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Abstract 

This paper presents a current overview of the basic elements of environmental risk assessment within 
the basic four-step process of hazard identification, exposure assessment, toxicity assessment, and 
risk characterization. These general steps have been applied to assess both human and ecological 
risks from environmental exposures. Approaches used to identify hazards and exposures are being 
refined, including the use of optimized field sampling and more representative, rather than 
conservative, upper-bound estimates. In addition, toxicity data are being reviewed more rigorously 
as U.S. and European harmonization initiatives gain strength, and the classification of chemicals has 
become more qualitative to more flexibly accommodate new dose-response information as it is 
developed. Finally, more emphasis is being placed on noncancer end points, and human and 
ecological risks are being weighed against each other more explicitly at the risk characterization 
phase. Recent advances in risk-based decision making reflect the increased transparency of the 
overall process, with more explicit incorporation of multiple trade-offs. The end reklt is a more 
comprehensive life-cycle evaluation of the risks associated with environmental exposures at 
contaminated sites. 
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Background 

In the early 1980s, the U.S. National Academy of Sciences defined four basic elements of risk 
assessment (NAS 1983): 

1. Hazard Identification/Data Collection and Evaluation 
Answers the question: What is the hazard, and where is it? 

2. Exposure Assessment 
Answers the question: Who could come into contact with that hazard, and how? 

3. Toxicity or Dose-Response Assessment 
Answers the question: What potential harm could result from that exposure? 

4. Risk Characterization 
Answers the question: What is the nature and magnitude of the risk to the receptor? 

The U.S. Environmental Protection Agency (EPA) subsequently developed extensive guidance for 
conducting risk assessments at contaminated sites on the basis of these four elements, initially 
focusing on human health (EPA 1989b). Recent refinements to the initial guidance reflect scientific 
advances in fields ranging from reproductive and neurotoxicity risk assessment to ecological risk 
assessment (EPA 1996b-d), but the basic concepts remain the same. 

By the beginning of the current decade, the EPA had established an environmental process designed 
to ensure that inactive contaminated sites would be properly cleaned up or controlled (EPA 1990). 
About 1,500 sites across the country have been placed on the National Priorities Lisi (NPL). This 
list represents a general ranking according to relative hazards, by considering among other factors, 
the proximity of a site to human and ecological receptors, including sensitive ecosystems. Similar 
legislation addresses environmental protection activities at operating facilities with contaminated 
areas, of which there are more than 5,000. 

Environmental media-notably soil, surface water, and groundwater-at traditional NPL sites are 
contaminated with a variety of chemicals ranging from metals, such as arsenic and lead, to 
chlorinated solvents and pesticides. Additional facilities, especially those being managed by the US. 
Department of Energy (DOE), also contain radioactive contaminants-with radionuclides ranging 
from natural isotopes of uranium, thorium, and radium to mixed fission products such as cesium and 
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strontium and less common man-made radionuclides. The following discussion highlights 
applications at DOE sites because of the interesting complexity associated with radiological risk 
issues, but the same general concepts apply to other contaminated facilities. 

The federally led U.S. cleanup program is massive and has been roundly criticized for beiig 
extremely slow, expensive, and ineffective; for example, the assessment of health and environmental 
risks and the evaluation of remediation alternatives has taken up to five years and more at NPL sites, 
with even longer schedules for controversial projects. Cleanup costs for the DOE environmental 
restoration program alone recently were estimated to exceed $200 billion (DOE 1996). Although 
the private sector shoulders the burden for the cleanup of many inactive commercial and industrial 
sites, taxpayer monies are used to pay for cleanup at federal sites. This fact results in considerable 
scrutiny and constant pressure from the public, elected officials, and regulatory agencies for quick 
and effective solutions. 

Unfortunately, these cleanups are far from straightforward because risk perceptions often affect the 
sensibility, timeliness, and cost-effectiveness of environmental decisions. Because radioactively 
contaminated sites suffer from an additional perception problem, the DOE environmental restoration 
program is even more complicated. Thus, attempts to reduce redundant conservatism in the 
underlying assumptions and to incorporate more realism into the risk assessments of the program are 
often challenged as vitiating existing protective standards and procedures. 

