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About the Project 

The Bioavailability Policy Project (BPP) stemmed from the parent How Clean is Clean? (HCIC) 
Working Group, an effort involving over 150 public and private leaders aimed at creating a framework 
for improving our nation’s cleanup programs. The primary focus areas or “sectors” of the HCIC 
Working Group have been cleanup and corrective action, federal facilities, brownfields and chemical 
emissions. 

The bioavailability issue came to NEPI’s attention in 1994 through some of the scientists involved 
with NEPI and the HCIC Working Group, principally Dr. Thomas Roose and David Linz of the Gas 
Research Institute, Dr. Dave Nakles of ReTec, Inc. and Dr. Raymond Loehr at the University of 
Texas at Austin. At an NEPI sponsored “congressional roundtable” on HCIC and Superfund for 
relevant congressional committee staff, Linz gave a presentation on the bioavailability issue which 
generated much interest. 

Bioavailability was also a key component at a 1995 NEPI national symposium on brownfields 
involving a cross-section of leadership in policy, politics and science. That effort led to a policy 
study entitled The Environmental Impact of Soil Contamination: Bioavailability, Risk Assessment, 
and Policy Implications, authored by Dr. Loehr and published jointly by NEPI and the Reason 
Public Policy Institute. This publication served as an important baseline for discussions in the BPP. 

With respect to data contributing to risk assessment and remediation decisions, the concept of 
bioavailability is fundamental to “defining environmentally acceptable endpoints.” Bioavailability 
analysis is currently being used by regulators and others in the field on an ad hoc basis. While 
bioavailability is not new to many scientists, the issue has only recently received serious consideration 
from regulators and policy makers. Given the enormous impact this emerging science may have on 
our national cleanup policy and the current Superfund, brownfields, and corrective action debates, 
the relatively minor attention this issue received was surprising. 

In September 1996, W P I  formed the BPP Working Group involving approximately 75 public and 
private leaders from the scientific community, academia, government and industry. Under the 
guidance of NEPI Chairman Don Ritter and Project Director Don R. Clay, former EPA assistant 
administrator for Solid Waste and Emergency Response, the Working Group aimed to create 
opportunities to enhance the development of the science of bioavailability and help move this science 
from the laboratory into practice. To obtain broad appreciation as to when and how bioavailability 
can be incorporated into risk assessment and cleanup decisions, the project includes regulators, 
policy makers, members of the regulated community and scientists from a variety of disciplines 
and backgrounds. 

The overall goal of the project is to educate the public and policy makers at all levels on the state- 
of-the-science on bioavailability, how it should be incorporated into policy decisions on risk 
assessment and cleanup; and to fuaher the understanding of regulators in making such policy 
decisions in the future. 
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Project objectives include: 

Communicate the concept of bwavailabili$y. Create a coherent set of messages about the 
concept of bioavailability and establish an awareness among the public and key policy 
makers at the federal, congressional and state level of the need to incorporate this knowledge 
into regulatory cleanup decision-making, under certain conditions. 

Demonstrate its capability as a risk assessment tool Show current methods for assessing 
bioavailability and identify tools and models for incorporating this knowledge into the 
decision-making process. 

Demonstrate application to risk management. Give actual or hypothetical examples to 
illustrate application and facilitate understanding; and suggest policy approaches that make 
sense for risk analysis and remediation design. 

Focus research agenda. Determine the needs of regulators and local cleanup decision- 
makers so as to help focus the research agenda and advance the state of the science further. 

Launch a nationalpolicy dialogue on bwavailubi&y. Utilize a variety of communication 
tools and outreach activities to facilitate a broader dialogue among scientists, regulators 
and policy-makers involved in remedial decisions. 

The BPP Working Group held several meetings between the Fall of 1996 and the Summer of 1997. 
In addition to providing analysis and recommendations that were essential to this white paper, the 
Working Group was instrumental in the development of a number of activities that were critical to 
project communication and outreach, and obtaining broader input to the Working Group process. 
These activities are summarized below. 

On November 13,1996, NEPI held a “Window on Washington” Roundtable entitled Ckaning Up 
in an Era of Devolution. In a panel on “Bioavailability -A New Definition for Clean?”, a 
multidisciplinary group of six scientists and environmental managers of different backgrounds 
elaborated on the science of bioavailability and how the science could be used to illuminate innovation 
and expedite cleanup at the state and local levels. The dialogue was most fruitful as panel members 
engaged in discussion with state, local and community leaders and representative on other panels. 

In March 1997, the BPP Working Group produced a briefing paper on bioavailability that was used 
to stimulate discussion in outreach meetings with EPA staff, congressional staE and others. Further 
investigation led to a draft white paper in May 1997 entitled Bwavailability: Zmplications for 
Science/Ckanup Policy. The draft white paper served as a vehicle for discussion in NEPI’s national 
forum on bioavailability and feedback into the Working Group process. 

On June 11,1997, the National Environmental Policy Institute (NEPI) convened the first national 
conference on bioavailability in Washington, D.C. Bwavailability: The Policy Zmpact of Emerging 
Science brought together scientists, regulators and policy-makers to aid in building a bridge between 
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science and regulation on the use of bioavailability as a consideration in cleanup decisions. The 
goal of the program was to create opportunities to enhance the development of the science of 
bioavailability and generate momentum and acceptance for incorporating cutting edge science into 
risk assessment and cleanup decisions. 

