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ABSTRACT

Widespread observations of organic compounds in vegetation, soil, animals, and
human tissue have motivated research on more accurate characterizations of chemical
transport over regional, continental, and global scales. Efforts to assess human and
ecosystem exposure to contaminants from multiple environmental media have been
evolving over the last several decades. In this review we summarize the development
and evolution of the multimedia mass-balance approach to pollutant fate and exposure
evaluation and illustrate some of the calculations used in multimedia assessments. We
describe the concepts that make possible the Mackay-type mass-balance compartment
models. We describe ongoing efforts to use multimedia models to quantify human
exposures. We use a series of case studies of varying complexity to illustrate capabilities
and limitations of selected multimedia approaches. We look to the future and consider
current challenges and opportunities in the field of multimedia contaminant fate and

exposure modeling.
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RUNNING TITLE

Multimedia and Multi-pathway Exposure

INTRODUCTION

In 1985, the Council on Environmental Quality, which coordinates federal

environmental initiatives in the United States, recommended that long-term



environmental research focus on 1)contaminant transfer rates among environmental
media (i.e., soil, water, and air); 2)@eohydrological processes at soil / water/ air
interfaces; 3)(the role of biological, physical, and chemical processes in pollutant
transport; and 4)(the scientific basis for quantitative risk assessment (1). The nature of
these research challenges required a novel approach that described interactions
between the seemingly distinct components of the ecosystem — the atmosphere,
hydrosphere, lithosphere and biosphere. In the field of contaminant fate and exposure
assessment this philosophy ran counter to the single-medium paradigm where efforts
were concentrated piecemeal on air, water, or soil. As illustrated in Figure 1, the
multimedia approach requires comprehensive assessments that locate all points of
chemical release to the environment, characterize mass-balance relationships and track
the contaminants through the entire environmental system to exposure of individuals
or populations. A complete assessment of this type can be used to identify where in the

chain of events control efforts would be most effective.

[FIGURE 1]

The emergence of the multimedia paradigm has focused attention on the long-
term behavior and effects of chemicals released from modern industrial economies into
the environment. Organic-chemical, inorganic-chemical, and radionuclide
contamination of soils, the release of volatile and semi-volatile organic compounds to
air and to soil, and toxic-chemical runoff to surface water are all multimedia problems.
Since 1985 an entire discipline of multimedia modeling of contaminants has evolved and

many useful techniques and modeling tools have been developed. Multimedia fate



models are now widely applied for many types of environmental assessments. These
models have become accepted despite being impossible to validate because of their
inherent structure. This raises questions about their reliability and how to address
uncertainty in the model results and provide policy makers with useful guidance. In this
paper we will document the development and application of multimedia models and

illustrate their applicability to problems at a variety of levels of complexity.

The History and Motivation for Multimedia Models

Although it is difficult to identify the true origin of multimedia models, it is clear
that the need to assess human exposure to global fallout in the 1950's required
considering transport through and among air, soil, surface water, vegetation, and food
chains (2-7). Although the papers in the health physics and radioecology literature did
not specifically refer to these models as “multimedia”, they included many of the
attributes that we now consider part of the multimedia-model genre. In the 1970’s,
growing concerns about the impacts of metal species such as lead, cadmium, mercury,
and arsenic resulted in efforts to develop global and regional mass-balance models for

these metals (8-10).

Efforts to develop regional/ global mass balance models for organic chemicals
clearly emerged in the late 1970s with the publications of the first edition of
Chemodynamics (11) and the seminal papers by Mackay describing the application of
fugacity principles to environmental problems (12-14). In the early 1980’s Bennett (15-
17) applied the source-to-dose methods of the health physics field to metals and organic
chemicals with what he called the “exposure-commitment method,” which was

primarily an empirical model. By the late 1980’s multimedia modeling had become



more established and was the subject of several reviews, national workshops and

studies (18-22).

The most widely used multimedia models are the mass-conservative Mackay-
type compartment models (12-14, 20, 22, 23). These models are most appropriate for
treating transport and transformation of chemicals emanating from non-point sources

over relatively long time and length scales at low concentrations.

An important extension of the multimedia paradigm was the introduction of
comprehensive models that linked environmental contamination to multiple pathways
for human or wildlife exposure. McKone and Layton (24) were among the first to link
regional multimedia mass balance models to deterministic multipathway exposure
models to assess the health risks of the US Army’s program for managing the disposal
of explosives and propellants. By the early 1990’s the paradigm was sufficiently well
accepted by scientists and regulators that the California Environmental Protection
Agency adopted a multimedia approach for setting clean-soil goals through its CalTOX
program (25-29), and the European Union adopted a multimedia multipathway
framework for chemical risk assessment (30). The CalTOX model also introduced the

tirst effort to formally address uncertainty and variability in multimedia models.

A Brief Overview of Multimedia, Multi-pathway Modeling

Multimedia fate and exposure models synthesize information about partitioning,
reaction, and intermedia-transport properties of a chemical in a representative or
generic environment with information about exposed humans or wildlife to assess
impacts such as health risk. The environment is treated as a set of compartments that

are homogeneous subsystems exchanging water, nutrients, and chemical contaminants



with other adjacent compartments. There are two basic features that make
compartment models suitable for an integrated model of transport and transformation
in multimedia environments. 1) Each compartment forms a unit in which one can
balance gains and losses attributable to sources, transfers to and from other
compartments, and chemical transformations; and 2) Each compartment forms a unit in

which chemical partitioning can be evaluated against equilibrium criteria.

A cumulative multipathway exposure assessment for humans relates
contaminant concentrations in multiple environmental media to concentrations in the
media with which a human population has contact (personal air, tap water, foods,
household dusts soils, etc.). The potential for harm is assessed either as the average

daily intake or uptake rate or as time-averaged contact concentration.

Multimedia contaminant fate and exposure models have been useful to decision
makers because these models provide an appropriate quantitative framework to
evaluate our understanding of the complex interactions between chemicals and the
environment. The greatest challenge for multimedia models is to provide useful
information without creating overwhelming demands for input data and producing
outputs that cannot be evaluated. The multimedia modeler must struggle to avoid
making a model that has more detail than can be accommodated by existing theory and
data while also including sufficient fidelity to the real system to make reliable

classifications about the source-to-dose relationships of environmental chemicals.

