003; Villalobos et al. 2005) have demonstrated that Mn-oxides in
particular are very efficient sorbents of Pb. Figure 17 shows the measured lead sorption
capacities for a variety of synthetic Fe- and Mn-oxides. Synthetic birnessite, in particular, can
sorb large amounts of lead from solution, almost an order of magnitude more than Fe-oxides.
EXAFS studies have indicated that Pb** forms inner-sphere complexes within the birnessite
inter-layer (Morin et al. 1999; Matocha et al. 2001; Manceau et al. 2002).

Soil organic matter can also play a vital role in determining lead speciation in soils. Soil
humic and fulvic substances, for example, have been shown to tightly bind lead (Pinheiro et al.
1999; Christl et al. 2005; Newton et al. 2006). Although humic substances contain several major
functional groups (primarily carboxylic groups ~80% and phenolic groups ~20%), it is gener-
ally thought that Pb exhibits a strong affinity for the carboxylic groups (COOH) of the humic
substances (Stevenson 1994; Xia et al. 1997). X-ray absorption studies of Pb-humate systems
indicate that Pb can form inner-sphere complexes with the humic component and that the struc-
ture of the binding site does not change appreciably as a function of pH (Xia et al. 1997).

For example, Morin et al. (1999) examined smelter-contaminated soils from Evin-
Malmaison, France, analyzing both tilled and wooded soil samples. They showed that
although the source of Pb contamination was similar, differences in the chemical forms of
Pb existed depending on soil type. In the wooded soil ~40% of the Pb was found to exist as
outer-sphere complexes, ~10% as Pb** adsorbed on hydrous Fe oxides or oxyhydroxides, and
~50% as Pb?* inner-sphere complexes bound to organic matter. By contrast, in the tilled soils
Pb was present almost entirely as inner-sphere complexes adsorbed on hydrous Fe and Mn
oxides. The higher amount of organo-Pb** and exchangeable outer-sphere Pb** complexes in
the wooded soil was attributed to their higher organic matter content (6.4 wt% vs. 1.5 wt%
TOC in the tilled soils).
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Figure 17. Average total lead sorption by various Mn and Fe-oxide minerals. Studies were conducted
using NaNO; (white bars) and KNOj; (gray bars) background electrolyte. [Reprinted with permission from
O’Reilly and Hochella, Geochimica et Cosmochimica Acta, Vol. 67, Fig. 6, p. 4479. Copyright (2003)
Elsevier.]
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However, the binding of lead with humic components can be strongly affected by the pres-
ence of other major ions such as Ca%*, Mg?*, and AI**. Mota et al. (1996) demonstrated that by
increasing AI** concentration, it was possible to also increase the concentration of free lead,
showing that aluminum competes with lead for the binding sites of humic substances. This can
be an important effect in soils containing gibbsite, where Al** concentrations may be high. Pin-
heiro et al. (1999) demonstrated a similar competitive binding of Pb** and Ca?* to fulvic acid.
Whereas solid organics can be quite efficient in diminishing lead mobility, aqueous organics, by
contrast, can act to enhance lead mobility. Organic acids produced by plants and soil microor-
ganisms can be particularly effective in chelating lead and enhancing mobility in soils.

Soil phosphate content also plays a role in controlling lead speciation. A number of studies
of Pb-contaminated soils have shown that precipitation of Pb?* as lead phosphate is effective
in sequestering lead in soils ( Davis et al. 1993; Cotter-Howells et al. 1994; Ruby et al. 1994;
Juillot 1998; Traina and Laperche 1999; Morin et al. 2001). This is particularly important in
evaluating lead bioaccessibility, inasmuch as members of the pyromorphite group [(Pb,Ca)s
(POy4)3(OH,CLF)] are among the most stable and least soluble lead minerals under surface
environmental conditions (Nriagu 1973, 1974, 1984) and may form rapidly when adequate
phosphate is present (Ruby et al. 1994). Their formation effectively limits the mobility of Pb
in some soils. Cotter-Howells (1996) reported on the presence of lead phosphate in urban and
roadside soils, demonstrating that these phases formed in the soil as a weathering product of
Pb-bearing grains. The low solubility of pyromorphite has also advanced the use of phosphate
amendments to lead-contaminated soils to promote pyromorphite formation.

There is also some indication that soil organisms may be able to biogenically precipitate
pyromorphite in contaminated environments. Jackson et al. (2005) demonstrated that soil
nematodes placed in a KCI-NaCl medium along with Pb(NO;), immobilize the Pb through
pyromorphite precipitation. Given the high density and turnover of roundworms in soil,
biogenic pyromorphite formation may influence Pb mobility and cycling in soils.

Lead species in paints and solders. The primary mode of lead exposure in children is
through oral ingestion of Pb-containing products, such as lead-based paint and solder. Lead
has been used as a pigment since ancient times and has been added to paint in a variety of
forms. Perhaps the most common pigment is so-called “lead white,” which contains a lead
carbonate phase [2PbCO;-Pb(OH),]. The popularity of lead white is due to its superior opacity.
Other commonly used lead-based pigments include ‘red lead’ (Pb;0, or 2PbO-Pb0,), lead-tin
yellow (Pb,Sn0O,), and Naples yellow [Pb(SbO3), or Pb(SbOy),]. The amount of lead in these
pigments may be very high, commonly more than 38% of the dried weight of the paint.

