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ABSTRACT

The use of the exposure unit concept to refine intake estimates in quantitative risk assessments is
explained. The selection of appropriate exposure unit areas for varying receptors and the application
of the concept to large sites and to relatively small solid waste management units (SWMUs) are
discussed. Examples are presented.

INTRODUCTION

In conducting risk assessments for hazardous waste sites, the initial scoping process includes the
development of a conceptual site model and the identification of appropriate current and future
receptors. Once appropriate receptors have been identified, the exposure unit concept can be used to
refine dose and risk estimates for contaminants in soil.

A precedent for the use of the exposure unit concept is given in the U.S. Environmental Protection
Agency's (EPA's) Human Health Evaluation Manual, a guidance document for conducting risk
assessments (1). This document states that "the area over which the [receptor] activity is expected
to occur should be considered when averaging the monitoring data for a hot spot. For example,
averaging soil data over an area the size of a residential backyard (e.g., an eighth of an acre) may be
most appropriate for evaluating residential soil pathways" (p. 6-28). Use of the exposure unit concept
can prevent dilution of contamination levels that might occur if data were averaged over too large an
area.

An exposure unit is defined as the area over which receptors at hazardous waste sites are expected
to integrate exposure when routinely present at the site (2); for example, if a current or future resident
has been identified as a potential receptor in the conceptual site model, that resident could be assumed
to be randomly exposed to contaminants in an area equal to the average size of a residential lot in the
vicinity of the site. If plausible current and future utilization of a site were limited to industrial uses,
then the receptor most commonly modeled would be an employee at the site, and information on likely
patterns of employee activity would be used to estimate the exposure unit area. The depth of soil to
which a receptor would likely be exposed should also be considered. Unless excavation activities were
assumed, exposure would most likely be limited to the top few inches of soil. Determination of the
exposure unit size has important implications in the development of sampling plans, and therefore
costs of sampling, because the number of samples needed depends on the smallest area of concern (2).
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The exposure unit concept is straightforward when applied to sites with soil contamination, where
exposures through incidental soil ingestion, dermal contact, or participate inhalation are the
risk-driving exposure routes. The appropriate exposure unit area should be determined prior to
formulation of the plan for sampling and analysis of such a site. In a simple application of the
exposure unit concept, a grid creating blocks equal to the exposure unit area can be established over
the site to ensure that the scale of the investigation is appropriate to support a risk-based decision on
whether remediation or further investigation is necessary. The sampling plan would then call for
random, composite, or stratified sampling of individual grid blocks (i.e., exposure units) as appropriate
to meet the uncertainty constraints required in the most cost-effective manner (2). Average
concentrations of risk-driving contaminants would be obtained for individual exposure units to
determine which site areas present unacceptable potential health risks.

The previously stated approach is integral to the data quality objectives (DQO) process as described
by Neptune and Blacker (3) and as currently endorsed by several federal agencies (4-6). The DQO
process requires statements of the boundaries of the study (including the smallest area for which a
decision will be made), the decision rule specifying how data will be used, and acceptable error rates
for the risk-based decision. The DQOs guide the search for the least expensive sampling scheme that
is expected to provide data of acceptable quality (i.e., will support a decision within the prespecified
error bounds).

Under the Resource Conservation and Recovery Act (RCRA), the concept of an SWMU is used to
facilitate site investigations. The SWMUs identified are typically areas where wastes have been
routinely released or stored, such as landfills, sep'ic tanks, or drum storage pads. Several hundred
or more SWMUs may be identified within a single facility, and each must be investigated to determine
if a significant contaminant release has occurred. The areas encompassed by SWMUs may be smaller
than the assumed exposure unit area. If the DQO process were to be applied from the start of the site
investigation, then random samples would be obtained from an entire exposure unit area that
encompassed the SWMU to determine an average exposure concentration for appropriate receptors;
however, in practice, samples are often obtained only from the contaminated SWMU area. In these
instances, estimates of dose or intake for appropriate receptors can be adjusted to account for the
likelihood that, on average, the receptor would only be exposed to the contaminated area for a fraction
of the assumed daily exposure time. Otherwise, the estimation of dose or intake will be inflated,
resulting in overly conservative estimates of risk. The correction for exposure unit size can be made
with the "fraction from contaminated source" (FI) parameter in the intake and dose equations.