Overview of the Chapter

The first section of this review focuses on the fundamental assumptions of

compartment-based mass-balance models and their mathematical formulation. Simple



examples illustrate multimedia fate calculations using the fugacity concept. We describe
multipathway exposure models used to calculate rates of exposure by humans or
wildlife from measured or modeled contaminant concentrations in the next section.
Finally, we describe and review efforts to combine the contaminant fate and exposure
models to conduct source-to-dose calculations for multimedia environmental
contaminants, and discuss some of the philosophical and technical challenges currently

facing model developers.

MULTIMEDIA CONTAMINANT FATE: THEORY AND MODELS

We present here an overview of mass balance contaminant fate and transport
calculations using the fugacity approach. The text by Mackay (23) provides a
comprehensive discussion of this topic and is highly recommended for the interested
reader. Additional information on many of the concepts discussed below, including
alternative formulations of mass balance equations using rate constants and

concentrations rather than the fugacity concept, are available in Schwarzenbach et al.

(31) and Thibodeaux (11).

Phase Equilibrium and Chemical Partitioning in Environmental Systems

In this section, we explore the philosophical approach used in developing
multimedia contaminant fate models. The complexity of multimedia environments and
our lack of data and knowledge limits our ability to quantify multimedia processes. As
a result, the approach to model development is to simplify the chemical-environment
system as much as possible and systematically build up a more detailed understanding

of the system. At their core, all multimedia models of contaminant fate in the



environment are based on a set of three postulates. The first two are axiomic laws, and
the third provides a convenient framework for avoiding being overwhelmed by the

complexity and variability of the natural environment.

(1) The law of conservation of mass

This axiom provides the basis for writing mass balance equations, which are
indispensable tools in a wide range of engineering applications. Adopting the law of
conservation of mass for environmental calculations represents recognition that,

although vast, the assimilative capacity of the environment for chemicals is finite.

(2) The law of chemical equilibrium.

According to the Second Law of Thermodynamics, chemicals are driven to
disperse into the environment such that the chemical-environment system reaches
thermodynamic equilibrium. In a closed system with multiple solvating phases at
equilibrium a solute will be distributed in such a way that the system has reached a
minimum of free energy. The change in free energy associated with movement of the
solute from one region to another is directly proportional to the difference in chemical

potential between the regions.

(3) The use of linked compartments

The environment can be usefully described as a set of linked compartments or
“boxes”. In contrast to the axiomic laws above, this is clearly a gross simplification of
the real system under study. The underlying assumption is that the overall fate of

chemicals of interest is more strongly controlled by partitioning between the various



phases available to the chemical than by spatial differences in properties within
individual compartments of the system. This postulate is consistent with a philosophical
approach to model development that views a useful model as one that captures the
characteristics of a system that are assumed to be important and omits those that are

extraneous.

With these three postulates as a foundation, multimedia mass balance models
describing the partitioning and ultimate fate of chemicals in the environment can be
assembled. Figure 2 provides a simple generic example of a regional environment
consisting of five discreet compartments. Arrows in Figure 2 represent transfer and
transport pathways between the compartments that are available to chemicals. In
order to formulate the equations that quantitatively describe the system illustrated in
Figure 2, and recognizing the second postulate above, we introduce the fugacity

concept.

[FIGURE 2]

Fugacity and Fugacity Capacity

Fugacity is a metric for quantifying chemical activity at low concentrations.
Fugacity, f, can be viewed as the “escaping tendency” of a chemical in a phase, has
dimensions of pressure, and is related to concentration, C, by a proportionality

constant, fugacity capacity, Z:

c=zf [1]
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In the SI system, Z has units of mol m-3 Pa-1. From the ideal gas law it can be shown
that Z for the vapor phase is 1/RT where R is the gas constant and T is absolute

temperature.

Fugacity is a criterion of equilibrium. When a chemical reaches equilibrium
distribution between two available phases, the fugacities of the chemical in the phases
are equal. Equilibrium partitioning between two phases can also be described by a

dimensionless partition coefficient K;,, which can be measured under laboratory
conditions as the ratio of concentrations C; and C,. Applying the relationship between

concentration and fugacity, and recognizing that f; = f, at equilibrium:

C V4 Z
K122—1—L——1 [2]

SR 2
Z can thus be determined experimentally for many phases by measuring partition

coefficients between the phase of interest and a phase with known Z.

The environment shown in Figure 2 includes air, water, and soil and sediment
particles. As shown in Table 1, Z values for these four phases can be derived from the Z
value for air and appropriate partition coefficients measured in the laboratory. Several
assumptions are required to arrive at these expressions, including (i) that chemicals in
the vapor phase obey the ideal gas law, (ii) that chemicals in the aqueous phase form
ideal dilute solutions, and (iii) that octanol can be used as a surrogate to describe
chemical partitioning to lipids and the organic carbon component of soil and sediments,

as described by Karickhoff (32) and reviewed by Seth et al (33).
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[TABLE 1]

Partitioning in a Closed System—Level I Models

Treating the environment as an open or closed system and making different
assumptions about compartment equilibria and temporal trends in concentration allows
multimedia models of varying complexity to be assembled. Four levels of complexity
suggested by Mackay (23) are summarized in Table 2. As one progresses from Level I
to Level IV calculations, the fidelity of the calculation to the actual chemical-
environment system increases, but at the cost of additional requirements for input data
describing both the environment and the chemical. At the lowest level of complexity,

we model a closed system at equilibrium.
[TABLE 2]

From the fugacity capacities in Table 1 and the law of conservation of mass a
simple fugacity calculation can be used to describe the equilibrium partitioning of a
fixed number of moles (M) of chemical in a closed environmental system consisting of
four compartments (which may be composed of several distinct phases) with defined

volumes (V).

M=V.C +V,C,+V,C;+V,C,

—V,Zf+V,Z,f+ V. Z.f+ V,Zf [3]

= f(V,Z,+ V,Z,+ V,Z,+ V,Z,)
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Where C is the concentration of chemical in each compartment. The prevailing

fugacity of the chemical in the system can be calculated from the general equation:

M
f=EWZ

This simple equilibrium partitioning calculation is termed a Level I fugacity
calculation (23). The results of the Level I calculation provide insights into the influence
of chemical properties on environmental partitioning and a rapid assessment of the

environmental media into which the chemical is likely to partition.

Figure 3 provides sample results from a Level I calculation for the homologous
series of chlorinated benzenes as adapted from MacLeod and Mackay (34). Equilibrium
partitioning of members of the series at each of the seven possible chlorination levels
are plotted as a percentage in the air, water, soil and sediment of a generic environment
with properties similar to a jurisdictional region such as the US state of Ohio or the

country of Greece.