In solders, lead is usually present as an alloy with tin. Electronic solders are usually 60%
tin and 40% lead by weight in order to produce a near-eutectic mixture. Plumbing solders
typically contain a higher proportion of lead. Corrosion of lead-containing plumbing materials
in water distribution systems can release lead to drinking water, but the speciation of the lead
in the water can vary dependent on municipal water chemistry. Renner (2004) highlights
some of the complexities in evaluating the high levels of lead found in drinking water from
some areas in Washington, D.C. In most natural waters, lead occurs in the Pb(Il) oxidation
state. Municipal drinking water, however, tends to be highly oxidizing due to the addition of
significant amounts of chlorine. These oxidizing conditions promote the stability of Pb(IV)
species such as PbO, (Fig. 15), which has been observed as a common scaling product in
municipal water pipes in Washington, D.C. These scales remain stable and insoluble as long
as the water remains oxidizing. However, many municipalities have switched from the use of
chlorine to chloramine to comply with the EPA’s 1998 Disinfection Byproducts Rule, which
restricts disinfection byproducts in water. Chloramine use lowers the oxidizing potential of
drinking water, so that PbO, scale may become soluble.
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Lead in the body

Lead exposure levels. The toxicological effects of lead exposure have been well publicized
and are generally familiar to most readers. Humans are often exposed to lead levels above that
naturally occurring in soil or dust, and the most common contaminant sources and species
have been discussed above. A 1999 Swedish study (Baecklund et al. 1999) characterized lead
blood levels (PbB) in 176 men and 248 women, aged 49-92 years. Blood lead levels ranged
from 0.56 to 15 pg Pb/dL (median 2.7 pg Pb/dL). The concentration of lead in the blood (PbB)
is the most commonly used metric of absorbed dose for lead. The average PbB in the U.S. is
~2 pg/dL (0.1 uM or 20 ppb). The U.S. Centers for Disease Control (CDC) estimates that
890,000 children in the U.S. under 6 years of age may still have unsafe PbB and has established
a 10 pg/dL threshold for elevated blood-lead level (CDC 1985).

Although elevated lead exposure is generally harmful, the greatest health risks from
lead exposure are to preschool-age children and pregnant women and their fetuses. The
most profound effects of lead exposure are neurological. Lead affects virtually every
neurotransmitter system in the brain, and lead exposure has been linked to schizophrenia.
Ancient Romans used lead acetate as a sweetener in wine, which has been thought to have
caused a high incidence of dementia. Other medical conditions symptomatic of lead exposure
include nephropathy (kidney damage), acute abdominal pain (lead colic or painter’s colic),
anemia, bluish discoloration of gums (gingival deposition of lead sulfide, a.k.a. Burtonian
lines), gout (Saturnine gout), cardiac toxicity, endocrine effects, reproductive damage, and
miscarriage. The EPA has classified elemental lead and inorganic lead compounds as probable
human carcinogens.

Lead speciation and toxicokinetics. The toxicokinetics of lead in the human body have
been extensively studied, but the role of speciation in toxicity is not completely understood.
Studies have generally demonstrated that both organic and inorganic forms of lead are readily
absorbed through inhalation, although factors such as particle size, solubility, and speciation
may play important roles in determining lead absorption rates (ATSDR 2005b). Particles with
diameters <1 pm are particularly well absorbed through inhalation exposure (~95% absorption
for inorganic lead) since they can be deposited in alveolar regions of the lungs and can then be
absorbed through extracellular dissolution or ingestion by phagocytic cells (ATSDR 2005b).
Measurements of clearance rates for submicron particles of both inorganic lead, such as lead
oxide and lead nitrate (Chamberlain et al. 1978), and organic species, such as tetraethyl or
tetramethyl lead (Heard et al. 1979), are consistent with about 60-80% absorption 48 hours
after initial deposition in the respiratory tract.

Ingestion is also a relatively effective pathway for lead absorption, and there are clear
indications that the form of the ingested lead and the biochemistry of the gastrointestinal tract at
the time of ingestion affect absorption rates. Dermal absorption appears not to be a particularly
efficient pathway for the absorption of inorganic lead species. However, animal studies have
shown that organic lead is well absorbed through the skin (ATSDR 2005b) and is much more
readily absorbed in general. The available data on organic (i.e., alkyl) lead compounds indicate
that some of the toxic effects of alkyl lead are mediated through metabolism to inorganic lead
(EPA 1985).

Of the lead absorbed by the body, the majority ends up in mineralized tissues such as bone
and teeth (Barry 1981, 1975): ~95% in adults and ~70% in children. The elimination half-life
for inorganic lead in blood is approximately 30 days, whereas for bone it is approximately 27
years. Thus, PbB values only reflect exposure history for the previous few months, whereas lead
in bone is considered a cumulative biomarker. These effects are a reflection of the proteins that
bind lead in the body—proteins that naturally bind Ca and Zn (Godwin 2001). The two proteins
that have seen the most study are synaptotagmin, a Ca®>* binding membrane protein widely
expressed in the central and peripheral nervous system, and §-aminolevulinic acid dehydratase
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or ALAD, a zinc enzyme that catalyzes the second step of heme synthesis (Figure 18). Heme
is the portion of hemoglobin that carries oxygen in the blood from the lungs to the rest of the
body. In both these cases, the Pb?** ion has a much higher binding affinity than either Ca?*
Zn**. For example, consider that the CDC level for elevated PbB is 0.5 uM, whereas the average
total concentration of zinc in human plasma is about 17 pM and calcium roughly 1076 to 1073
M (Godwin 2001). In the ALAD enzyme, lead binding to a three-cysteine site in the enzyme
is ~500 times greater than zinc binding. When Pb?* displaces the active Zn?* ion present in the
metalloenzyme, the enzyme is rendered useless, inhibiting hemoglobin production and resulting
in anemia. In the synaptotagmin protein, Pb** appears to bind ~1000 times more strongly than
Ca? (Bouton et al. 2001). Here, substitution of Pb?* interferes with calcium-mediated signal
transduction in neurotransmitters.