Human health currently is being protected at DOE environmental restoration sites through existing 

controls, which include access and use restrictions and waste containment. To release this land for 

other use, the DOE is conducting extensive remediation planning that involves assessing human and 

environmental risks under various response options. Although human health effects traditionally 

have been the driver for cleanup decisions, many DOE sites contain large tracts of land that now 

support thriving ecosytems because of decades of minimal human disturbance; for example, only 

about 6% of the estimated total 30,000 mi2 associated with over 100 DOE environmental restoration 

sites is contaminated, because much of the land served as a buffer zone during past facility 

operations. 

, 

Thus, conducting active measures (such as excavating contaminated soil) to protect possible future 

human receptors from exposures to residual contamination would cause considerable adverse 
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impacts on local environmental resources. As final remedies for these sites are forthcoming, 

ecological and other environmental impacts associated with taking those actions are expected to be a 

significant factor in the decisions. 

Although intended as a tool to support environmental decision making, risk assessment is often 

waved by interested parties as a compliance flag or enforcement threat, with little discussion of the 

underlying science and with considerable emphasis on emotional risk perceptions. Risk analysts 

continue to strive for better sensibility and utility of risk assessments so that sound science and good 

judgment will play a major role in cleanup decisions. 

Methods and Results 

Risks to human health that might result from exposures to contaminants at NPL sites are estimated 

with standard methods that have been developed by the EPA, consistent with those of other 

agencies. These analyses typically focus on two types of health end points that could result from 

radioactive or chemical exposures: (1) cancer and (2) noncarcinogenic effects (such as hypertension 

or changes in liver enzymes or kidney function). Safety issues that involve accidents and fatalities are 

also addressed as appropriate, by considering statistics for similar activities. (For example, Bureau of 

Labor statistics for the construction industry have been used as a stating point to estimate risks for 

workers involved in decontaminating and dismantling facilities, while data are collected for ongoing 

activities.) 

The ecological risk assessment process is much more complex than that for human health because of 

the large numbers of potential species, stressors, and end points. Nevertheless, the same basic 

framework is followed: from problem formulation through exposure, toxicity and effects 

assessment, and risk characterization. 

Recent advances have been realized because of improvements in each of the four steps of the risk 

assessment process. The first step, hazard identification, often initially involved several years of 

iterative sampling, with laboratory analyses following data collection in the field. Increasingly, 

portable instruments are being used as part of an optimized multimedia sampling program that 
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incorporates geographic-information-system mapping and real-time data evaluation. This usage has 

significantly reduced the front-end time spent on characterizing the nature and extent of 

contamination. 

For the exposure assessment, conservative default parameters traditionally have been used in the 

standard intake equation for human exposures, as modified per exposure route @PA 1989b). For 

example, the intake Ii (in mag-day) for chemical contaminants resulting from inhalation of outdoor 

air can be calculated as follows (similar equations apply for exposures to contarninants in soil or 

water, and a parallel estimate of dose can be conducted for radionuclides): 

BWxM 
where 

c,i = air concentration of contaminant i (rng/m’) 

I% = inhalation rate (m3/h) 

ET = exposure time (hr/d) 

EF = exposure frequency (d/yr) 

ED = exposure duration (yr) 

BW = body weight (kg) and 

AT = averaging time (d). 

Initially, relatively high hourly rates (e.g., 1.2 m3/h) were often used to represent a daily inhalation 

rate. Similarly, the exposure times, frequencies, and durations for hypothetical receptors, such as 

trespassers, were several times higher than would be supported by existing or projected conditions 

(such as the presence of workers and security guards). In the past few years, assessors have been 

moving away from overly conservative assumptions toward input values that reflect central 

tendencies and actual site conditions-including such factors as the specific environmental setting 

(from climate to soil type), land use, and the ease or likelihood of access to contaminated media. 

The more representative approach that extends from contaminant transport and biouptake modeling 

to human exposure estimates has also involved a range of parameter values, rather than deterministic 

(single-point) estimates, to reflect the inherent variability in the “potentially exposed populations” 
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evaluated. (For example, although a reference man is assumed to weigh 70 kg, the weight of 

potential receptors varies considerably.) This approach has reduced some of the redundant 

conservatism in exposure estimates. 

. 

With regard to the toxicity assessment and risk characterization, ionizing radiation represents the 

major radioactive hazard at DOE sites. Cancer induction and hereditary effects are the two major 

health concerns. Both effects are stochastic and are considered to have no threshold dose (i.e., the 

probability of occurrence, not the severity of effect, increases with the absorbed dose of radiation, 

and there is assumed to be no dose level below which the risk is zero). Because carcinogenesis is 

generally the limiting effect for radionuclides, it is generally used as the sole basis for assessing 

radiation-related human health risks (EPA 1989b). 