This paper discusses practical applications of the exposure unit concept and gives examples of
exposure units for different types of sites. Case studies are presented that are based on various types
of sites found at Los Alamos National Laboratory.

PRACTICAL APPLICATION

Selection of Appropriate Exposure Unit Area

Assumptions on appropriate exposure unit areas should be made using site-specific information on
land use patterns and likely activities for receptors being evaluated < 1). Two general categories of
potential land use that are often addressed in risk assessments for contaminated sites are residential
and industrial. Possible recreational land use (e.g., as a park or a nature reserve) is also important
to consider for some sites.

A resident could be assumed to be randomly exposed to an area of soil equal to the average size of a
residential property in the vicinity of the site. The average size of residential properties may vary in



different regions of the country and for rural versus urban areas; Hadiey and Sedman (7) give a
minimum size of about 460 m~ on the basis of California zoning requirements. Guidance provided by
the EPA suggests that a similar lot size (i.e,, about an eighth of an acre or 500 m~) should be assumed
for residential areas; however, it may be reasonable to assume a different exposure unit area for
residential receptors when that assumption is supported by site-specific data showing average lot sizes
in the vicinity of the site to be significantly larger or smaller than 500 m~. Generally, contact for
residents is assumed to be limited to the top few inches of soil.

Site-specific or industry-specific information may also be useful in establishing exposure unit areas
for sites for which a commercial/industrial land use scenario is appropriate; for example, information
from the National Utility Contractors' Association was used in establishing an exposure unit size of
2,000 m2 (about one-half acre) for a light industry site in EPA Region IV (21 Exposure to subsurface
contamination (e.g., depths greater than 6 in. [15 cm]) may need to be considered for a construction
worker assumed to be conducting excavation in the contaminated area.

The exposure unit concept for recreational users assumes that receptors locate a "preferred area" in
which to spend the predominant portion of their recreational time and that this area encompasses the
contaminated site being evaluated. Recreational land use scenarios may be particularly dependent
on the surface features (e.g., stratigraphy, surface water, runoff channels) of the site being
investigated. These features may limit or direct movement, and thereby exposure, of recreational
receptors on a site. An example pertinent to the Los Alamos area is steep canyon sides, which are
sometimes used for hiking or biking. The steepness of the slopes and the vegetation would probably
serve to focus recreational use in long narrow areas where runoff occurs, so a long narrow shape for
the exposure unit might be assumed. Exposure for recreational users is generally assumed to be
limited to surface soils.

Establishing exposure units often requires assumptions on future land uses for the area encompassing
a site. The exposure unit selected also has important implications, both for sites in the stage of data
collection and those in the stage of data analysis; for example, selection of a small exposure unit area
for a site where sampling has not yet been conducted generally will be more costly than selection of
a larger exposure unit area because more samples will be required; however, the smaller exposure unit
may result in more small areas of contamination being identified. Whether these small areas are
significant from a risk perspective depends on whether the receptors and exposure units have been
accurately identified.

For small sites where sampling has already been conducted, exposure units may still be incorporated
in calculating contaminant intakes and risks. In this instance, the larger the exposure unit, the
greater the reduction in calculated intakes. Because of these significant effects of assumed exposure
unit areas on the cost of sampling and on the outcome of risk analyses, it is imperative that these
effects have been made clear to interested stakeholders and that reasonable assumptions have been
agreed upon to the extent possible.

Application of Exposure Unit Concept to Large Sites

In general, the exposure unit concept has been applied at Superfund sites where historical data
suggest widespread soil contamination across a whole site (2,6,9). For such sites, the assumed
exposure unit is usually smaller than the site. As stated in the introduction, the sampling plan for
such sites could call for sampling within exposure units (i.e., grid blocks) as appropriate to meet the
uncertainty constraints required in the most cost-effective manner. Average concentrations of
risk-driving contaminants would be obtained for individual exposure units to determine which of the
exposure units present unacceptable potential health risks. Application of the exposure unit concept



to these types of sites has been presented in the literature cited previously and is only briefly
discussed here.