There are indications that at least for lead introduced via ingestion, its speciation in the
presence of other metal components affects its absorption and toxicity. Simply relying on the
total concentration level as a measure of potential threat is inadequate. For example, Ruby et al.
(1999) examined lead gastrointestinal absorption using a juvenile swine model. Nineteen lead-
bearing substrates containing similar amounts of total lead from eight hazardous waste sites
were fed to test animals (Fig. 19), after which PbB was measured serially. At the completion
of the study, samples of blood, bone (femur), liver, and kidney were collected and analyzed for
lead concentration. This was then used to produce an estimate of relative lead bioavailability.
Samples from carbonate-rich soils (Jasper, MO) yielded high lead bioavailability values.
Soils derived from tailings, smelter slags, and soil from mining sites had the lowest relative
bioavailability, while soils from the vicinity of smelters generally yielded higher values. It is
important to bear in mind, however, that in large part this is a function of lead mineralogy;
mine sites with high levels of cerrussite (PbCO;) have tailings and soils with greater lead
mobility than mine sites rich in galena (PbS).

Rat models also demonstrate differences in absorption depending on the form of lead
ingested. Bone and tissue lead levels increase in a dose-dependent manner for animals receiving
lead in their diet in the form of lead acetate, lead sulfide, or lead-contaminated soil. However,
the bioavailability of lead sulfide was approximately 10% that of lead acetate (Freeman et al.
1996).

The presence of food in the gastrointestinal tract tends to decrease absorption of lead, but
likely this is compositionally dependent as well as being a reflection of the biochemistry of the

Ca?+(0.99 ) Pb2+ (1.19 ) Zn2+(0.74 )
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Synaptotagmin ALAD
Figure 18. Lead binds with protiens that naturally bind calcium (synaptotagmin) and zinc (ALAD) in spite

of their larger size. [Reprinted from Godwin, Current Opinion in Chemical Biology, Vol. 5, Fig. 1, p. 224.
Copyright (2001) Elsevier.]
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Figure 19. Relative lead bioavailabilities (Pb RBA) of
various groups of solid phases, as determined from in
vivo studies using a juvenile swine model. Pb(M) oxide
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[Reproduced with permission from Environmental stomach pH so that less Pb is solubilized

Health Perspectives, Casteel et al. (20006).] prior to reaching the GI tract. There are

also animal studies indicating that zinc
and iron deficiency may enhance lead absorption. Gastrointestinal absorption of lead occurs
by acid solubilization (Ellenhorn and Barceloux 1988) and it seems that at least some lead
transport across the digestive mucosa is similar to that of calcium (Gilman et al. 1990).

In considering gastrointestinal absorption of lead, researchers have developed a number
of in vitro digestion models that compartmentalize the digestive process (Fig. 20; Oomen et al.
2003a,b). In order for lead to be absorbed within the gastrointestinal tract it must be mobilized
from its matrix and present in a form capable of being transported across the intestinal
epithelium. Gastric juices in the stomach can be quite acidic, with pH values as low as 1, which
favors release of lead to a soluble form that makes it available for absorption (Fig. 15). Many
studies assume that lead absorption primarily occurs in the small intestine, where pH values
are 5-7.5 and lead is likely to be complexed (Oomen et al. 2003a). In vitro studies (Zhang et
al. 1998; Oomen et al. 2003a) have found that the change from simulated stomach to intestinal
conditions causes a rapid and complete transformation of lead to lead phosphates, such as
chloropyromorphite [Pbs(PO,);Cliy], and lead-bile complexes. As discussed earlier, lead
phosphates would be expected to have very low solubilities and their formation could limit the
concentration of soluble Pb; in fact these in vitro studies have demonstrated that the soluble
Pb fraction in the simulated intestinal fluid is negligible. However, Oomen et al. (2003a) also
demonstrated that the lead phosphates that are formed are labile, as also was shown by Feroci
et al. (1995) for the lead-bile complexes.
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ROLE OF METAL SPECIATION: MERCURY

Mercury is an example of a metal that is far more toxic as an organometal species than in
either metallic form or as an inorganic ionic species. Methylmercury (MeHg), in particular,
poses a serious health threat. Monomethylmercury is the primary species of concern, although
dimethylmercury has been detected in the marine environment. It has been proposed that one
of the primary factors contributing to the high toxicity of MeHg is its high lipid solubility,
which facilitates its transport across physiological membranes. Significantly, MeHg readily
crosses the blood-brain barrier, where it has greatest impact. Unlike arsenic discussed above,
the methylation of mercury occurs in the environment rather than within the body.