[FIGURE 3]

As indicated in Figure 3, the less chlorinated congeners of the series of chlorinated
benzenes partition almost exclusively to air. With increasing chlorination level there is
an increased tendency for chlorobenzenes to partition out of the atmosphere and into
the organic carbon component of soils. This simple assessment of the equilibrium
partitioning tendencies of chlorobenzenes is consistent with the observed

environmental fate of these compounds (34).
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Equilibrium Partitioning in an Open System—Level II Models

As illustrated above, Level I fugacity calculations provide an indication of the
likely long-term partitioning of persistent contaminants in the environment, and they
can be carried out with only a basic knowledge of chemical partitioning characteristics.
However, in most cases it is desirable to describe the real environment-chemical system
with more fidelity. At Level Il complexity, sources are balanced with removal by
chemical transformation and advection at the system boundaries, but the assumption of
equilibrium partitioning among compartments is retained. In fugacity models, the rate
of chemical transport and / or degradation is generally described using D values such
that the product (Df) equals the removal rate in mol/h. D values therefore have SI units
of mol/(Pa h) and are analogous to first-order rate constants. Because they are
compartment models, multimedia models can account for area and volume sources but
not point sources of pollution. In Level Il models, sources are introduced as continuous

inputs to one or more compartments.

Transformation Processes--Chemical Removal

Chemical transformations may occur as a result of biotic or abiotic processes that
include biotransformation, photolytic decomposition, hydrolytic transformation, and
oxidation/reduction. These processes change the chemical identity of a compound and
its fundamental properties including partitioning characteristics and behavior in the
environment. The rate of transformation of contaminants in the environment
ultimately determines their potential for persistence. For organic chemicals in
particular, the United Nations Environment Program uses half-lives for transformation

as criteria for classifying chemicals as persistent in the environment (35). Experimental
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methods (36) and estimation methods (37, 38) are available for specifying these fate
processes in a variety of media. However, because transformation rates are highly
variable and difficult to measure, they are among the most uncertain parameters used

in multimedia models.

Chemical Displacement by Advection

In addition to transformation, Level IT models account for physical displacement
that removes chemicals at the boundaries of the environment being modeled. The
Level II assumption of equilibrium makes assessment of displacement at compartment
boundaries within the environmental system unnecessary. Physical displacement occurs
by advection and diffusion. Advective removal refers to chemical displaced by
entrainment in a moving medium such as in a moving air mass, a flowing river, or in
suspended sediments settling out of the water column to the bottom of a lake.
Diffusive transport is the net transport of a molecule in a liquid or gas phase as the
result of intermolecular collisions, rather than turbulence or bulk transport. Mass
transport via molecular diffusion is driven by gradients in concentration within a single
phase, or more generally, by gradients in fugacity, as in diffusion across the boundary
of two adjacent phases. Unlike degradation, chemicals that advect or diffuse out of the
environmental system under consideration may return, and therefore may not be
permanently removed. In fact, for regions that are adjacent to relatively highly
contaminated areas, advection into the region may be the dominant emission source

term.
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Level 1I fugacity calculations

Degradation D values (D) can be calculated from an estimated pseudo-first

order rate constant (k) for chemical transformation in the compartment of interest (i).
Dgi=k Vi Z [5]

Where (V) is the volume of the environmental compartment. The rate constant k must
be selected to represent the overall rate of degradation of the chemical, which as noted

above may be taking place by several competing mechanisms.

Advection D values (D,) are calculated as the product of the flow rate of the

medium in which the chemical is entrained (G, m’/h) and its fugacity capacity.
Dai=GiZ; [6]

The mass balance condition at Level II is between sources of the chemical to the
environment (E, mol/h) and removal processes. For a regional environment consisting

of four compartments,

E=D:f+ Dyf + Dsf + Dyf [7]

Where D; is the total D value for removal from a given compartment by chemical

transformation and advection. The equilibrium assumption makes it possible to

calculate a single fugacity for the system, which is the same in all compartments:

E E
J= S0, S (G +Vk)z, 8]
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Figure 4 shows Level II mass balance diagrams for benzene and hexachlorobenzene in

the generic evaluative environment used previously for the Level I calculations.
[FIGURE 4]

Hexachlorobenzene is far less reactive in the environment than benzene, and has a
higher potential for persistence and transport out of the region of emission, as is
evident in Figure 4. Whereas 80% of the removal of benzene from the environment is
by transformation, specifically degradation in air, greater than 97% of removal of HCB
is by advection in the atmosphere. The low rate of degradation and dominance of
atmospheric transport as a removal process indicates that HCB is likely to travel long
distances from areas of disposal or use and be present in remote environments, as is

indeed observed (39).

Non-equilibrium Partitioning in Open Systems—Level III Models

A Level III fugacity model includes the rates of inter-media transport between
environmental compartments. The mass balance condition is applied to each
environmental compartment. This requires quantification of diffusion and advection
rates at the compartment boundaries. Although there is no requirement for equilibrium
partitioning between adjacent compartments, it is still assumed that chemicals achieve

equilibrium partitioning among the available phases within a compartment.

One of the major advantages of fugacity models is their ability to represent
diffusive and advective transfer processes among environmental media of different
composition. When the modeler relies on concentration-based algorithms, these mass-

transfer calculations require the use of flux matching, careful unit conversions, and

17



selection of appropriate partition factors at compartment boundaries. Since fugacity

has the same units in all media, this difficulty is avoided in fugacity-based models.

Diffusive Transport Among Compartments

In a fugacity model, the net diffusive flux, in mol/m2-h, across the interfacial area

separating compartments is:

flux =Yy, (f1 - f2) , [9]

where Y75 is the fugacity mass-transfer coefficient across the boundary between

compartments 1 and 2 with units mol/(m?2-Pa-h) and f; and f, are the fugacities of

compartments 1 and 2. Equation [9] is analogous to the flow of electrons in a circuit, in

which (f; - f») plays the role of a voltage difference, Y7, is a conductance, and the mass

flux the equivalent of electrical current. The fugacity mass-transfer coefficient depends
on the mass transfer coefficient on either side of the interface and the fugacity capacities

of the two media that form the interface.