By estimating risk for individual exposure unit components across a large site, remediation efforts can
more effectively reduce those risks, because areas of high concentration, and hence risk, are identified
that might otherwise have been neglected because of "averaging" across the entire site. The DQO
process incorporating exposure units defines stopping points for sampling by defining "enough data"
so that only samples needed to support the risk-based decision are collected. This process often results
in decreased remediation costs by identifying discrete problem areas of a site.

However, a problem with dividing a site into fixed uniform exposure units is that an area of
unacceptable contamination may be missed if it lies across two or more exposure units (2). This
problem may be offset by using conservative assumptions in setting the risk-based concentration
guideline with which the average exposure unit concentration is compared; for example, the guideline
for a carcinogen may be set at a level corresponding to a risk of 10 , although this level is the most
restrictive level of the 10'4 to 10'6 risk range specified as acceptable for both National Priorities List
(NPL) sites (10) and RCRA sites (11). Other methods that may be used to avoid the problems of fixed
uniform exposure units involve more complex mathematical methods such as kriging, random exposure
unit placement, and variably shaped exposure units (12).

Application of Exposure Unit Concept to Small Sites or SWMUs

Generally, sampling plans can be designed so that samples collected for use in a risk assessment
represent an exposure unit area. The mean contaminant concentration (or an upper confidence bound
on the mean) within an exposure unit area is used to calculate receptor dose or intake. An adjustment
is recommended in cases for which the site or SWMU (hereafter referred to as "area of potential
contamination") is smaller than the appropriate exposure unit area and for which data have not been
obtained outside the boundaries of the area of potential contamination. This adjustment can be made
by prorating the values obtained within the area of potential contamination according to the fraction
of the exposure unit area covered. This fraction can be thought of as the FI parameter used in intake
equations recommended in Superfund risk assessment guidance CD. The FI parameter can be a factor
in calculating intake from the exposure routes of incidental soil ingestion, dermal contact with soil,
and inhalation of soil-derived particulates.

In effect, the FI parameter adjusts the contaminant concentration used to calculate the receptor dose
for appropriate exposure pathways. This adjustment is equivalent to an assumption that the area
surrounding the area of potential contamination, but inside the exposure unit, is free of contamination.
For contaminants with zero background concentration (usually organic contaminants), this assumption
is generally true and is unlikely to caus» significant error in receptor dose calculations. Fcr these
contaminants, the FI value is equal to the ratio of the potentially contaminated area to the exposure
unit area for the appropriate receptor:

FI = Ac (Eq. 1)

where:

FI = fraction from contaminated source (unitless fraction!,

Ac = area of potential contamination (m2), and

AEU = exposure unit area (m2).
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For some contaminants (generally inorganic substances), an adjustment to account for background
levels should be incorporated into the calculation of the FI parameter. In this instance, the FI
parameter is calculated as follows:

I
(Eq. 2)

where:

CBKG = background concentration of contaminant (pCi/g or mg/kg),

Cc = measured concentration in area of potential contamination (pCi/g or mg/kg),

and other parameters are as defined previously.

This calculation of the FI parameter accounts for lower potential exposure from small areas of
contamination but does not discount a possible contribution to exposure from background ievels of
substances found within the exposure unit. To estimate intakes conservatively, the general
recommendation is that an upper confidence bound or maximum value for the background
concentration should be used. In instances where background levels of contamination present
significant risks, it is appropriate to calculate FI using both equations 1 and 2 and to present the
incremental risk above background separately in the risk assessment.

Application of the Exposure Unit Concept to Subsurface Contamination

In some instances, the possible redistribution of subsurface soil contamination to the soil surface also
needs to be evaluated. The area of potential surface soil contamination resulting from subsurface soil
redistribution can be calculated by assuming a uniform thickness of contaminated materials resulting
from excavation. An estimate of minimum spread thickness of 4 in. (10 cm) has been provided by
Reynolds et al. (13). The potential surface contamination area would be calculated as the volume of
contamination (in cubic meters) divided by the minimum spread thickness (in meters). If the
calculated surface contamination area is less than the exposure unit area, then the ratio of the
calculated surface contamination area to the exposure unit area is equal to FI in calculating intake
for appropriate receptors.