In this section we briefly summarize the sources of mercury in the environment, processes
that control mercury speciation in the environment, their absorption and metabolism by
humans, and the differences in toxicity between the methylated and inorganic forms. Detailed
reviews of the environmental chemistry of mercury (Ullrich et al. 2001; Tchounwou et al.
2003; Fitzgerald and Lamborg 2004), the distribution and toxicity of MeHg (NRC 2000;
Yokoo et al. 2003; Dopp et al. 2004; Norling et al. 2004), bioavailability of MeHg (NRC 2000;
Tchounwou et al. 2003), and mode of action of mercury and mercury compounds have been
published recently (Langford and Ferner 1999; NRC 2000; Schettler 2001; Tchounwou et al.
2003; Zheng et al. 2003; Fitsanakis and Aschner 2005; Garcia et al. 2005).

Mercury in the environment

Mercury, a Group IIb element in the periodic table, is rare in the Earth’s crust, with
average abundance estimated to be approximately 40 ppb (Wedepohl 1995). Organic-rich
sediments and soils are enriched in mercury due to the uptake of mercury by biota, while
sandstones and sedimentary carbonates contain on average 30 and 40 ppb Hg, respectively
(Fitzgerald and Lamborg 2004). Plants take up atmospheric mercury through their leaves and
soil-bound mercury through their roots (Tomiyasu et al. 2005). Once taken up, the mercury
is essentially sequestered (Greger et al. 2005) and mercury remains associated with buried
organic material. US coal contains on average 170 ppb mercury, much of it associated with
pyrite and to a lesser extent the organic matrix (Tewalt et al. 2005). Most of the mercury in coal
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pyrite is derived from degradation of organic compounds as the initial organic-rich sediment
undergoes diagenesis. Mercury ores are formed from hydrothermal fluids. Cinnabar, HgS,
is commonly the most abundant ore mineral in mercury deposits. Mercury has been used in
ancient Chinese cultures and was mined by the Greeks and Romans for use as pigments and
ointments. The modern-day, widespread use of mercury in gold mining, medical equipment,
chemical processing, fluorescent lamps, and relays has led to a high demand for mercury.

Weathering of Hg-containing rocks and volcanic emissions are the most important natural
processes that release inorganic mercury into the biosphere. Unlike weathering, volcanic
emissions are episodic. For example, a recent study of an ice core retrieved from the Fremont
Glacier in Wyoming, USA, shows a fivefold increase in atmospheric mercury deposition
associated with the Krakatau eruption in 1883 (Schuster et al. 2002).

Mercury is a redox element, with Hg(0), Hg(I), and Hg(II) as stable oxidation states in the
presence of water. Mercury is unusual in the fact that it is a liquid in its elemental state, a form
in which it is readily volatilized. Furthermore, liquid mercury is stable over a wide range of
redox conditions. The solubility of liquid mercury in water in the form of Hg’q, is ~10~7 M at
25 °C (Glew and Hames 1971). However, Hg® ) is volatile and readily lost to the atmosphere.
In sulfur-rich, reducing environments the formation of insoluble mercury sulfide phases
(cinnabar and metacinnabar) limits the solubility of mercury. In oxidizing environments the
solubility of mercury is limited by the formation of mercury oxides. In natural environments,
where the total concentrations of mercury are often vanishingly low, the solution concentration
is controlled by complexation with organic ligands and sulfide on one hand and sorption onto
organic matter and particulate matter on the other hand (Reddy and Aiken 2001).

Once mercury enters aquatic systems—either as dissolved species, associated with
particulate matter, or as elemental mercury—it can become methylated (Fitzgerald and
Lamborg 2004). An idealized cycle illustrating the major processes of mercury methylation
in freshwater lakes is shown in Figure 21. Methylation of mercury is closely tied to the sulfur
redox cycle. In anaerobic environments, sulfate-reducing bacteria promote methylation. It is
thought that the formation of sulfide by sulfate-reducing bacteria leads to the formation of
a suite of mercury-sulfide complexes (Ullrich et al. 2001). As shown in Figure 22, species
such as Hg(HS)zo(aq> and HgSzz‘(aq) account for as much as 10% of the aqueous mercury

Air Iy |

Hg® — Hg(ll) CH;HgCH,
Water Fish

Hg® «— Hg(ll — CH,Hg* «<——= CH;HgCH,
Sediment

Hg® <— Hg(ll) ¥—— CH;Hg* <—= CH,HgCH,

H,S
Organic & inorganic
Hg$S complexes

Figure 21. Idealized cycle of mercury methylation in freshwater lake environments. [Adapted from
Winfrey and Rudd (1990).]
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species in an anaerobic, sulfide-containing system in equilibrium with liquid mercury. Some
of the neutral inorganic complexes, such as Hg(HS),%,q, and Hg’ ), can readily diffuse into
the cells of sulfate-reducing bacteria where they are subsequently methylated as part of a
cellular defense mechanism (Fitzgerald and Lamborg 2004). Methylation takes place under
reducing conditions where hydrogen sulfide or bisulfide is the dominant sulfur species (see
Fig. 23). Methylated mercury species are labile and can be demethylated leading to a complex,
dynamic mercury cycle with significant fluxes of mercury between the atmospheric and
aquatic reservoirs. A fraction of the methylated mercury is taken up in the aquatic food chain,
bioaccumulates, and resists degradation (Norling et al. 2004).