NEPI hosted this conference to provide a logical and scientifically sound presentation of information 
on bioavailability to the public, regulators and other policy makers. Participants focused on four 
major aspects of bioavailability: 1) the state-of-the-science; 2) moving this science from the 
laboratory into practice; 3) bioavailability as a feature of national cleanup policy; and 4) research 
directions for the future. 

This conference was unique in the context it provided to understand the issue of bioavailability. 
Speakers and panelists included basic and applied researchers of different scientific disciplines 
from academia, industry, and regulatory agencies; and key decision-makers in federal and state 
agencies and Congress that must use andor understand the impact of this information. 

NEPI has published the proceedings of this conference under separate cover and we encourage 
readers to consult it as a companion to this document : (1) to gamer specifics details on research 
discussed, tests devised or identified as needed; and (2) to appreciate the trend and tenor of this 
multi-perspective debate. 

Lastly, to gain a practical / implementation-oriented perspective on bioavailability, NEPI is working 
with remedial project managers and others in the field in an effort to develop a Bioavailability 
Field Guide that will have broad application to a variety of environmental managers seeking to 
incorporate this information in their site characterization and cleanup strategies. 

At the time of this writing, bioavailability language has been incorporated on some four occasions 
in the latest Superfund reauthorization effort, H.R. 3000. 

The pages that follow represent the findings and recommendations of the Working Group in the 
first phase of the BPP. We are releasing this white paper as a draft discussion piece to engender 
broader participation and response to the BPP as we move toward the second phase of the project. 
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Introduction: 
A. Key Points and Perspective 

The concept of bioavailability is fundamental to risk assessments and remediation decisions and to 
defining “environmentally acceptable endpoints.” At these endpoints, the concentration of 
contaminants in soils or other media does not present an unacceptable risk to human health and the 
environment. Bioavailability refers to how chemicals “behave” and their “availability” to interact 
with living organisms (“bio”).’ 

Bioavailability has significant implications for exposure risks, cleanup goals and costs. It provides 
an underlying scientific basis to refine national cleanup policy, better inform site-specific remediation 
decisions, and direct improved science policy. The salient points about bioavailability are: 

The fact that a chemical(s) can be measured/detected in soil is not determinative of its actual 
availability or associated risk; 

Risk to human health and the environment is tied directly to the bioavailability of a chemical; 
and 

Chemical concentrations can sometimes be many times above “background” and st i l l  be 
safe and protective of human health and the environment. 

As decision-makers become better informed about bioavailability, traditional measures of successful 
cleanup, based upon minimizing chemical concentrations in soils and sediments, can be refined? 

Remediation activities that are more cost-effective can be undertaken while still providing 
environmental protection. With that in mind, this white paper provides (i) an explanation of the 
basic nature of bioavailability in soils, (6) draws parallels to sediments and aqueous media where 
appropriate, and (iii) places the science in the context of public policy and decision-making for risk 
assessments and cleanup requirements at contaminated sites. 

While the trend toward greater flexibility in our overarching national cleanup policy has quickened 
since 1990, the inherently conservative scheme of the 1980’s still predominates. Thus, “default” 
assumptions (e.g., the amount of chemicals detected equals the amount released, transported, and 
causing a receptor e$ect) are generally used in risk assessments. 

Similarly, assumed exposure at “worst case” screening levels, like direct “lifetime” human ingestion 
for 270-365 days per year, has been central to defining protective endpoints. Where there is gross 
contamination, an apparent imminent threat, and a lack of site-specific data, this approach may be 
appropriate. But it appears that too often this “one size fits all” approach has led to cleanup decisions 
that drive remediation to “background” levels or certainly to cleanup requirements in many cases 
that are beyond what is necessary to be protective? 
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The issue is not about avoiding cleanup of toxic, mobile chemicals; rather it is to understand that in 
soils, chemicals can be less mobile and less- or non-toxic, and thus, present less risk in many 
cleanup situations. Information to support this understanding can be acquired and used to make 
determinations that supplement options for site management. 

This paper recommends changing policy to emphasize bioavailability so that cleanup requirements 
are better aligned with current science and information. In the case of bioavailability, this change 
takes the form of assuring that information about actual chemical(s) availability, mobility and toxicity 
at a site is provided to decision-makers. In short, what is needed is uniformity and consistency in 
the assessment process that reflects actual risks at sites for both ecological and human health 
protection. 

This information is necessary to bridge the gap between what science reveals (e.g., that various 
mechanisms in the soil can stabilize chemicals at a site, cleanup can be tailored to actual conditions) 
and what regulations or policy often require (e.g., that chemicals have been detected and the site 
must be completely excavated/treated). 

B. A Tool For Better Decision-Making 

Some state as well as federal-lead sites have begun to incorporate bioavailability into both risk 
assessment methods and remediation decisions; however, the majority have proceeded from generic 
criteria and upper bound risk. Recently, EPA models have used a “default” bioavailability assumption 
of 30% for lead exposures to children; a low-end range of 2040% up to 80% for arsenic at some 
sites. This contrasts with the notion of 100% bioavailability, reflected in analyses at many more 
sites, where the assumption made is that the concentration of chemical detected defines the risk. 
But science now supports and identifies the factors appropriate to application of bioavailability at 
all sites. Thus, an apparent policy issue is the rapidly increasing disparity in the national 
decision-making apparatus between the delinitions for remediation goals, actual versus “worst case” 
risks, and applicable remedies. 