This method generally applies ta future receptors (e.g., recreational users, residents), assuming that
excavation has taken place. The method does not apply to construction worker receptors, who are
considered to have the potential for extensive contact with surface and subsurface contamination in
small areas but for relatively limited periods of time. Because of these unique exposure conditions,
the assumed exposure unit size for the evaluation of construction workers should be the same as the
area of potential contamination. This effectively means that intake calculations are not modified for
construction wori.ers; the FI parameter is always equal to one. Because exposure to subsurface
contamination, as well as to surface contamination, is possible for construction workers, the average
concentration in the entire volume of contaminated soil is used as the exposure concentration.

USE OF THE EXPOSURE UNIT CONCEPT IN RISK ASSESSMENTS FOR THE LABORATORY

Los Alamos National Laboratory, located in north central New Mexico, has been involved in research
and development of nuclear weapons since the early 1940s. This work, especially in the earlier years,
resulted in c ntamination of soils with radionuclides and chemicals in many distinct areas; however.



because the EPA has determined that current environmental conditions at the laboratory do not pose
an imminent threat to human health, the laboratory is not listed on the NPL (i.e., is not a "Superfund"
site). The main legislation governing environmental restoration (ERj> activities at the laboratory is
the RCRA as amended under the Hazardous and Solid Waste Amendments of 1984. The RCRA
requirements are addressed by the laboratory's ER program. Under the laboratory's RCRA permit,
addressing potential contaminant releases from several hundred SWMUs is required. Types of
SWMUs identified at the laboratory include septic systems, underground storage tanks, surface
disposal units, spill areas, outfalls, landfills, firing sites, and stack emissions.

The 43-mi2 (112-km2) laboratory site is adjacent to the towns of Los Alamos and White Rock, Mew
Mexico. The labor ̂ tory and adjacent communities are located on the Pajarito Plateau. Intermittent
streams that drain the plateau have created numerous narrow finger-like mesas; most operational
areas of the laboratory are located on mesa tops. Current land use in the area of the laboratory
consists of residential use in the towns of Los Alamos and White Rock and recreational use of canyon
sides and canyon bottoms. The prevalent land use within the laboratory's current boundaries is for
ongoing laboratory operations, involving potential exposure for long-term laboratory workers and
construction workers on laboratory property. For ER program risk assessments, each land use
assumed has an associated exposure unit; therefore, exposure unit areas are generally needed for the
following receptors: residents, recreational users, long-term workers, and construction workers.

The exposure unit size for residential current or future land use scenarios at the laboratory will be
assumed to be 500 m2, as per EPA risk assessment guidance (I). Residential land use is generally
assumed for SWMUs outside of current laboratory boundaries.

For SWMUs within current laboratory boundaries and contamination limited to surface soils, the
appropriate receptor for risk assessments is the long-term employee. Under the long-term employee
scenario, the exposure unit chosen will also be 500 m2. This value is considered to be a reasonable
estimate for a typical long-term employee who may work indoors, taking lunch and breaks outdoors.
For SWMUs with potential subsurface contamination, a construction worker scenario will also be
evaluated. For these short-term receptor-, the exposure unit area will equal the surface area of the
contamination (i.e., the construction worker is assumed to spend the entire exposure duration in the
contaminated area, so no dilution from exposure to unccntaminated areas is assumed). Construction
worker receptors are likely to be exposed to small areas of contamination but for limited periods of
time.

Recreational land use scenarios, consisting of hiking, biking, or camping exposure scenarios, are also
important for laboratory risk assessments, because many areas are unlikely to have any other current
or future use (e.g., steep canyon side areas, some canyon bottom areas where periodic flooding is
likely). The SWMUs with an associated recreational current or future land use will have assumed
exposure units equal to one-half acre (2,000 m2). A half acre is a reasonable estimate of the area
covered daily by a child playing, a youth recreating, an adult exercising, or a family camping in
accessible land surrounding the laboratory work sites. The half-acre exposure unit is not necessarily
assumed to be square but can be fit tc the site-specific landscape of the contaminated site (e.g., a long
rectangle for an outfall or stream bed). A variable shape for the exposure unit for the recreational
scenario is an appropriate assumption, because potentially contaminated areas are formed aver easily
accessible land where receptors tend to be exposed.