While there is consensus that the global cycles of mercury have been significantly altered
by anthropogenic emissions, there is considerable uncertainty about the magnitude of some

Figure 23. Eh-pH predominance
diagram for mercury in the presence
of sulfur at 25 °C; Hg,, = 10° M,
Siot = 10~* M. Formation of cinnabar
and metacinnabar have been
suppressed. Calculations performed
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with thermodynamic data for
Hgo(aq)’ Hg(OH)yg), Hg(HS)zo(aq),
HgS(HS) (), and HgS,*(,q taken
from MinteqV4 database. -5t
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of the mercury fluxes (Fitzgerald and Lamborg 2004). It is estimated that anthropogenic
mercury emissions account for about 66% of the total emissions. Table 5 summarizes natural
and human inputs to the environment. Among anthropogenic inputs, the single most important
process by far is fossil fuel burning, particularly burning of coal (Nriagu and Pacyna 1988;
Pacyna and Pacyna 2002). While mercury emissions from coal power plants in Europe and the
US have dropped substantially over the last decade, the rapid economic development in India
and China has led to a significant increase in emissions in Asia (Pacyna and Pacyna 2002).
Mercury released by fossil fuel burning is predominantly in the form of gaseous elemental
mercury. A complex set of reactions in the atmosphere lead to the conversion of elemental
mercury into ionic mercury, which is deposited into aquatic systems via a combination of wet

Table 5. Summary of relevant toxicokinetic data for three important mercury species”.

MeHg

Hg(0)

Hg(l I)(aq)

Exposure

Fish, marine mammals, crusta-
ceans, animals and poultry fed
fish meal

Absorption

Inhalation: Vapors of MeHg
absorbed

Oral: Approximately 95% of
MeHg in fish readily absorbed
from GI tract

Dermal: In guinea pigs, 3-5% of
applied dose absorbed in 5 hr

Distribution

Distributed throughout body
since lipophilic; ~1-10% of
absorbed oral dose of MeHg
distributed to blood; 90% of
blood MeHg in red blood cells;
readily crosses blood-brain and
placental barriers

Metabolism
Slowly demethylated to Hg?*

Excretion

About 1% of burden released,
mostly via bile and feces.

Dental amalgams, fossil fuels,
occupational exposure, incinera-
tors

Inhalation: ~80% of inhaled
vapor Hg® dose readily
absorbed in lungs

Oral: GI absorption of metallic
Hg is poor; any released
vapor in GI tract converted to
mercuric sulfide and excreted

Dermal: Absorption of Hg? vapor
through human skin is very low
relative to inhalation absorption

Rapidly distributed throughout
the body since it is lipophilic.
Readily crosses blood-brain and
placental barriers

Hg(0) is oxidized in tissue and
blood to Hg?"

Excreted as Hg in exhaled
air, sweat, and saliva, and as
mercuric Hg in feces and urine

Oxidation of elemental mercury
or demethylation of MeHg; de-

liberate or accidental poisoning

with HgCl,

Inhalation: Aerosols of HgCl,
absorbed

Oral: 7-15% of ingested dose of
HgCl, absorbed from the GI
tract; absorption proportional
to water solubility of mercuric
salt; uptake by neonates greater
than adults

Dermal: In guinea pigs, 2-3% of
applied dose of HgCl, absorbed

Highest accumulation in kidney;
fraction of dose retained in
kidney is dose dependent. Does
not readily penetrate blood-brain
or placental barriers

Hg?* not methylated in tissue, but
process may proceed in GI tract
mediated by gut microorganisms

Excreted in urine and feces; also
excreted in saliva, bile, sweat,
exhaled air, and breast milk

#Abbreviated from Table 2-2 in (NRC 2000)
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and dry deposition (Fitzgerald and Lamborg 2004). Disposal of mercury-containing devices
and incineration of mercury-containing waste contribute to its release into atmosphere. The
use of liquid mercury in the extraction of gold by amalgamation has led to the release of large
quantities of mercury directly into aquatic environments (Eisler 2004). A recent study has
shown that methylation of mercury in wetlands increases with atmospheric sulfate loading
(Jeremiason et al. 2006). This finding suggests that acid rain deposition is a confounding factor
in the bioaccessibility of mercury in the environment.

Mercury in the body

Consumption of fish is the main source of exposure to mercury for humans. An estimated
95% of methylmercury contained in fish or shellfish is absorbed, with a significant fraction
accumulating in the brain (Table 5). MeHg is slowly demethylated in the body to inorganic
Hg(II), which is more readily excreted, primarily in the bile and then into feces. The ratio of
MeHg to inorganic Hg(II) in tissue varies with duration of exposure and length of time after
absorption. Postmortem studies have shown that as much as 80% of the mercury in the brain
is inorganic Hg(II) (IPCS 1990).

Oral ingestion of liquid mercury results in very low absorption in the gastrointestinal
tract. Less than 10% absorption is reported for oral ingestion of inorganic Hg(II) contained in
food (Elinder et al. 1988). Inhalation of mercury vapor results in high absorption in the alveoli
of the lungs, as much as 80%. Once dissolved in the blood, Hg(0) is enzymatically oxidized
to Hg(I) and is partly associated with red blood cells. Hence, metallic mercury is considered
a Fenton metal (Valko et al. 2005).

The ability to cross the blood-brain barrier contributes to the toxicity of methylmercury
(Garcia et al. 2005). The mechanism(s) of toxicity are not fully understood (IPCS 1990).
Poisoning by MeHg is known as Minamata Disease, named after an infamous incident in
which thousands of people were exposed to fish contaminated with MeHg released from an
industrial source. Currently, informal gold mining in the Amazon is affecting native Indians
who rely on fish as a source of protein (Lodenius and Malm 1998; Hylander et al. 2000;
Maurice-Bourgoin et al. 2000). An estimated 2000 tonnes of mercury has been released into
the Amazon since 1980 (Malm 1998). Some of this mercury is transformed into MeHg which
enters into the aquatic food chain. Population studies among Amazonian Indian communities
show that individuals in communities eating contaminated fish are more likely to develop
neurological diseases (Dolbec et al. 2000; Counter 2003) and some have mild symptoms of
Minamata disease (Lodenius and Malm 1998).