1 1\
Y12 =|—+
oty Huy) [10]

where Uy and U, are the mass-transfer coefficients (m/h) in the boundary layers in
compartments 1 and 2 and Z; and Z, are the fugacity capacities of compartments 1 and

2.
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Advective Transport Among Compartments

The inter-compartment transfer of contaminants by advection is also modeled as
a flux at the compartment boundary. To be consistent with the area normalized
description of diffusion, this flux (mol/m?’-d) is modeled as the product of the velocity

of the moving phase (m/h) and the contaminant concentration in that phase (mol/m®).

advection flux = velocity x Z;} f; , [11]

where Z; 1 and f; represent the fugacity capacity of the moving phase and the fugacity

of the chemical, respectively, in compartment i. For example, the flux of contaminant

from air to surface soil through particle deposition is the product of the particle

deposition velocity, vg; the fugacity capacity of air particles, Z, ,; and the total fugacity
of the bulk air compartment, f,:
flux (air to ground-surface soil) = vq x Zp x f; [12]

Examples of inter-compartmental advection processes typically included in multimedia
models are rainfall, deposition of atmospheric aerosol particles, resuspension of
particles from soil, water-borne erosion of soil, runoff of precipitation, infiltration of
water through soil, deposition of sediment particles in surface water, resuspension of

sediment particles from the sediment layer, and surface water flows.

Once equations describing all inter-compartmental transfers of contaminants
have been derived, mass balance equations equating input and removal rates can be

written for each compartment (i) of the environmental system.

19



E; + Zflow;_; = Zflow;_,; + Zflow;_gink [13]

On the left hand side of equation 13 are chemical inputs to compartment i by

direct emission, E;, and the total rate of inter-compartmental transfer to compartment i,

Zﬂowj_>i. Removals from the compartment occur by inter-compartmental transfer
(Xflow:_.:) and by advection out of the system or chemical transformation
i—j y y

(Eﬂowi_,sink). For an environment consisting of n compartments, one can write n

equations of this type and solve them algebraically to obtain the unknown fugacity of

chemical in each compartment.

Dynamic, Open, and Non-equilibrium Systems--Level IV Models

By removing the assumption of steady-state conditions, we attain the Level IV
system. Removal rates and rates of inter-media transport between environmental
compartments are used to define a time-dependent description of mass distribution.
The rate of chemical input to each compartment can be continuous or time-varying.
This makes assessment of transient effects possible, such as seasonal variations in

emissions and / or climate and soil conditions.

MULTI-PATHWAY EXPOSURE MODELS

Multimedia fate models provide additional insight into human and
environmental impacts when exposure pathways are explicitly included in the model
framework. Exposure assessment is the process of measuring or modeling the

magnitude, frequency and duration of contact between a potentially harmful agent and
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a target population, including the size and characteristics of that population (25, 40-44).
In this section we describe a standard framework for organizing and calculating multi-
pathway exposure to multimedia pollutants. Figure 5 illustrates how links between
ambient environmental media and exposure media are included in an exposure model.
Human exposures to pollutants released to the ambient environment result from
contacts with contaminated air, water, soils, and food. Exposures may be dominated by
contacts with a single medium or may reflect concurrent contacts with multiple
exposure media. Here, we focus on models that describe the exposure of human

individuals or populations to chemical agents dispersed in a multimedia environment.

[FIGURE 5]

An exposure assessment begins with exposure concentrations in contact media,
which include the envelope of air surrounding the exposed person, the water and food
ingested and the layer of soil, water, or other substances that contact the skin surface.
The magnitude and relative contribution of each exposure pathway must be considered
in order to assess total human exposure to a harmful substance and determine the best
approach for more refined characterization of the exposure. For example, consider
exposure of an individual to a semi-volatile hazardous air pollutant that is released to
air. In the atmosphere the chemical will partition between the vapor phase and the
condensed phase (the surface of airborne particles). Both the vapors and the particles
containing the associated pollutant can be transported to the indoor or outdoor air
surrounding a person, who may inhale the pollutant. However the gas-phase and
particle-phase pollutant may be transported with different efficiencies. The same
pollutant could be transferred by deposition and run-off to surface water that provides

drinking water to a population of individuals or transferred by deposition to vegetation

21



that feeds the population or to the agricultural animals that supply meat and milk. Each
of these scenarios represents a pathway from the air emission to contact with a human.
Each pathway has an associated exposure surface and subsequent route of intake or
uptake. The true potential for exposure cannot be quantified unless the pathways that
account for a substantial fraction of the routes of intake and uptake for the receptor

population are identified.

Exposure Events

The nature and magnitude of exposures to environmental contaminants depend
largely on two things: 1) human factors and 2) the concentrations of contaminants in
the exposure media. Human factors include all behavioral, sociological, and
physiological characteristics of an individual that determine their contact rates with
food, air, water, soils, etc. For example, about 35 percent of the U.S. population eats
homegrown vegetables, which must be reflected in the treatment of this exposure
pathway. Activity patterns, which are defined by allocation of an individual's time at
different activities and locations, are also significant because they directly affect the
magnitude of exposure to substances present in different indoor and outdoor

environments.

Multimedia models that include multipathway exposures (such as the CalTOX
model) use “exposure events” to construct cumulative intake from human factors and
exposure concentrations. An exposure event occurs when human activities bring them
into contact with an exposure medium within a specified microenvironment. Important
attributes that define an exposure event are pollutant concentration in environmental

media (i.e. ambient air, surface water, soil, etc.), transport pathways from
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environmental media to exposure media, the duration of and number of exposure
media contacts, and the time scale of interest for health effects. The time-scale of
possible health effects, i.e., whether chronic or acute, and the possibility of spatial and
temporal variations in pollutant concentration are important considerations in
compiling an exposure assessment. For some pollutants, such as criteria air pollutants,
which have acute health effects associated with short-term exposure, the assessment
must describe the number and duration of peak concentration events. Exposure events
may need to be aggregated over periods as short as one hour or less. In contrast, for
hazardous air pollutants with chronic health impacts, it is more important to

characterize long-term cumulative exposures over several years or decades.

The time scale and spatial scale of gradients in pollutant concentrations also
provide critical insight into the resolution appropriate for modeling an exposure event.
If a pollutant shows little spatial variation in concentration over a large region, even if
there is time variation in the concentration, there is little need for including a number of
geographic regions in the assessment. Similarly, for a pollutant whose concentration
does not vary significantly in time, even if it shows large spatial variation, it may be
possible to use longer time scales in an exposure assessment. The duration of the
exposure event and the duration of human activities are also important considerations

in the structure of the exposure-event model.