Also illustrative of this uneven policy execution is in-situ bioremediation. This is an alternative 
often considered to achieve cleanup (even for sites where risks and remedies have been derived 
from “worst case” assumptions); yet application of bioavailability, involving the exact same scientific 
principles, to define cleanup requirements seems to occur on an ad hoc basis at best: 

A question that arises is that if some states or site managers are applying the concept- collecting 
bioavailability data, and using that data to define remedy requirements and better inform 
decision-makers - why not all states and site managers? Indeed, collection and application of 
site-specific data on chemical release, transport, and receptor effects can contribute not only to 
better decisions, but also to advancing the scientific knowledge needed to formulate predictive 
tools and standardized field tests. 

Another question that arises is, ‘Why not just clean up the site and stop the studies and expenditures 
for site evaluation?” In the context of a genuine desire to complete cleanups in a timely and cost 
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effective manner (not to avoid taking action), the answer is that information on chemical availability, 
mobility and toxicity in soils helps define improved options for what to do, how to do it, and how 
far to go to achieve environmentdly acceptable endpoints. 

There are instances where data on bioavailability are collected but not used to inform 
decision-makers or refine cleanup decisions. Instead, the use of general national criteria and 
assumptions prevails in cleanup decisions. Although the Risk Assessment Guidance for Superfund 
(RAGS) and other guidance leave open the possibility of using bioavailability information at sites, 
a number of hindrances remain. This appears to be attributable to a number of factors, ranging 
from perceived failure in the delegation of authority to all decision levels to simple uncertainty on 
the part of site managers to run the “risk” of moving from the conservative posture of using “worst 
case” assumptions. What seem more likely is inadequate education, communication and information 
for decision-makers at all levels about what the weight of scientific evidence on bioavailability now 
tells us, and what to do with the evidence. In any case, policy change to rectify the situation is long 
overdue? 

Because bioavailability data help isolate and explain chemical behavior and broaden. not replace, 
the oDtions and tools for cleanup at a specific site, protection to environmentally acceptable endpoints 
can be achieved. Many factors enter into the definition of a protective environmentally acceptable 
endpoint at a site, including current and reasonably likely future land use, nature and extent of 
contamination, and risk to human or ecological receptors. Expressed another way, bioavailability 
serves to explain the dose/receptor response at a site and land use defines the receptor of concern? 
Of highest importance is the need to acquire site-specific data, bolstered by an unequivocal policy 
to do so. In this regard, EPA’s guidance on “Monitored Natural Attenuation” provides a boost for 
broadened site characterization (i. e., intrinsic bioremediution) in cleanup remedies? 
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II. Snapshot of the Current Risk 
Paradigm 

To pose a risk, chemical(s) in soil must first be available to a receptor by mobilization and transport, 
then cause an adverse response due to exposure through various routes such as ingestion of water or 
soil, inhalation, or dermal contact. This concept is depicted in Figure 1. 

Figure 1. Conceptual Risk Paradigm (Fmm reference 18 in Appendix B) 

Receptor Transformations 
EmissionlRelease - 

Non-Acceptable 

Chemical in Soil 
(Before & After Remediation) 

The prevailing application of this paradigm is inherently conservative. The concentration of chemicals 
detected (i.e., the “total” measured for either metals or organics) is presumed to be released; the 
presumed toxicity is that of the pure chemical, neither attenuated nor transformed; and it is presumed 
that the entire concentration reaches a receptor and causes toxicity. 

The effect of bioavailability on the conceptual framework of Figure 1 involves basic considerations 
of physical and chemical reactions that bind chemicals, mechanisms that alter the potential for and 
rate of release of chemicals, and various assays to assess ecological and toxicological effects. 

Availability of a chemical (e.g., for soils or ground water at a given site) is a significant factor 
affecting the extent to which a chemical, at any concentration, presents an environmental threat. 
’ b o  points about chemical availability are especially important. 

First, under existing conditions a site may reflect a range of situations. At one extreme, the condition 
may be a recent spill where “fresh” chemicals are more available for leaching (releasdmobility), 
degradation (transformation) and bio-uptake (exposurdreceptor). Alternatively, the condition may 
be one of “aged” chemicals that have been in contact with the soils/sediments for years or decades 
where the chemicals are, sometimes significantly, less available. The difference is important because 
in the latter situation, chemicals are held tightly by soiYsediments and there may be little need for 
remediation. 
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Second, over time chemical availability changes and leaching and degradation decline as soluble 
chemicals are degraded by microorganisms or are bound by chemical mechanisms such as 
precipitation or irreversible binding to organic matter. Remaining chemicals are adsorbed or bound 
in the soil matrix, become less mobile, less available and pose a reduced risk to the environment. 

In terms of the risk assessment paradigm, chemical availability impacts the rate and amount of 
chemical release and the immediate effect. From the moment a chemical comes into contact with 
a soil, a variety of natural physical and chemical processes occur, depending on factors such as soil 
type, pH, alkalinity, porosity, and temperature, that result in the diffusion and distribution of the 
chemical onto soil particle surfaces and into soil particle pores. Over time, there is further movement 
and sequestration of a chemical into soil particle surfaces or further chemical complexing that 
inhibits the availability to organisms. 

In the case of a site with ground water contamination, for example, bioavailability data can help 
determine if a release of the contaminant is continuing, the extent to which mobility and exposure 
are changing, and the extent that the receptor effect may differ from the toxicity of pure compound. 
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III. Snapshot of the Current Decision 
Paradigm. 