METHODS FOR CHARACTERIZATION OF METAL SPECIATION

The choice of methods for speciation analysis typically depends on which metals need
to be analyzed, which species are expected, and the physical forms of the materials to be
analyzed (e.g., liquids vs. solids). The approaches that can be used in speciation analysis vary
broadly since distinct chemical species encompass chemical compounds that can “differ in
isotopic composition, conformation, oxidation or electronic state, or in the nature of their
complexed or covalently bound substituents” (Templeton et al. 2000). The following overview
of commonly used techniques is not meant to be either definitive or comprehensive. The
number of techniques available to the researcher today is truly staggering and the techniques
are rapidly evolving. The techniques that we highlight here reflect some of the research
examples presented in this chapter. These brief descriptions should serve as a starting point
for readers in assessing the techniques that will be most suitable for their given problems. It is
also important to recognize that often it is necessary to use several techniques to obtain a more
complete view of metal speciation (e.g., Scheinost et al. 2002).
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For more comprehensive descriptions readers are referred to the “Handbook of Elemental
Speciation: Techniques and Methodology” by Cornelis et al. (2003) and to review articles by
Tack and Verloo (1995), Caruso et al. (2003), and D’ Amore et al. (2005). But it must be empha-
sized that in applying any of these techniques particular attention should be given to ensure that
sampling, sample storage, and sample preparation do not alter either the metal concentrations or
other chemical properties for which the speciation analysis is being conducted.

Equilibrium modeling

Frequently, equilibrium modeling is a critical step in establishing the identity of chemical
species likely to be present under given conditions, particularly in aquatic systems or in
solutions. Equilibrium modeling generally assumes that all reactions in a system have gone
to completion and is thus not typically suited to evaluating reaction kinetics. However, it can
be very powerful in modeling equilibria among dissolved, adsorbed, solid, and gas phases
as a function of pH and ionic strength. For many metal species, with just a measurement of
solution pH and component concentrations a researcher can readily model the equilibrium
abundances of metal ion species in the system. Numerous computer software programs exist
to facilitate such modeling, more than can be described here. Some of the most commonly
used programs include MINTEQA2 (U.S. EPA), PHREEQC (Parkhurst and Appelo 1999),
and The Geochemists Workbench (Bethke 2002) (http://www.rockware.com). The user can
typically input the total component concentrations and any invariant system parameters such
as pH, pe, or gas partial pressures. In some cases you can also specify if given mineral phases
are presumed to be present at equilibrium. The results of model calculations are not only
dependent on user-defined constraints, but also the thermodynamic database used. In programs
such as PHREEQC the user can select among several databases. The databases differ in the
number of elements and species for which thermodynamic data are included. A substantial
caution exists in that such modeling is only as good as the thermodynamic data used and the
assumptions made to constrain the modeling.

Sequential extraction of solid species

Sequential extraction protocols in and of themselves are not methods of directly assessing
speciation, but rather a means of isolating chemical species for analysis. For some solids,
extraction protocols are necessary for effectively measuring their abundance. The number
of sequential extraction protocols available for various metal species are numerous and are
readily found by searching published articles. Many of these techniques are modifications of
the procedure developed by Tessier et al. (1979) for the partitioning of particulate trace metals
into five fractions: exchangeable, acid soluble (bound to carbonates), reducible (bound to Fe-
Mn oxides), oxidizable (bound to organic matter or sulfides), and residual. In particular, an
emphasis is placed on the choice of extraction reagents and their selectivity in each leaching
solution. For example ammonium acetate is commonly used to liberate exchangeable metals,
and sodium acetate or acetic acid are effective at acidic pH values for selective dissolution of
the carbonate fraction.

Caution is needed, however, in applying extraction procedures to systems other than those
for which the procedures were initially developed. Several studies have shown that results from
sequential extraction procedures can vary dramatically when applied to terrestrial soils and
sediments. For example, Scheckel et al. (2003) noted the problem of extracted metal species
alteration before, during, and after separation of solids from solution. For soils spiked with Pb
and amended with calcium phosphate, they observed significant shifts of extractable Pb to the
residual phase during the sequential extraction steps, which were attributed to pyromorphite
formation. Similarly, in the evaluation of As species in soils Mihaljevi¢ et al (2003) demonstrated
how the use of extraction techniques can be complicated by the occurrence of As extracts in
the form of anionic complexes resulting from the dissociation of H;AsO,. Moreover, sequential
extraction protocols are generally found to be problematic for As and Se (Gruebel et al. 1988).
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Electrochemical methods: voltammetry and polarography

Voltammetry allows metal concentrations in solutions to be measured at extremely
low levels, often at parts per trillion concentrations. Some organic compounds can also be
measured. It is also an excellent tool for measuring metal oxidation states and differentiating
between free and bound metal ions in solution. Voltammetry measures the current at a working
electrode as a function of the applied potential, where the current is proportional to the analyte
concentration in solution. Working electrodes can be made of several conducting materials
such as gold, platinum, or carbon. In polarography, a dropping mercury electrode is used to
continuously renew the electrode surface. The method is really only directly applicable to the
analysis of species in solution and care must be taken to ensure that sample preparation does
not induce changes in speciation. Nevertheless, it is a technique well suited for examining metal
speciation in aquatic systems and has been widely applied to in situ measurements on natural
waters (Van Leeuwen et al. 2005). It is also applicable to analysis of metals in bodily fluids, for
example the analysis of blood lead levels (Bannon and Chisolm 2001). In cyclic voltammetry
the scan rate of the experiment can be “tuned” to the kinetics of the electrochemical reaction,
making it also useful for examining redox kinetics.