To illustrate the use of the exposure unit concept in deriving estimates of contaminant intake, three
hypothetical SWMUs will be discussed. The first hypothetical SWMU is a 20,000-m2 firing site where
elevated concentrations of depicted uranium and beryllium are expected to be found in surface soils.
Because the site is on laboratory property, risk will be estimated for a long-term employee. The second
example SWMU consists of surface soil contamination in a limited area: a former capacitor storage



area, approximately 100 m2 in size, with suspected polychlorinated biphenyl (PCB} surface
contamination. Preliminary sampling and analysis have already provided a good estimate of PCB
levels in the former storage area. The SWMU is outside of current laboratory boundaries, so a future
resident will be assessed. The third example is an SWMU with subsurface contamination: a leaking
underground storage tank that has released several contaminants to subsurface soils. The risk-driving
contaminant on the basis of toxicity and concentration has been determined to be arsenic; sampling
and analysis have already provided a good estimate of arsenic levels within the volume of
contaminated soil. The volume of contaminated soil is about 100 m3; risk to a future recreational user
will be assessed with the assumption that excavation has occurred.

Firing Site

For the 20,000-m2 firing site, the area would be divided into forty 500-m2 exposure units
(i.e., appropriate size for evaluation of long-term employee risk). Estimates of risk within each
exposure unit would address both systemic effects and increased cancer risk (for chemical
contaminants identified as potentially carcinogenic and from external gamma irradiation for
radionuclides). Additionally, when more than one contaminant of concern has been identified, as is
the case in this example, combined systemic and carcinogenic risk must be evaluated. This evaluation
is accomplished by using a "sum of fractions" method, as described in EPA risk assessment
guidance (1).

Input from risk assessors would be needed regarding appropriate exposure routes and intake
assumptions (e.g., soil ingestion rates, inhalation rates, exposure frequencies) for a long-term employee
at the site. Toxicity information on depleted uranium and beryllium indicates that dermal absorption
is unlikely to be a significant exposure route because these contaminants are poorly absorbed through
the skin; therefore, only incidental soil ingestion and participate inhalation would be evaluated.
Intake assumptions would be used to calculate the soil concentrations corresponding to the
carcinogenic risk limit appropriate for the site (often 10"6) or hazard quotient of one for systemic effects
for individual contaminants. Statisticians would use these levels to determine the most effective
sampling schemes.

Surface Soil Contamination

Because the area of potential contamination is limited in size (i.e., 100 m2} and because data on PCB
levels in the area of contamination are already available, it is appropriate to incorporate the FI
parameter into intake calculations. Because PCBs are organic contaminants with negligible
background concentrations, equation 1 can be used to calculate FI. For a residential receptor, the
assumed exposure unit area is 500 m2; FI would therefore be equal to 0.2 (i.e., 100 m2/500 m2). In
this instance, use of the FI parameter would result in an 80% reduction in the calculated daily intake
of PCBs. Toxicologic data on PCBs would be used to determine appropriate exposure routes for
evaluation. For PCBs, dermal exposure likely would be evaluated in addition to ingestion and
inhalation.

Subsurface Contamination

In laboratory risk assessments, the assumed exposure unit size for recreational use scenarios is
2,000 m2. By assuming that excavation of the 100 m3 of contaminated material had occurred and that
the minimum spread thickness at the surface was 0.1 m (13), the calculated potential area of surface
contamination would be 1,000 m2. Because the contaminant of concern, arsenic, is a naturally
occurring substance, background concentrations would be taken into account in calculating the FI
parameter. For this example, the assumptions are made that the upper range of background
concentrations for arsenic in the region is 10 mg/kg and that the average level in the contaminated



soil is 20 mg/kg. On the basis of these data, the FI parameter for intake calculations would be equal
to 0.75 (see equation 2). If background levels of arsenic were not included in the calculations, the FI
parameter would equal 0.5, resulting in a nonconservative (i.e.. Sower) estimate of intake and risk.

CONCLUSIONS

Use of exposure units in calculating intake and dose for potential receptors at hazardous waste sites
aids in appropriate analysis of soil data for large sites by establishing a logical and defensible area
over which to average sample results, preventing unreasonably large spatial dilution. Additionally,
use of the exposure unit concept results in more realistic risk estimates for sites where distinct small
areas of contamination are being assessed (e.g., SWMUs at RCRA sites), thereby resulting in a more
cost-effective and targeted remediation plan.
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