The relationship between the radiation dose and health effects is relatively well characterized for high 

doses of most types of radiation. Although lower levels of exposure may constitute a health risk, a 

direct cause-and-effect relationship is difficult to establish because a particular effect in a specific 

individual can be produced by many different processes. For example, the features of cancers 

resulting from radiation are not distinct from those produced by other causes. Therefore, the cancer 

risk from exposure to low levels of ionizing radiation must be extrapolated from data observed at 

higher doses. To be protective, this extrapolation has assumed no-threshold linearity (despite the 

indication of a threshold and, in some studies, a sparing effect at low doses). 

For chemicals, even fewer human data are available for low-dose exposures, and the conservative 

no-threshold extrapolation to zero has also been applied for these contaminants. However, advances 

in our understanding of the modes of action for various carcinogens are resulting in some flexibility 

in these extrapolations, and conservatism in other assumptions (such as 100% bioavailability) is also 

being mitigated by recent scientific data (EPA 1996b). 

To limit the chance that someone could get cancer from a contaminated site, the EPA has established 

a range of from 1 in 1 million to 1 in 10,000 for the incremental lifetime risk of cancer associated 

with possible exposures (EPA 1990). This target range represents the increased probability (over the 

background cancer rate) that someone could get cancer during their lifetime if repeatedly exposed to 

contaminants at the given site. The risk to an individual is estimated by multiplying the calculated 
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intake by the chemical- (and route-) specific cancer slope or potency factor. For chemicals, this 

factor is typically an upper-bound value developed from a review of relevant dose-response data and 

traditionally is based on a linear, no-threshold model. Again, this assumption is now being modified 

(to reflect a margin of exposure for an estimated dose) where the scientific evidence to support an 

alternate model is available (EPA 1996b). 

The process for assessing radiological risks generally parallels that for chemical risks, but it consists 

of a two-phase @e., dual-end-point) evaluation. For the first phase, radiation doses are calculated 

for all relevant radionuclides and pathways for the purpose of comparing committed effective dose 

equivalents with established radiation protection standards and criteria. For the second phase, 

carcinogenic risks are calculated for the radionuclides of concern in a manner similar to that for 

chemical carcinogens, by using an age-averaged lifetime excess cancer incidence per unit intake (and 

per unit of external exposure). To support this second calculation, the EPA has developed (and 

recently refined) cancer incidence factors per unit intake that are analogous to the slope factors 

developed for chemical carcinogens. 

Although radiological and chemical risk results have sometimes been added, it is important to present 

them in parallel, rather than in combination, because the underlying assumptions differ (including the 

use of best-estimate versus upper-bound values for the toxicity values from the dose-response 

curves). Also, the outcomes can differ significantly depending on the specific contaminants and 

exposure routes. 

To put the target risk range in context, the American Cancer Society has estimated that about one in 

three Americans will develop cancer during their lifetime from all sources (including smoking). By 

comparison, the risk from exposure to radiation naturally present in the environment is about 1 in 

100, primarily from radon (EPA 1989a). Thus, the EPA aims to manage risks associated with 

contaminated sites at a level that represents an extremely small fraction of the cancer risk expected in 

the general population from everyday exposures. 

To address the noncancer health end point, the EPA has developed a measure called a hazard index. 

This index is determined by comparing the amount someone might take in from site-related 

exposures with the dose that the scientific community considers safe or acceptable for the given 
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contaminant (the reference dose). A hazard index above 1 indicates that a noncarcinogenic health 

effect might result from the estimated exposure (as segregated by the target organ/mechanism of 

action). Toxicity values for both the cancer and noncancer end points are electronically available 

(EPA 1997). Orders-of-magnitude safety factors have been incorporated into these toxicity values to 

accommodate the uncertainty associated with a general lack of human data. A similar index has been 

applied to estimate ecological risks (EPA 1996c), and benchmark ecotoxicity values that parallel 

human toxicity values are available and continue to be developed (e.g., see Opresko et al. 1995; EPA 

1996a). 

To provide some context for health assessment results that are significantly influenced by the 

uncertainty factors in toxicity values, comparisons with background estimates and excess risks 

continue to be explicitly presented in current documentation. Similarly, the significance of the 

indicated ecological risk is presented in the context of the overall site conditions, as well as the 

potential for health effects. Trade-offs among health and ecological risks and environmental impacts 

are now being presented more comprehensively, from the baseline (no-action) assessment through 

the projected cleanup period (per response alternative) to a postcleanup assessment and verification. 