Liquid membrane techniques

As with voltammetry, liquid membrane techniques are suitable for measuring the
concentration and distribution of chemical species in liquids, including natural waters, plant
extracts, and bodily fluids. Detection limits are typically on the order of micrograms per liter.
Dialysis is a familiar liquid-membrane technique. Different membrane techniques exist based
on the type of membrane material. The permeation liquid membrane (PLM) technique, for
example, is based on liquid-liquid extraction principles. A polymer membrane is used that
supports a hydrophobic ligand as a carrier molecule. The membrane separates the solution
to be analyzed (containing a natural ligand) from a receiving, strip solution, setting up a
chemical potential gradient. The flux through the membrane can then be measured and related
to the concentration of the free ion or labile metal complex. The Donnan membrane technique
(DMT) is similar, but uses a cation exchange membrane to measure free ion activity using the
Donnan principle (Lampert 1982). Detection limits are typically on the order of milligrams
per liter. Here, the analyte solution is separated from an anion containing receiving solution
by a negatively charged semipermeable membrane (Zhang and Young 2006). Because of the
negative charge of the membrane, cations move across the membrane to the acceptor solution.

Liquid chromatography

There are numerous chromatographic methods used for speciation analysis. In
chromatography an analyte is passed through a stationary phase (such as an ion exchange
resin) as a gas or liquid, with each component having a distinct retention time. In essence,
all chromatographic methods are separation techniques that take advantage of differences
in partitioning, adsorption, ion exchange behavior, or molecular size of the analyte species
relative to the stationary phase. For the speciation analysis of environmental samples the
most commonly employed chromatographic techniques are typically based on some form
of liquid chromatography such as high-performance liquid chromatography (HPLC) or ion
chromatography. The exact technique to be used is dependent on the species of interest.
Liquid and gas chromatographs are also commonly interfaced to element specific detection
systems such as mass spectrometers (LCMS and GCMS) or nuclear magnetic resonance
systems (LC/NMR). Such coupled devices (‘hyphenated’ techniques) have detection limits
at low-femtomole levels. Such combined systems can elute species sequentially from
the chromatographic column directly to the mass spectrometer for compound-specific
identification. For example, such techniques have been used in measuring Se speciation in
Se-enriched garlic (Dumont et al. 2006).
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Capillary electrophoresis

Capillary electrophoresis (CE) can be used for the separation of a wide variety of
species, of inorganic and organic ions and of varying ionic radius. The technique relies on ion
migration of charged electrical species in an electrolyte in the presence of an electric current.
The use of capillaries facilitates automated analysis and peak detection. A number of variants
of the technique exist that allow for separation based on size and charge differences between
species. As with chromatography, CE systems are typically coupled to detector systems
such as UV absorbance detectors, diode detectors, fluorescence detectors, or as hyphenated
techniques coupled to mass spectrometers. Advantages of the technique are high separation
efficiency, high speed of analysis, and the ability to use very small amounts of sample. As an
example, Forte et al. (2005) were able to use CE analysis to attain the simultaneous separation
of seven arsenical species: arsenite (As III), arsenate (As V), monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), arsenobetaine (AsBet), arsenocholine (AsCh) and p-arsanilic
acid (pAs), as well as quantify the abundance of each species.

Inductively coupled mass spectrometry (ICP-MS)

As described above, ICP-MS systems are now commonly coupled to GC and HPLC
separation systems. In fact, HPLC-ICP-MS may arguably be the most widely used technique
for speciation analysis in aqueous media. In ICP-MS, plasma is used to atomize and ionize the
species in a sample. The species are then identified by their mass-to-charge ratio. Detection
limits for ICP-MS are typically better than sub ng/L. ICP-MS can detect a wide range of
species containing trace elements, with a very large dynamic range (Rosen and Hieftje 2004).
It can thus be used for analysis of a wide range of both trace and major elements from the same
sample dilution. However, in this mode serious interference problems can exist, which must
be evaluated during analysis. For example, low levels of arsenic cannot be analyzed in high-
chloride solutions, such as sea water, using standard ICP-MS due to interferences; as a result,
specialized ICP-MS systems, such as high-resolution ICP-MS or dynamic-reaction chamber
(DRC) ICP-MS techniques, are needed for analysis of low levels of As, Mo, Se, and some
other elements in sea water. There can also be problems with the composition of the solvent
injected into the nebulizer leading to plasma instability.