The often routinized application of overarching national policy of the last 15 years still prevails. 
The policy strongly suggests that it is necessary to be consistently conservative between and among 
all sites to be both “sure” and “safe” in risk assessment and remediation requirements. 
Nationally-applicable criteria based upon inherently conservative assumptions are used to provide 
an artificially high margin of safety such that ultimate cleanup decisions would be defensible as 
“protective.” The conservative logic has fostered pressures to “clean up to background” inasmuch 
as anything less would not “guarantee” permanence. This situation could well be contributing to 
increased environmental risk nationally because fewer sites can be cleaned up to this extent in the 
context of finite resources. 

Fifteen years ago, when the most fundamental decisions about “environmentally acceptable 
endpoints” were being made, bioavailability was a less well-known scientific concept, the 
implications of which were never well-known to senior decision-makers who, nevertheless, were 
confronting major policies about “how clean is clean.” 

It seems that over the years the notion of consistency has instilled a “cookbook” approach that has 
resulted often in adherence to non-binding guidance using conservative assumptions. There is an 
overlay of “bean-counting” schedules where success is measured by completing steps in a process 
using generic models and assumptions, not in acquiring site-specific data. These and other factors 
have fostered a paradox wherein it is acknowledged that bioavailability data would be useful, but 
take too long to acquire; therefore, sites remain unaddressed, in litigation, “being studied,” or 
“mothballed” for longer than the time needed to acquire data and make better informed decisions. 

Change is underway because confidence has increased significantly due to more information.8 There 
has been a dramatic increase in completed research that demonstrates the scientific aspects of “natural 
attenuation” (i.e., some contaminated sites can recover naturally to protective conditions) which 
involves the same basic scientific concepts as bioavailability. 

For whatever reasons, it appears that many “on scene” project managers are not empowered with 
this information as guidance and policy do not encourage the use of bioavailability data to make 
cleanup decisions. Given the growing body of science in this area, there is a significant opportunity 
to turn this around. 

Policies emphasizing “worst sites” and “immediate threats” first have improved the pace and priority 
of cleanup and corrective action, but the scope of problem definition is still driven by “potential” 
exposures, concentrations and amounts detected; rather than by information on chemical fate and 
transport, and the likely effect (i.e. bioavailability). Moreover, even after the “immediate threats” 
are removed, it is frequently unknown what, if any, further cleanup idwill be necessary - in large 
part due to a lack of bioavailability data. 
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In addition, national policy has focused on future land use for residential purposes, even where 
industrial development was intended, and bioavailability data needed to make the best decision 
generally are not sought or available to define zoning requirements, long-term land use options, and 
site cleanup goals. 
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I K  Overview of Scientific Concepts 
The science of bioavailability and the current “weight-of-evidence” derive from a substantial body 
of research, field studies, and site investigations that encompass a vast array of site characteristics 
and con taminant problems. The collective information involves the biological, chemical and physical 
processes which occur in soils and sediments and the behavior of contaminant chemicals undergoing 
those processes at individual sites. Several compendia reflecting two to three decades of investigation 
are now available for detailed discussions of virtually all aspects of bioavailability? 

This section presents a brief overview of the fundamental scientific concepts of bioavailability for 
the general case of soils with a few pertinent points about parallels or differences for groundwater/ 
sediments as a means to explain “the basics” in a policy discussion. 

There are many factors that qualitatively affect a chemical exposed to soils or sediments and that 
are especially important in quantitative outcomes as well. Empirical studies have established that 
processes such as soil particle adsorption, degradation by microorganisms, and chemical 
complexatiodsequestration are especially important. Each of these processes is affected by a wide 
variety of site-specific factors such as the nature of rainfall events, soil type, oxygen concentration, 
pH, alkalillity and hardness. As noted earlier, in the case of “aged” chemicals, generally encountered 
in remediations due to past spills or disposal at sites, the soil processes tend to “utilize” easily 
degradable chemicals and “stabilize” the recalcitrant chemicals within the soil matrix. This results 
in significantly less bioavailability and therefore reduces the potential effect on a receptor. As 
depicted in Figure 2, the soil processes can materially affedattenuate the rate and extent of chemical 
release, transport, transformation, and toxicity, and thus, have an impact upon risk. 

Figure 2. hpact of Availability on Risk Paradigm (From reference 18 in Appendix B) 

Emission/Release - Transformations Receptor 
F and Uptake 

Transport 

t 
Risk 

Acceptable 
Non-Acceptable 

Chemical in Soil 
(Before & After Remediation) Chemical Availability Impacts 

the Rate and Amount of 
Chemical Released 
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A. General Soils/Organics 

In the general case of soils, a few simplified examples are illustrative of the pertinent scientific 
principles. Organics such as crude oil or fuel hydrocarbons spilled or disposed on the land initially 
have high rates of volatilization, leachability into groundwater, and migration within the soil. At 
high concentrations/high volumes, immediate receptor effects can be quite serious. But a different 
situation may exist at previously contaminated sites where remediation is contemplated. 

Several natural processes occur that destroy or alter the chemicals. The processes begin fairly soon 
after the original spill or disposal incident and continue over time. These include: 

Volatilization to the atmosphere. This can be rapid at first for many hydrocarbons, 
but stabilizes and decreases over time as chemicals degrade or become bound in the 
soil. 

Leaching and migration into soil pore space or groundwater. These also decline as 
chemicals are degraded/destroyed by microorganisms in soil/water and chemical 
molecules become dispersed and bound to soil particle surfaces. 