Cumulative Exposure Models

Multi-pathway exposure assessments use the intake or potential dose model that
has been adapted from a general Environmental Protection Agency model (45). For

each combination of environmental media and contact media a transfer factor is
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calculated that defines the quantitative relationship between contaminant
concentrations in the two media. These transfer factors are classified in terms of the
route of exposure (inhalation, ingestion, dermal) and the exposure

medium /environmental medium link, for example soil to house dust. There is thus a
defining equation for each combination of environmental medium, exposure medium,
and exposure route. These relationships are expressed in the CalTOX multimedia

exposure model as an average daily potential dose rate (ADDpot), in mg/kg-d relative

to a specified environmental medium concentration:

ADD, -C, x ITF x <X, EDxEF
P BW AT [14]

where Cgpy is the concentration in an environmental medium, mg/kg; ITF is the
ratio of concentration in an exposure medium to concentration in environmental
medium, unitless; CR is the contact rate with the exposure medium, kg/day; BW is the
representative body weight, kg of the exposued individual or cohort; ED is the
exposure duration, year; EF is exposure frequency, days/year; and AT is the averaging
time for the exposure, days. AT is based on the time-scale for health effects. For cancer
as an endpoint AT is lifetime, for other chronic agents it is less than lifetime, but often

years.

APPLICATIONS OF MULTIMEDIA FATE AND EXPOSURE MODELS

Multimedia fate models are now widely used for screening level chemical
assessments, for setting goals for soil clean-up standards, for assessing the regional and

global fate of persistent organic chemicals, and for life-cycle impact assessment. In
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many of these applications the models are used for assessing both environmental fate
and potential human and ecological impacts. Emerging uses for these models include
exposure tracking based on toxic release data and pre-manufacturing chemical
classification. The US Clear Air Act of 1990 and efforts in the European Union to conduct
risk assessments for existing and new industrial chemicals have led to the development
of specific application multimedia models. In this section we provide an overview of
some of the currently available multimedia fate and exposure models and examples of

their applications.

Generic Screening or “Evaluative” Models

Many multimedia fate and exposure models are based on environmental
parameters that are not representative of any specific geographical area. These generic
models are used as a “laboratory” for evaluating the likely behavior of pollutants and
how this relates to basic chemical properties. The focus is on comparative assessments
of chemicals and interpreting how partitioning properties and degradability determine
transport and fate processes. Early examples of “evaluative” regional fate models are
the suite of fugacity models developed by Mackay in the early 1990s (20), and the
Equilibrium Criterion (EQC) model, which defined a standard four-compartment
environment of air, water, soil and sediment (46). Although these models were
originally developed to track the fate of non-polar, non-dissociating organic
compounds, their use has expanded to metals, inorganic species, surfactants, and polar

organic chemicals.

Generic multi-pathway human exposure models coupled with multimedia fate

models have been developed in the United States and Europe. The California
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Environmental Protection Agency developed CalTOX for conducting generic
assessments of chemical mobilization from hazardous waste sites and subsequent
human exposure (26). In Europe, the Netherlands National Institute for Public Health
and the Environment (RIVM) developed SimpleBOX, a generic contaminant fate model
based on concentrations and first-order rate constants but consistent with fugacity

concepts (47, 48).

Recently, generic models of contaminant fate have been adapted to conduct
rapid screening-level assessments of large numbers of chemicals for persistence (P) and
potential for long-range transport (LRT). The P and LRT attributes have been identified
as cause for global concern, and have been used as a basis for international bans
imposed on specific chemical compounds (49). Webster et al. (50) describe a generic
Level III fugacity model for comparing chemicals in terms of persistence in the entire
environment, rather than half-lives in individual media. Bennett et al. (51) and
Pennington (52) proposed and applied similar models to calculate multimedia
persistence. Generic models for assessing long-range transport potential have been
developed by Bennett et al. (53), who introduced the concept of “characteristic travel
distance” for multimedia chemicals, and by Beyer et al. (54). Faced with a proliferation
of generic models for assessing P and LRT, Wania and Mackay (55) conducted a round-
robin comparison of the models and found that, although the magnitude of P or LRT
“scores” differed among the models, the relative ranking of a standard group of

chemicals according to P or LRT was consistent.
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Regional and Spatially Resolved Models

Multimedia models have evolved from evaluative models to regional mass-
balance models, multi-region models, and global models. Regional multimedia mass
balance models have the same framework as generic models but include geographical
databases representing a specific political or ecological region. Multi-region models
include more spatial resolution by linking several regional mass-balance models and

have been applied on local, continental and global scales.

Regional-Scale Mass-Balance Models

An advantage of regional models over evaluative models is that results can be directly
compared with reported concentrations of contaminants in a specific area. For example,
ChemCAN is a generic Level III fugacity model with the addition of a database of
environmental parameters for 24 ecological regions of Canada (56). ChemCAN has
been evaluated for a limited number of contaminants in the southern Ontario, Canada
region (34) and also applied in Japan (57). The current version 4.0 of CalTOX includes a
geographical database for several specific regions of California, ten ecoregions of the
United States and political regions representing forty-eight of its states. The SimpleBOX
model was adapted into the EUSES framework (see below) and became a regional fate
model for the European states. More recently regional-scale models that provide more
detailed treatment of densely populated urban environments, and forest canopy

compartments and coastal waters have been developed (58, 59).

Decision makers and model developers convened an international workshop in
1994 to assess the strengths and weaknesses of the available regional multimedia

models and make recommendations about future research in regional environmental
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contaminant fate modeling (22). The workshop participants used simple model
comparison exercises to demonstrate the fundamental similarities between ChemCAN,
CalTOX, SimpleBOX and HAZCHEM, an adaptation of ChemCAN applied to the
European Member states (60). Among the recommendations from the workshop was a
call for more evaluation studies comparing model results against reported data on
environmental concentrations, improved methodologies for conducting sensitivity and
uncertainty analysis, and that model inter-comparison exercises be revisited as the

science advances and models are refined.

Multi-Region Mass-Balance Models

The current set of regional multimedia fate models represent a region using a
single set of environmental parameters representing the multiple environmental media.
This limits their ability to track the movement of contaminants among different
geographic regions. An emerging class of multi-media models includes spatial
resolution by connecting a set of discrete regional fate models into a single larger
model. The approach of linking different model units was first illustrated in
contaminant fate models for river systems such as the Fraser River in British Columbia,

Canada (61) and the GREATER model for rivers in the European continent (62).