This more holistic, life-cycle approach provides a fuller story of the potential impacts associated with 

taking or not taking various cleanup actions at contaminated sites. The approach also accommodates 

a variety of stakeholder perspectives and better informs the decision-making process in light of often- 

competing demands for future use of the land (e.g., from preservation as an ecological reserve to 

continued use as a commercial or industrial facility or release for recreational or unrestricted 

residential use). 

Summary and Future Directions 

In evaluating environmental risks associated with contaminated sites, conservative inputs such as 
maximum contaminant concentrations and high-end values for exposure parameters have been 
common. The use of different approaches and assumptions for the toxicity assessment and the 
inappropriate combination of radiological and chemical results have also resulted in confusion and 
inconsistencies across sites. 

As a result, costly cleanup actions are often identified as the preferred solution, despite the fact that 
little effective risk reduction will actually be achieved. Targeted residual contaminant levels or 
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cleanup criteria have sometimes seemed inconsistent and are also out of synchrony with the 
responses taken to protect against other (more likely) environmental risks. In addition, the net 
environmental benefit is often negative because environmental resources are destroyed in pursuit of 
the Holy Grail of “zero” health risks. 

Where risk estimates exceed target thresholds, analyses are becoming increasingly more refined to 
better reflect actual or likely site conditions. Historically, this modification focused on the exposure 
parameters and not toxicity values, which are the major source of “safety” conservatism in these 
assessments. However, recent guidance from the EPA and others encourages the incorporation of 
current data from the peer-reviewed literature and also suggests a more flexible approach 
acknowledges the considerable uncertainty in the toxicity assessment (e.g., via probabilistic Monte 
Carlo analyses). 

Also, broader involvement of interested parties has helped to shine a fuller light on the 
elements of risk-based decision making (NRC 1994). Last year, the National Research Council’s 
Committee on Risk Characterization identified the need to better involve stakeholders in the 
evaluation and decision-making process for contaminated sites (NRC 1996). (Stakeholders include 
affected and interested individuals and organizations with a stake in the process and outcome, 
including the local public and environmental regulators.) Earlier this year, the U.S. 
Presidential/Congressional Commission on Risk Assessment and Risk Management endorsed a 
strong involvement of stakeholders in the risk management process, which overlaps with risk 
assessment at the characterization phase (P/C Commission 1997). Toward this end, the DOE has 
been implementing an extensive stakeholder participation program at both national and site-specific 
levels. 

Over the past several years, the DOE Office of Environmental Management (EM) has initiated 

national dialogues and funded a number of studies and workshops to address key risk issues. This 
has opened up the assessment and decision-making processes to multiple stakeholders. For 

example, local citizens’ groups have helped set risk-based priorities, plan future land use, and 

evaluate innovative technologies ranging from water treatment to vitrification, at a number of sites. 

At the same time, national peer review groups have helped guide improvements to programmatic 

prioritization and relative risk comparison processes. Such activities have helped to improve the 

Department’s credibility with its many stakeholders and contributed to some progress on the cleanup 

program. 



c 

Although communication difficulties inherent in the massive scope of the program have led to some 

fragmentation and inconsistencies, the DOE and other federal and international agencies continue to 

strive for harmonization and integration of programmatic and site-specific risk activities. As a part of 

this effort, the DOE established a Center for Risk Excellence at the DOE Chicago Operations Office 

during the past year to support the national risk policy program. The center is working to support 

the national program in improving how risk information is developed and used to make 

environmental decisions, set priorities, allocate the budget, and interact with external parties - 
including the public, regulators, and industry. Topics of concern include (1) the relative weighting 

of risks to cleanup workers the public, (2) the balancing of potential health risks with ecological 

impacts, (3) residual contaminant levels and future land use, and (4) safe implementation of 

innovative technologies. 

The overriding emphasis of the center’s activities is to reduce cleanup costs and promote the wiser 

use of limited funds through better definition of site problems on the basis of scientific analyses, 

prioritized risk issues, and more informed discussions about impact trade-offs. Collaboration with 

risk assessors and managers across multiple projects and agencies will be key to the success of the 

DOE efforts and those of its counterparts involved in cleaning up waste sites. 
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