Chemical reactions in soildwater that cause complexation and sequestration of 
chemicals reduce availability for degradation, leaching.1° 

Photodegradation contributes to chemical alterations that can reduce the availability 
and toxicity of many compounds.11 

Over time, as soils “age” (or following some remediation), the weight-of-evidence shows that a 
quasi-equilibrium condition is established such that some residual chemical diffusion and release 
occur and there is some availability for transport. Nevertheless, the processes of degradation, 
assimilation and sequestration in soils actually “treat” the release or bind the chemical in the pores 
of individual soil particles so there may be little or no “availability” for adverse receptor effects 
(Figure 3). 

Figure 3. The General Conceptual Interaction of Chemicals and Soils and the Availability 
of Chemicals h ’hated or ‘‘Aged” s o b  (Fmm reference 18 in Appendix B) 

Availabilihr 
Following Actlve Weathemd 

Treatment soils 
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Specific examples from field studiedresearch investigations of the behavior of organic chemicals 
demonstrate the significance of bioavailability in its application at sites. 

Represents 95% I Confindence Intervals A 

2000 
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Two Months 
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CoaVOil Gasification Plant Siteu 

Active‘ 

Focused laboratory and site investigations of soils at a coal/oil gasification facility showed 
that organic hydrocarbons at a former manufactured gas plant were not able to be degraded. 
Studies revealed that active bacteria present would degrade “fresh” hydrocarbons added to 
the soil; but not the same hydrocarbons that had been in the soil for many years. In addition, 
the soil was non-toxic. 

2 4 6 8 Intrinsic 

Wood-treatinp site: Creosote and Pentachlorophenol (PCP)13 

200 
100 

An engineered soil treatment system that operated for eighteen months at a wood-treating plant 
that used creosote and PCP was evaluated. Early testing showed that active degradation and 
chemical sequestration was underway. Two months after the operation ceased, a continuing 
decline in both total chemical and leachate concentrations was observed. Six years later, tests 
revealed that both concentrations were approaching zero and that there was no migration of 
contaminants out of the treatment system (Figure 4). Similar investigations at another 
wood-treating site showed a decline in chemical concentration from over 8000 parts per million 
(ppm) to less than 200 ppm, and the soil was non-toxic to microorganisms and earthworms after 
a period of about four and a half years. 

I \  
,Two Months 
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Figure 4. TCLP Concentration Achieved for Organic Reduction Hydrocarbons and 
Pentachloraphenol in Wood k t h g  Site Soils (From reference 3 in Appendix B)  
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Petroleum RefineqVOilv Waste14 

Initial studies of soils contaminated with gasoline, diesel fuel and oil hydrocarbons showed 
moderate toxicities, but after eight weeks of bioremediation, the hydrocarbon toxicity had 
reduced to non-toxic levels. On-site monitoring of a plume of groundwater contamination 
over a six-year period showed reductions of about 90% in hydrocarbon concentrations and 
significant reduction in plume size without any engineered intervention to treat the groundwater. 

B. General Soils/Metals 

Only a small fraction of metals found in soils are bioavailable; the larger fraction is usually bound 
with reacting chemicals making the metal less or unavailable for organism uptake. Metals 
bioavailability is influenced by physical, chemical and biological factors. Metal solubility and 
availability are especially affected by pH, and metals in soils interact with many different molecules 
to form insoluble salt precipitates (Le., form dzrerent metal species). Metals also adsorb onto soil 
particles and interact with a variety of organic compounds to become complexed, sequestered and 
less available to environmental receptors. Each species of metal formed in soils has its own fate 
and transport characteristics as well as toxicological action which are not reflected by terms, for 
example, such as “total mercury.” 

Except for mercury and selenium, volatilization of metals is not typically encountered. Leaching 
and migration of metals in soils depends heavily on particle sorption and surface or chemical 
interactions. Soils themselves are a variety of mineral/metal matrices such as silicates, clays, and 
metal oxides; and the shear bulk of the minerals in the environment makes them important in 
stabilizing chemicals that bind with soil particles &d become complexed and sequestered. 

Chemical interactions such as reduction and precipitation in soils can alter metals to less available 
forms or species. For example, the toxic and mobile form of chromium is readily and rapidly reduced 
to the insoluble form of chromium;15 phosphates interact with lead to form highly insoluble forms;16 
and sulfide forms of mercury are highly insoluble and less available.” In each of these cases the 
metals are materially less available or unavailable to receptor organisms in the environment (Figure 5). 

Figure5 Different Metal Species in Soils Have Different Water Solubility and Different 
Ingestion Bioavailability (Adapfedfrom reference 19 in Appendix B) 

Less Bloavallable More Bioavallable 
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A few specific examples h m  site investigations serve to demonstrate the application of bioavailability 
concepts to metals: 

Arsenic - bioavailability of soiVdust inpestiods 

Ingestion studies of soil and dust near a former smelter site have shown that arsenic complexed 
with soil can be three to ten times less bioavailable than the soluble form, sodium arsenate, 
typically measured in standard leach tests. Similar investigations at a chemical manufacturing 
plant have shown a ten-fold lower solubility and bioavailability of arsenic in soil compared 
with the soluble forms initially assumed to define the health risks at the site. 