Regional models have also been linked to describe contaminant fate and
transport on a continental-scale based on both air and water transport. The Berkeley-
Trent North American contaminant fate model (BETR North America) includes 24
linked regions and an accompanying GIS database of long-term flow patterns of air and
water on the continental scale (63, 64). BETR North America has been applied to

describe the entire use history and long-term fate of the persistent organochlorine
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pesticide toxaphene, including its atmospheric transport and deposition to the
Laurentian Great Lakes (65). In another example of combining air- and water-shed
transport, the generic CoZMo-POP framework has been adapted to describe

contaminant fate in the Baltic Sea and its terrestrial drainage basin (66).

Global-Scale Multimedia Models

Wania and Mackay (67) introduced a multimedia global distribution model for
persistent organic chemicals. They treated the global environment as nine connected
climate zones, with contaminant fate described in each with a fugacity model. The
model has been successfully applied to describe the global fate and transport of the
pesticide hexachlorocyclohexane (68) with a focus on transport and deposition to the

Arctic.

Evaluative models of global contaminant fate have also been developed by
Scheringer (69-72) to assess persistence and spatial range as endpoints in screening level
assessments of environmental hazard for chemicals. These models are simpler than the
Wania-Mackay global model, and have been applied in comparative assessments of
chemicals and to assess the importance of temperature gradients in the global

environment in determining the long-term fate of persistent contaminants.

Assessing Exposures to Humans and Ecosystems

In comparison to the proliferation of models of contaminant fate in the
environment, there have been fewer efforts to develop source-to-dose relationships for
humans using multimedia models coupled to multi-pathway exposure models. In the
United States, CalTOX is an example of a model that evolved from an exposure model

for hazardous sites into a comprehensive fate and human exposure model with

20



integrated probabilistic assessment of uncertainty and variability (25, 73, 74). A
predecessor to the CalTOX model called GEOTOX (24) provided an early example of
linking regional multimedia mass balance models to deterministic multipathway
exposure models. In Europe, SimpleBOX has been incorporated into a model
framework for fate, exposure and risk assessment of multiple chemicals. This system
was first developed in the Netherlands as the Unified System for the Evaluation of
Substances (USES) (75). The European Community has adopted USES as a decision
support framework and for conducting chemical risk assessments, the European Union

System for the Evaluation of Substances (EUSES).
Example of comparative human exposure assessment

To illustrate the use of multimedia models for comparative exposure assessment,
we apply the CalTOX model to two organic pollutants, hexachlorobenzene and
pentachlorophenol. CalTOX is used to estimate concentrations in the air (gas and
particles), plants, soil (surface and vadose zones) and water compartments. We then
calculate the resulting potential multi-pathway human exposures using methods
described above. This calculation is applied to a generic landscape of 1 million square
kilometers, and the exposure calculations represent the general population, ie, they do
not account for workers who may be exposed to these chemicals occupationally. For
each chemical we model continuous releases for a period of 15 years. The illustrative
multimedia releases used for both chemicals in these examples are 100,000 mol/d to air,
10,000 mol/d applied to the soil surface, and 1000 mol/d to surface water. The
pollutants in this example are structurally similar, but differ significantly in chemical

properties and exposure pathways (Figure 6).

[FIGURE 6]
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As demonstrated in earlier examples, hexachlorobenzene (HCB) is a
hydrophobic, persistent compound capable of long-range atmospheric transport on a
global scale. HCB binds to soil and to suspended sediments in water and accumulates to
some extent in the bottom sediments of lakes, rivers, and estuaries. It can
bioaccumulate in fish, marine mammals, and birds, and it is also transferred into,
grasses, vegetables, and other plants. Pentachlorophenol (PCP) is a manufactured
chemical not found naturally in the environment. Like HCB, it is persistent in the
environment and it generally binds to soil particles, but its mobility in soils depends on
the soil's acidity. PCP does not readily evaporate into the air and is not readily soluble
in water. In soils and surface waters, microorganisms break PCP down into other
compounds and it is subject to photolytic decomposition in surface water and air, but it
still persists for hours or days in air, soils, and surface waters. It is present in fish, but

tissue levels are usually low because PCP breaks down in the fish tissues.

Figure 7 shows the relative contributions of different pathways to total HCB
exposures calculated with CalTOX, compared to those for PCP. We see from this
example that the human population is potentially exposed to HCB by a combination of
ingestion and inhalation pathways with a minor contribution from dermal contact.
Detailed pathways analysis indicates exposure is due to eating low levels in
contaminated terrestrial food products, eating contaminated fish, drinking milk or
eating dairy products or meat from cattle grazing on contaminated pastures, drinking
small amounts in contaminated water, breathing low levels in contaminated air, eating
or touching contaminated soil, and absorbing small amounts from water while
showering and bathing. Human populations are also exposed to PCP by eating

contaminated food, such as fish and terrestrial food crops and by dermal contact with
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soils and bathing water. PCP is relatively more efficiently transferred from soils into
foods than HCB, as indicated by higher potential daily intake from foods grown on
contaminated soils. Exposure due to inhalation of contaminated air is a significantly

less important pathway than for HCB as a result of the lower vapor pressure of PCP.

[FIGURE 7]

Sustainability and Life-cycle Impact Assessment

The issues of long-term environmental sustainability, design for environment
and life cycle impact assessment (LCIA) all require quantitative measures of hazard as
weighting factors for pollutant releases. Because the scope of these issues does not
allow for full-scale, site-specific risk assessments analysts rely on generic and regional
multimedia models as assessment tools. Generic versions of both CalTOX and EUSES
have been used to conduct comparative assessments of fate and exposure in support of

LCIA, sustainability and comparative risk assessments (76, 77).

MODEL EVALUATION STRATEGIES

Multimedia fate and exposure models support decisions to tolerate, regulate or
monitor existing and new industrial and agricultural chemicals. In this role,
fate /exposure models provide prospective analysis of future risk and retrospective
analysis of the links between health outcomes and environmental releases. In using
models to support regulation and monitoring policies, decision makers struggle with
the question of how likely are they to make unwarranted choices and what the
associated health, economic, and political consequences of those choices are. To

confront these questions, decision makers rely on modelers to quantify the reliability of
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their model predictions. Here we document current methods used to assess the
performance of multimedia models. We describe the criteria for establishing model
reliability and examine methods for model sensitivity and uncertainty analysis. Finally,

we suggest a process for model evaluation suitable for multimedia fate models.