Magnetic spectroscopies (NMR, EPR, and Méssbauer spectroscopy)

Magnetic spectroscopies exploit the magnetic properties of nuclei. Nuclear Magnetic
Resonance (NMR) spectroscopy, Electron Paramagnetic Resonance (EPR) spectroscopy, and
Maossbauer spectroscopy are the three most familiar magnetic techniques used for speciation
analysis. NMR spectroscopy uses the fact that when NMR-active nuclei are placed in a
magnetic field of a given strength, they resonate at a specific frequency, dependent on strength
of the magnetic field. Since different chemical groups in a compound resonate at slightly
different frequencies, the “chemical shift” imparted to the proton spectrum by each component
can be used to identify the compound. NMR techniques are restricted to the analysis of non-
ferromagnetic elements with spin %2 nuclear isotopes. Detection sensitivities are on the order
of 10-10,000 ppm (D’ Amore et al. 2005). Electron paramagnetic resonance (EPR) or electron
spin resonance (ESR) is analogous to NMR, but detects species that have unpaired electrons.
Thus transition-metal and rare-earth species that contain unpaired electrons can readily be
analyzed. Organic molecules that contain unpaired electrons can also be analyzed. EPR
usually requires microwave-frequency radiation (GHz), while NMR is observed at lower
radio frequencies (MHz). NMR and EPR are generally nondestructive techniques as they
utilize non-ionizing radiation. Mossbauer spectroscopy utilizes the fact that when some solid
samples are exposed to a beam of gamma radiation, the intensity of the beam transmitted
through the sample will change as a function of gamma-ray absorption because there is a
lack of recoil. Mossbauer analysis is restricted to elements that display this behavior. Most
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notably for environmental analysis, Fe, Cs, Ba, Ni, Zn, Sn, Sb, and Hg can be analyzed. Some
actinides such as Th, Pa, U, Np, and Pu can also be analyzed. Detection limits are on the order
of 1-1000 ppm, and since the technique can be used to detect shifts in transition energy around
the absorbing atom, it is well suited for detecting changes in valance and site substitutions
(D’ Amore et al. 2005).

X-ray diffraction and X-ray absorption spectroscopy

A number of X-ray techniques can be used to evaluate metal speciation in environmental
and biological materials. The three most commonly used techniques are X-ray diffraction
(XRD), X-ray fluorescence (XRF), and X-ray absorption spectroscopy (XAS). Many readers
will be familiar with XRD, which provides information on crystal structure and phase identity
from the Bragg scattering vectors from X-rays interacting with a periodic array of atoms.
It is worth noting that neutron diffraction offers benefits for certain materials, particularly
where structural information for protons or water is needed. Although most commonly used
for crystalline materials, scattering techniques may also be useful for characterization of non-
crystalline materials.

We also assume that many readers are familiar with X-ray fluorescence (XRF), which
provides quantitative elemental analysis of materials in solid, liquid, and even gaseous
forms. The increased availability of synchrotron X-ray sources, with their extremely high
brightness and brilliance, has allowed improvements in spatial resolution and sensitivity
of X-ray methods by orders of magnitude relative to laboratory X-ray tube sources (Sutton
et al. 2003). Synchrotron-based XRF can detect metal concentrations with a sensitivity of
approximately 1 fg. Synchrotron-based XRD with spatial resolution better than 10 pm is
now possible, allowing for in sifu phase identification of complex, heterogeneous materials.
X-ray absorption spectroscopy (XAS) is an element-specific technique. Largely restricted to
synchrotron sources, XAS is now routinely performed on samples with metal abundances
as low as 1 to a few tens of ppm, depending on the metal and the nearest-neighbor atoms.
X-ray absorption near-edge structure spectroscopy (XANES) provides direct information
on oxidation state and coordination, whereas extended X-ray absorption fine structure
spectroscopy (EXAFS) allows characterization of the number and type of neighboring
atoms and their distance from the absorbing element. One of the primary advantages of these
synchrotron-based X-ray techniques for assessing speciation (compared to those discussed
above) is that samples need not be disturbed or destroyed for study; XAS allows direct, in
situ characterization (Manceau et al. 2003). For example, synchrotron-based XAS methods
can identify the chemical speciation and elemental associations of arsenic in dilute (<100
mg kg™!) heterogeneous materials, such as poultry litter, with high spatial resolution (Arai et
al. 2003), or measure the speciation of lead within organisms such as soil nematodes in situ
with no need for species separation, pre-concentration, or pre-treatment (Jackson et al. 2005).
Most of the methods previously described require separation or processing (e.g., dissolution
for the analysis of non-liquid samples). It is not surprising, therefore, that synchrotron-based
techniques have become so widely used in speciation analysis.

FUTURE RESEARCH AND ROLE OF GEOCHEMISTS

Geochemistry and mineralogy have been integral parts of exposure studies for many
years. In particular the insight provided into the speciation of metals and the processes that
control speciation, mobility, and ultimately bioaccessibility represent important contributions.
A new frontier will be the integration of geochemical concepts and methods with
molecular toxicology to better understand the mechanisms by which metals cause adverse
health effects. One of the challenges is to identify and incorporate all relevant biological
ligands into models. For example, ligands such as glutathione (Fig. 24) may be present at



100 Reeder, Schoonen, Lanzirotti
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forward IS. to use approx1matlon and Figure 24. Glutathione is one of many biologically
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served geochemist well over the last sulfhydryl group being a primary binding site.

half century to obtain estimates of the

most relevant equilibria.

Microspatial speciation analysis of biological tissue samples represents another major
challenge. While total metal analysis of tissues is routine, microspatial and in many cases
redox-specific microspatial analysis is expected to offer new insights into the role of metals
in disease. Instrumental techniques familiar to many geochemists and mineralogists, such
as synchrotron-based micro-XRF and micro-XAS, are now being used more commonly for
speciation analysis in biological tissues. With continued improvements in spatial resolution
and signal quality provided by new generation synchrotron sources, further advances in
speciation of metals will offer new opportunities for research.
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