Lead - soiVdust inpestionls 

Lead contamination has been investigated in a wide variety of settings. Blood lead tests in 
children at a former mining and smelter site showed lead levels at or below those of the 
general population even though measured soil and dust lead concentrations ranged from 1,000 
to 3,000 ppm. Similar results have been encountered at other sites. Lead in soils, in the form 
of various lead phosphate salts, is orders of magnitude less soluble and 50-100% less 
bioavailable than lead acetate, the compound measured in standard leach tests. 

Cadmium - plant u~takehngestion~~ 

Cadmium is readily complexed in soils. Except in cases of gross cadmium contamination, 
like paint pigments or nickel-cadmium batteries, most situations of cadmium contamination 
are associated with zinc mine or smelter operations because cadmium is geochemically 
associated with zinc in ore bodies. For normal soils a Zinc/cadmium ratio of about 100 exists 
and under these conditions there are severe limitations on plant uptake and animal transfer of 
cadmium. 

B. General SedimentdOrganics and Metals 

It is appropriate to briefly mention sediments which represent a special case of the bioavailability 
concepts outlined for soils. By their very nature sediments primarily exist in or under water in a 
fully saturated environment. Sediments are soiymheral matrices and, like soils, basic natural proceps 
concepts apply. Many differences from unsaturatedupland soils arise, however, because there: is 
less oxygen, merent species of microorganisms, typically higher organic matter content, ahd 
constant interaction between water and sediment particles. 

Wetlands, a combination of exposed soils and submerged sediments, represent a special case of a 
fragile environment that nonetheless have been found to stabilize chemicals and attenuate pollution 
dramatically. In the context of remediation of sediments, proper characterization of the same 
mechanisms otherwise applicable to soils will similarly provide the data to define the risks and 
cleanup requirements. For contaminated sediment sites, some points emerge to demonstrate the 
implications of bioavailability. 
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Chemical complexation, particle binding, and the activity of microorganisms are 
strongly influenced by the presence of iron, sulfides, and manganese in the sediment 
and water. Bacteria prodhce sulfide in the low-oxygen sediments, causing sulfide salts 
of many metals (mercury, copper, cadmium, zinc) to precipitate and exhibit low 
bioavailability. 

Evidence suggests that organics and metals will stabilize in undisturbed sediments and 
are unavailable to receptors. 

Leaching and migration of chemicals are primarily at the sediment-water interface and 
declines over time. 

There are lower levels of mobility and toxicity in sediments in areas of high water 
hardness compared with areas of soft water. I 

Some cherhicals, like some forms of PCBs, are more likely dechlorinated in sediments 
than in soils; hydrocarbons may be less degraded in low-oxygen sediments than in 
soils. 
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K Application/Implication of 
Bioavailability to Environmental 
Cleanup Settings. 

Investigations show that over time (in soils) chemical availability is reduced, resulting in reduced 
exposure and risk to human and environmental receptors; that the reduced availability can be 
measured, and that these measures can be used to define approaches to site management. In making 
site management decisions, the use of bioavailability information to define environmentally 
acceptable endpoints helps broaden site investigations and the range of cost effective approaches 
that are protective of human health and the environment. 

“Brownfields” and corrective action activities at operating facilities typify the situation encountered 
at numerous historically contaminated sites at industrial, DOE, and military facilities where the 
concepts of bioavailability and the implications for decision-making and cost are brought together. 

Reasonably likely future land use dictates the exposure scenario for which site specific availability 
information is required. “Brownfields” and corrective action sites can present a future potential 
human health risk/exposure due to groundwater ingestion and possible dust and soil ingestion. 
However, likely future land uses at many sites present limited or no human health implications. 
Within this range of possibilities, bioavailability data help to define implications and options for 
prospective land use as well. 

Generic approaches at such sites are easily applied and can be imposed at sites with similar 
compounds, but may not consider availability and toxicity of chemicals in soils; thus, systematically 
overestimating riskleffects and cleanup requirements. Site-specific alternatives require a 
methodology to identify availability and toxicity, and to quantify limitations of the studies. The 
schematic shown in Figure 6 ties together the points of this paper and portrays a methodology for 
estimating risk from chemicals in s0il.2~ 

I I 

Fractlon Available 
via Specific 

Exposure Route H Concentration 
On Soil 

Figure 6. Components for Estimating Risk from Soil Contaminants (From reference 3 in&pendrjrB) 
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For a site, chemical availability data can address questions such as: 

To what degree are chemicals in soil toxic to terrestrial organisms? 
To what extent are chedcals in soil available and tojriC to plants? 
Will chemicals in soil or sediment be released, and to what extent will they cause an 
adverse effecdrisk in groundwater or surface water? (e.g., resuEt in exposure and 
toxicity to aquatic organisms) 

For human exposure these same inquiries can be made to assess the availability and toxicity of 
chemicals in soils that may adhere to skin, be incidentally ingested, or be inhaled. Answers provide 
useful data to assure risk is better understood and cost-effective remedies are protective of human 
health and the environment. 

A. Synopsis of Illustrative Case Study 

In September, 1996, EPA announced the final remedy decision for the Lower East Fork Poplar 
Creek site at the DOE complex in Oak Ridge, Tennessee. The remedy decision was the culmination 
of a multi-year investigation by DOE, EPA, the Tennessee DEC and local citizens and provides a 
vivid example of the importance of acquiring the data to assure well-informed (not presumptive) 
decisions about remediation requirements that assure protection of human health and the environment. 

The site involved mercury contamination of some 14.5 miles of watershed covering about 650 
acres, much of it in native forest. Bioavailability was brought to bear as part of the scientific basis 
for the nature and extent of the final cleanup requirement. 