As is the case for all models, multimedia models have inherent capabilities and
limitations. The limitations arise because models are simplifications of the real system
that they describe and all assessments using the models are based on imperfect
knowledge of input parameters. Thus multimedia assessments have inherent
uncertainty. This realization provides insight into how the models should be applied
and for deciding whether and/or how to make the models more detailed. Confronting
the uncertainties requires a model performance evaluation that estimates the degree of
uncertainty in the assessment and illustrates the relative value of increasing model
complexity, providing a more explicit representation of uncertainties, or assembling

more data through field studies and experimental analysis.

Sensitivity and Uncertainty Analyses

Sensitivity and uncertainty analyses are powerful tools for assessing the performance
and reliability of models. As applied to mathematical models, sensitivity analysis is
quantification of changes in model results as a result of changes in individual model
parameters. Uncertainty analysis is the determination of the variation or imprecision in
the output function based on the collective variation of the model inputs. A full
discussion of sensitivity and uncertainty analysis is provided in the texts by Morgan and
Henrion (78) and the volume edited by Saltelli et al.(79). The goal of a sensitivity

analysis is to rank input parameters, model algorithms or model assumptions on the
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basis of their contribution to variance in the model output. Sensitivity analyses can be
either local or global. A local sensitivity analysis is used to examine the effects of small
changes in parameter values at some defined point in the range of outcome values. A
global sensitivity analysis quantifies the effects of variation in parameters over their

entire space of outcome values.
Sensitivity of multimedia models

Eisenberg et al. (80), Eisenberg and McKone (81) and Hertwich et al. (82) have
studied parameter variability and sensitivity in multimedia exposure models. For
cumulative exposure assessments based on multimedia models, these studies indicate
that output variance arises primarily from chemical-specific input parameters and
secondarily from human exposure factors. Landscape characteristics, such as climate,
hydrologic conditions, and soil properties, are generally of minor importance. Among
chemical properties, environmental half-lives are the most sensitive properties. Among
exposure factors, food intakes are the most sensitive parameters for hydrophobic
compounds, water ingestion for water-soluble compounds, and inhalation rates for

volatile compounds.

Sources of uncertainty

Uncertainty in model predictions arise from a number of sources, including
specification of the problem; formulation of the conceptual model, estimation of input
values and calculation, interpretation, and documentation of the results. Of these, only
uncertainties due to estimation of input values can be quantified in a straightforward
manner based on variance propagation techniques and we will focus our attention in

this area. Uncertainties that arise from miss-specification of the problem and model
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formulation errors can be assessed using tools such as decision trees or based on

elicitation of expert opinions (for example, the case study by Ragas et al. (83)).

Uncertainty importance and ranking

A framework for the analysis of uncertainty in environmental models is
developed by Morgan and Henrion (78) and Finkel (84) and has been applied by
Hertwich et al. (85) to multimedia exposure models. This framework distinguishes
among parameter uncertainty, model uncertainty, decision rule uncertainty, and
natural variability in any of the parameters and calls for a separate treatment of the
different types of uncertainty. More recently, Huijbregts et al. (86) have looked at
geographical scenario uncertainty in generic fate and exposure factors. In evaluating
parameter uncertainty and variability Hertwich et al. (85) considered both uncertainty
in chemical-specific input parameters as well as the variability in exposure factors and
landscape parameters. They determined how the uncertainty and variability of these
parameters impact estimates of potential dose for 236 different chemicals. The chemicals
were grouped by dominant exposure route, and a Monte Carlo analysis was conducted
for one representative chemical in each group. From this process, it was determined
variance in calculated dose for a specific chemical is typically one to two orders of
magnitude. For comparison, the point estimates in potential dose for the full 236
chemical set spans ten orders of magnitude. This demonstrates that in spite of the large
uncertainties, the potential dose calculations for these chemicals offer a significant

information gain relative to a simpler exposure index or the use of toxicity data alone.
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Model Evaluation and Confidence Building

A widely held opinion is that the only reliable models are ones that have been
validated. However, there continues to be wide disagreement and confusion in the
scientific and regulatory communities about what it means to validate a model and if
true validation is even possible. Recent papers have made convincing arguments that
comparison of model output to observations, or one’s view of reality, is not a sufficient

measure of acceptability on its own to “validate” a model (87-91).

Hodges and Dewar (90) have proposed a classification scheme for models that
distinguishes between those that can be validated and those that cannot. Validatible
models describe closed systems where inputs and outputs are all directly measurable
and exhibit constancy and reproducibility over time. Validity accrues when predictions
made by the model are found true for conditions not originally considered when the
model was constructed. In contrast, models that describe open systems or that are
designed to make predictions for outcomes that cannot be measured can never be truly
validated. These models are non-validatable, but, as Hodges and Dewar point out, (90)
they are not useless. Some applications for non-validatable models include assisting in
decision-making based on boundary condition analyses, illustrating an idea,
summarizing data or providing an incentive for improving data quality, and

formulating hypotheses for subsequent testing.

Viewed in these terms, it is clear that multimedia models belong to a class of
models that cannot be truly validated because the environmental systems and human
activities described by the model comprise an open system. It is impossible to conduct

the controlled experiments needed for true validation of models of open systems. For
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example, a multimedia contaminant fate model might be applied to predict the
atmospheric concentration of benzene attributable to a specific source (for example, a
refinery). However, this is not a generally "validatable" outcome. For a given refinery
in a given region the model can be “evaluated” by shutting down the refinery and
observing the resulting effect on benzene concentrations. However acceptable model
performance in the evaluation exercise does not necessarily mean that the model is
generally applicable to describe the contribution of benzene emissions to total

atmospheric concentrations of benzene for all refineries in all regions.

As has been pointed out by Oreskes et al. (87), models of open systems, which
are common in earth sciences, economics, and engineering as well as in the policy
arena, cannot be fully verified or validated because descriptions of the operative
processes are always incomplete. However, this limitation does not mean that
multimedia models should be exempt from performance evaluation. On the contrary,
the fact that the models are “non-validatable” requires a more thoughtful and
systematic process for building confidence among model users. It is possible to build
confidence in these models through a series of evaluation exercises, and they can be
used to put bounds on the likely range of outcomes. The greater the number and the
diversity of confirming observations that can be made, the more probable it is that the
conceptualization embodied in the model is not flawed. Confirming observations do
not demonstrate the veracity of the model, but they do support the probability that the
model is useful and the hypotheses that it represents are not false. Although validity

may not accrue with these evaluation exercises, user confidence will increase.

Confidence is further enhanced if the user can easily inspect or verify the

operation of the algorithms and data transformations and determine whether the
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model is internally consistent and contains no logical flaws or technical errors, such as
incorrect code implementation. Easy access to the raw data used as inputs, transformed
data and the steps of data transformations used in the calculation, and the computer
coded algorithms underlying these data transformations will thus enhances user
confidence in the model. The availability of clear documentation for model structure,
and the possibility of performing calibration against an external standard (test data sets)
or an internal standard (parallel algorithms to perform the same calculation) all increase

user confidence in a model.

For multimedia models in particular, credibility is further enhanced by clearly
quantifying the effects of variability and uncertainty in input parameters on model
predictions. Communicating the uncertainties associated with contaminant fate and
exposure assessments enhances their credibility by highlighting model inputs that
control the outcome of the assessment for individual chemicals. Estimates of the
uncertainty associated with specific model outputs can be used to inform the decision-
making process, and direct future refinements of the model or experimental studies to

add additional information to the assessment.

DISCUSSION AND CONCLUSIONS

There is increasing international concern about the presence and possible
accumulation of environmentally persistent chemical, physical and biological pollutants
that may threaten the sustainability of ecosystems and the health of humans. These
contaminants are often traceable to human activities that support our modern lifestyle
such as combustion for energy generation, construction practices, industrial processes,

and agriculture activities. Many of the most persistent agents are not contained in a
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single environmental system, but are multimedia pollutants that migrate in and
between the air, water, soil, sediments and biota of the environment. Environmentally
persistent multimedia agents remind us that all pollutants are, to some extent
multimedia pollutants. These contaminants can accumulate in environmental media

that lead to human exposure, e.g., air, indoor dusts, soils and foodstuffs

In this review we have described multimedia contaminant fate models at a range
of complexity levels and multi-pathway human exposure models that work in concert
with the fate models, or with field monitoring data. These models have proven to be
useful conceptual tools for understanding the fate and transport processes that
determine the behavior of contaminants in the environment, and how they may
ultimately contact humans. From a policy perspective, these models can be used to
inform decisions aimed at avoiding unacceptable detrimental impacts from

development on both human health and ecosystems.

Multimedia models are impossible to truly validate, but they have established a
high level of credibility because they are based on sound thermodynamic principles and
they have been evaluated in a series of case studies. Our review reveals that there are
many limitations on our ability to develop complex and reliable models of contaminant
fate and exposure. The environment is incredibly intricate and conditions vary widely
both spatially and temporally. Many of the contaminants that are released to the
environment are poorly characterized. Properties that control their environmental fate
and partitioning range over several orders of magnitude, and in some cases lie near the
boundaries of measurable limits, meaning there is considerable uncertainty about the
nature of these chemicals even under controlled laboratory conditions. Thus, the

multimedia modeler must struggle to avoid making a model that has more detail than
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can be accommodated by existing theory and data while also including sufficient fidelity
to the real system to make reliable classifications about the source-to-dose relationships

of environmental chemicals.

New and existing multimedia exposure models are taking on an increasingly
important role in the regulatory environment and as such we need to ensure their
credibility and adequacy. There is a need for novel strategies and tools that take
advantage of new biomarker and exposure data to evaluate the performance of source
to dose models. There is also a need for methods to use existing models to identify the
type and quantity of information that would contribute to the greatest reduction in
uncertainty in model outcomes. For example, none of the exposure models currently
available provide an integrated simulation of major transport processes and

indoor/outdoor relationships for toxic substances in air, water, food and soil.

In looking to the future use of these models, we must address the trade-offs
among complexity, reliability, and confidence. As these models evolve and proliferate
we must continue to evaluate their capabilities and limitations. There is an ongoing
need to establish and improve upon the confidence placed in these models by decision
makers. There is also the opportunity to build more complex and spatially explicit
multimedia models. Are these two trends compatible? The increasing capability of
personal computers makes possible more complex models, and some equate
complexity with credibility. But often the opposite is the case--complexity makes the
models much more difficult to verify and evaluate and makes it particularly difficult to
assess data limitations. Future multimedia fate and exposure models will have to find

an acceptable balance that increases the model’s fidelity to the real environmental
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system through added complexity, but retains the reliability and user confidence that

have been established by the current generation of models.
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Table 1. Fugacity capacities (Z Values) for environmentally relevant phases

Phase Definition of Z (mol/m? Pa)
R =8.314 Pa_m®/mol_K
Air Z,=1/(R_T)
T = temperature (K)
H = Henry’s Law constant
(Pa_m?®/mol)
Water Z,=1/H=C/P®
Cs = aqueous solubility (mol/m?)
Ps = vapor pressure (Pa)
ys = fraction of organic carbon in soil
k = Karickhoff Constant = 0.41 L/kg
Ko = octanol - water partition
Soil solids Zo=Z, Vs kKo ps/1000
coefficient
ps = density of soil (kg/L)
1000 converts L to m’
yy = fraction of organic carbon in
Sediment
Zy =Zy vy k Kowpy /1000 sediment
solids (x)

py = density of sediment (kg/L)
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Table 2. Summary of fugacity calculations of different levels of complexity used to

describe multimedia contaminant fate.

Type of fugacity calculation

Key assumptions

Information garnered

Level I

Equilibrium partitioning
Steady state

Closed system

General partitioning
tendencies for persistent

chemicals

Level II Equilibrium partitioning Estimate of overall
Steady state persistence
Open system Important compartments
for removal processes
Relative importance of
advection and degradation
as removal pathways
Level I1I Non-equilibrium Influence of mode of
Steady state emission on fate and
Open system transport
Refined assessment of
overall persistence and loss
pathways
Level IV Non-equilibrium Influence of mode of

Dynamic

Open system

emission on fate and
transport

Time course of response of
contaminant inventory by

compartment to any time-

varying conditions
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FIGURE CAPTIONS:

Figure 1. A conceptual illustration of the migration of pollutants from sources, through

the multimedia environment and into exposure media, followed by contact with

humans

Figure 2. A conceptual multimedia environment

Figure 3. Example of chemical partitioning for a the chlorinated benzene series
Figure 4. Level II fugacity calculations for benzene and hexachlorobenzene

Figure 5. An illustration of the links between emissions, environmental media, and

human contact
Figure 6: Chemical structures of HCB and PCP

Figure 7. Classification of HCB and PCP intake by exposure route and environmental

pathway in the example calculation
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