The original 1986 EPA cleanup goal was 10 parts of mercury per million parts of soil (ppm). The 
goal derived from a “worst case” risk assessment using methyl mercury toxicity and based upon an 
assumed exposure scenario of residential development, soil and groundwater ingestion by children, 
and “total mercury” concentrations measured around the These “totals” analyses showed 
high levels of mercury that ranged from 15-2600 ppm. The estimate to excavateklean up such an 
extensive area to these low levels was $1.2 billion. 

Subsequently, the “worst case” exposure assumptions were modified to focus on ingestion exposure 
and a revised clean up goal of 50 ppm was defined. For this revision, bioavailability was assumed 
at 100% for soil ingestion by children and the form of mercury was mercuric chloride, a very 
soluble salt that is 10-100 times less toxic than methyl (organic) mercury. 

The revised cleanup goal still involved excavation of 50,000 cubic yards of soil and treatment by 
desorption of mercury from the soil at a cost of $168 million. Additional contaminant bioavailability 
testing by DOE at the site showed that due to soil mineralogy, the form of mercury in the soils was 
partly elemental mercury but mostly a sulfide salt that ingestion studies revealed to be 1000-fold 
less soluble than mercuric chloride. 
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Detailed animal uptake and simulated (human) digestion studies showed an upper bound of 30% 
exposure instead of 100%. These bioavailability data and other information provided for a fully 
informed local public as well as state and federal officials and broadened the options for cleanup 
and habitat protection. The result was a cleanup level of 400 ppm and a remedy that involves 
excavation and secure landfill disposal of 28,000 cubic yards of soil, replacement of excavated 
material, and leaving a large tract of wildlife habitat undisturbed. The cost of the final remedy is 
estimated to be $8.0 million; thus, avoiding over $1.1 billion in initial estimates and saving $160.0 
million in site remediation costs. 
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VI. Conclusions and Recommendations: 

As decision-makers become far better informed about bioavailability and associated scientific 
concepts, traditional measures of success in remediation based on reducing the concentration of 
chemicals in soils can be refined. Specific cleanup requirements can be tempered in both time and 
degree. This can accelerate cleanup activities and establish a more efficient deployment of the 
public and private resources involved. 

As an outgrowth of the discussions, meetings, and literature reviews used as a basis of this paper, 
some general findings and suggested actions can be identified. 

A. Findings: 

1. The weight-of-evidence from scientific investigations shows that over time mechanisms in soils 
can complex, sequester, or otherwise “treat” contaminants such that availability, mobility, andor 
toxicity (i.e., the “biouvuilability”) can be reduced and may be eliminated. 

2. Much of the policy and guidance at the federal level provides the opportunity to use bioavailability 
information to define risk and cleanup decisions. However, the “bar is set too high” due to a 
lack of communication, education and policy approval for many site managers and decision 
officials to move away from the far simpler (if less scientifically appropriate) conservative models 
and “default” assumptions that can overstate risk and restrict remediation options. 

3. Emerging policy and practice changes, particularly in some states and at some sites, have begun 
to better target the use of bioavailability information in risk assessments and risk management 
decisions: but there is no significant consensus as to whether or how to do so at all sites. 

4. The science is now sufficiently compelling to demonstrate the possible roles and implications 
for bioavailability information in defining r isks and remediation options. 

B. Action Steps: 

1. Incorporate the concept of bioavailability explicitly into the national cleanup policy framework; 
thus, recognizing that chemical detectability is not tantamount to availability, exposure, or toxicity. 

2. Integrate acquisition of chemical bioavailability data into all site assessments to enhance 
knowledge and improve decisions about the nature of risks and degree of remediation necessary 
to be protective of health and the environment. 
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3. Incorporate bioavailability concepts into risk characterization and cleanup remedy information 
provided to decision-makers (especially at the state and IocaVsite level) to both better inform the 
public and enhance understanding of the implications of future land use decisions. 

C. Scientific Needs: 

1. Take actions to achieve agreement among stakeholders to define the typical battery of current 
bioavailability tests and procedures to be used at sites. 

2. Direct activities to develop simple, rapid field methods to apply in site assessments. 

3. Target research and studies to determine specific mechanisms that control bioavailability and 
develop predictive tools to streamline the assessment process. 

4. Assure acquisition of data on chemical availability, mobility, and toxicity in any future long-term 
field research studies to continue building upon the existing weight-of-evidence information. 
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Endnotes 
Some in the scientific community use the term “bioavailability” more specifically to describe the degree of 
organism impact, and “fate and transport’’ to describe the availability mechanisms; others use the term 
“bioaccessability” or “absolute bioavailability.” 

* The bioavailability concepts apply in programs implemented under a variety of federal statutes (and state 
counterparts) including CERCLA, RCRA, TSCA, CWA and others. 

A series of guidance documents issued by EPA (Risk Assessment Guidance for Superfund, “RAGS,”) 
between 1989-1991 provide discussion of the utility of site-specific information to define remediation 
goals, risks, and remedy options. Portions of the RAGS appear to provide ample opportunity to permit the 
use of bioavailability in the cleanup decision process. For example, the Environmental Evaluation Manual 
provides a brief summary of physicaVchemical aspects of media (including soils) stating that a variety of 
environmental variables interact with contaminants and make the contaminants more or less toxic or 
available in the environment and organisms more or less tolerant of the chemical. 

See J.L. Sims et al., In Si?u Bioremediation of Contaminated Unsaturated Subsurface Soils @PA 540/ 5- 
93/501, Washington, Dc: 1993) for an informative discussion of bioremediation as a remedy in soils 
cleanup in the EPA “Engineering Issues” series of publications. 

One noteworthy example of change is the Texas Risk Reduction Program (l”) of the Texas Natural 
Resource Conservation Commission that specifically incorporates bioavailability as a possible means to 
determine site-specific cleanup criteria. 

Assumptions about “reasonable” future land use are integral to the risk assessmentlremedy selection 
process; they can be the single most important factor in ultimate remedy requirements. In this regard, 
bioavailability data provided early in the planning process can help better define the environmental 
implications of a range of land use possibilities, e.g., at a military site potentially released for alternative 
uses. 

’ See United States, Environmental Protection Agency, “Use of Monitored Natural Attenuation at Superfund, 
RCRA Corrective Action, and Underground Storage Tank Sites,” OSWER Dir. 9200.4-7 (Washington: EPA, 
1997). This directive, released November 1997, allows for the collection and consideration of expanded 
site data. In addition to monitoring, it calls for comprehensive site characterization, risk assessment andlor 
control measures when implementing natural attenuation as a remedy or a component of a remedy. 

For example, EPA has specifically identitied bioavailability as one key subject area currently being assessed 
for incorporation into broader guidance associated with lead contamination at sites. “Administrative Reform 
for Lead Risk Assessments” @PA 540F-97015, Washington, DC: 1996) 

Jerry L. Hamelink et al., eds., Bioavailability: Phvsical. Chemical. and Biological Interactions, Proc. of 
Thirteenth Pellston Workshop (SETAC Special Publ. Ser. Ann Arbor: Lewis Publishers, 1994); S.E. 
Hrudey, W. Chen, and C. G. Rousseaux, Bioavailabilitv in Environmental Health Risk Assessment (Ann 
Arbor. Lewis Publishers, 1995); David G. Linz and David Nakles, eds., Emrironmentallv Acceptable 
Endmints in Soil (Annapolis: American Academy of Environmental Engineers, 1997). 

lo Martin Alexander, “How Toxic are Toxic Chemicals in Soil?’ Environmental Science and Technolow 29 
(1995): 2713-2717. 

l1  Hamelink et aL; Linz and Nakles. 
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l2 LinzandNakles. 

l3 Linz and Nakles; J. R. Smith, et al., “Definition of Bioremediation Endpoints for PAH Contaminate & 
Soils Using a Risk-Based Approach,” Presented at the Ninth Annual Conference on Contaminated Soils, 
Univ. of Massachusetts at Amherst, October 18-20,1994. 

l4 Linz and Nakles; Electric Power Research Institute, “Characterization and Monitoring Before and After 
Source Removal at a Former Man- Gas Plant Disposal Site,” EPRI TR-105921 (Watertown, MA. 1996) 

Rufus L. Chaney, James A. Ryan, and Sally L. Brown, Development of the US-EPA Limits for Chromium 
in Land-Applied Biosolids and Amlicabilitv of these Limits to Tanney Bv-Product Derived Fertilizers and 
Other CR-Rich Soil Amendments. In  Pmc. Chromium Environmental Issues Workshop ( San Minianto, 
Italy 1996). 

J.D. Cotter-Howells et al., ‘?dentifiation of Pymmorphite in Mine-Waste Contaminated Soils by ATEM 
and EXAFS,” Euro~ean Journal of Soil Science, 45 (1994): 393-402; G.B. Freeman et al., “Relative 
Bioavailability of Lead h m  Mining Waste Soil in Rats,” Fundamental and Applied Toxicolo-g 19 (1992) 
388-398; Christopher M. Sellstone, et ul., “Reduction of Risk Through In Situ Amendment of Leaded 
Soils,” Presented at the 1 lth Annual Congerence on Contaminated Soils (University of Massachusetts at 
Amherst 1996). 

Andy Davis, Nicholas S. Bloom, and S h e  Que Hee, “The Environmental Geochemistry and 
Bioaccessibility of Mercury in Soil and Sediment: A Review.” Risk Analvsis, (1996) Paper No. 96-120. 

l8 G.B. Freeman et al, ‘l3ioavailability of Arsenic in Soil and House Dust Impacted by Smelter Activities 
Following Oral Administration in Cynomolgus Monkeys,” Fundamental and Applied Toxicolo-gy 28 
(1995): 215-222. 

l9 Cotter-Howells, et ul. 393-402; James B. Heneghan et al., “Composting Biosolids Reduced Soil Lead (Pb) 
Bioavailability in Rat Feeding Studies” (Composting Council Annual Meeting, Washington, DC. 1994) 

Rufus L. Chaney et al., “Phyto-Availability and Bio-Availability in Risk Assessment for CD in Agricultural 
Environment,” In  Pmc. of OECD Cadmium Workshop ( Stockholm, Sweden 1995) 

21 Linz and Nakles at 400. 

22 Chemical speciation studies are paramount in dealing with metals contamination. Forms of mercury such 
as methyl (organic) mercury are much more soluble and toxic than other forms and can occur in reactions 
in the soil; although, soils rich in sulfide minerals tend to stabilize and sequester much of the mercury in 
generally insoluble forms. This is similar to the point noted earlier in this discussion about phosphate 
forms of lead and zinc inhibition of cadmium uptake. 
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