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Preface

The Cold War Era left the major participants, the United States and the former Soviet
Union (FSU), with large legacies in terms of both contamination and potential accidents.
Facility contamination and environmental degradation, as well as the accident-
vulnerable facilities and equipment, are a result of weapons development, testing, and
production. Although the countries face similar issues from similar activities, important
differences in waste management practices make the potential environmental and health
risks of more immediate concern in the FSU and Eastern Europe. In the West, most
nuclear and chemical waste is stored in known contained locations, while in the East,
much of the equivalent material is unconfined, contaminating the environment.

In the past decade, the U.S. started to address and remediate these Cold War
legacies. Costs have been very high, and the projected cost estimates for total cleanup
are still increasing. Currently in Russia, the resources for starting such major activities
continue to be unavailable.

It is now clear that even the large budgets provided to the U.S. Department of
Energy and Department of Defense (DOE and DOD, respectively) cannot cover the
cleanup activities. The high cost projections in the U.S. have resulted in a movement
toward risk-based decision making for setting priorities among these activities. The
knowledge and experiences of the U.S. in these initial cleanup efforts are seen as
important information in many North Atlantic Treaty Organization (NATO) Partner
countries, where the environmental problems are more severe and the cleanup budgets
more limited.

This situation created the need for an Advanced Study Institute (ASI) on “Risk
Assessment Activities for the Cold War Facilities and Environmental Legacies.” This
high-level course was held in Bourgas, Bulgaria, May 2-11, 2000. The objective of the
ASI was to provide information to facilitate and enable decision-making activities
affecting the environment and human populations in the NATO and Partner countries.
Specifically, the ASI provided a forum to communicate the current status of risk analysis
and management methodologies and their appropriate application. It addressed scientific
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approaches and application experiences from the initial U.S. risk assessment activities.
In addition, integrated approaches that have only recently been developed were
documented and made available.

This book is the direct product of the ASI. The power of the text lies in linking
information on legacies with an integrated view of controlling the risk of those legacies.
Chapters 1 and 2 expand these ideas to explain how all the topics in the book are related.

Risk can only be effectively controlled by proper balance of three central concepts:
risk analysis, risk perception, and risk management. The editors were first drawn
together by the joint recognition that risk analysis methods had matured over the past 30
years in several fields, relatively independent of each other. It was time to integrate all
these forms of risk analysis under one framework, identifying the reasons for the
seemingly disparate approaches and the gains to be reaped by bringing them together.
The second key issue in the control of risk is the recognition that risk perception is the
product of many factors in our lives and that cultural differences between the East and
West can have significant impact on how we view risk and measures to control it.

This aspect of effective risk control leads to the third concept: risk management.
What factors must the decision maker consider in selecting among alternative options?
How do cultural factors influence these decisions? How can better information be
provided to these decision makers in the East and West to help them make the best
decisions for their people? Two previously alternative approaches receive focus—facility
risk management (i.e., use of risk analysis to control the risk to facilities) and human-
centred risk management (i.e., use of risk analysis to control the risk to people in the
surrounding areas and within facilities). Part I of this book gives detailed information on
the three concepts and gives further definition to facility-centred and human-centred
approaches to risk analysis and risk management.

The striking extent of Cold War legacy problems needs to be understood if decision
makers in the East and West are to be able to relate to each other’s problems and assist
each other. The information presented at the ASI surprised many participants.
Participants from the West learned the extent of contamination that exists in the East and
the resulting current health problems. Participants from Europe learned of the massive
amounts of hazardous materials currently stored in the U.S. Analysts who have studied
contamination problems learned of the likelihood of possible accidents and those
focused on accident analysis learned of the extent of contamination. Part II of this book
gives extensive information on the legacies, our perception of the risk associated with
them, and, in some cases, tools for analysing that risk.

Part III of the book relies heavily on applications as a means of presenting detailed
information on risk assessment programs and methodologies. Applications were
selected that illustrate the strengths and limitations of different methodologies for
assessments of military and Cold War legacy facilities in NATO and Partner countries.
The concept is to communicate how specific needs have been met by the various
methodologies and stress the need for an integrated view of risk assessment.

Finally, Part IV provides details on future activities that were spawned at the ASI.

Part I carries the central message of the ASI and the book. The rest of the book
gives examples and extensions for some of the ideas developed in Part I. Because these
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examples were developed before the unifying ideas of Part I were completely developed
and published, they cannot hope to fully convey the integrated and human-centred
message proposed there.

Dennis C. Bley, Buttonwood Consulting, Inc.

U.S.A,, bley@ieee.org

James G. Droppo, Pacific Northwest National Laboratory

U.S.A., james.droppo@pnl.gov

Vitaly A. Eremenko, Education Center on “Technologies for Risk Analysis for
Optimisation of Management Decisions,”

Russian Federation, vitaly@vitaly.msk.ru
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1. Introduction

This book is primarily aimed at decision makers in the East and West, who must manage
technological risks. It will also be useful to the technical experts who hope to advise
decision makers. The book defines what is meant by risk, how it can be analysed, and
how that analysis can be used within decision-making processes in government agencies,
public organizations, and private companies operating under different value structures.
The objective is to provide information to facilitate and enable decision-making
activities affecting the environment and human populations in the NATO Member and
Partner countries.

The three pillars of risk science are risk management, risk analysis, and risk
perception. All the chapters of this book deal with one or more of these aspects.

Risk management involves identifying options and balancing risks against resources
and preferences. To manage risks, we must first understand them. That is the purpose
of risk analysis. In addition, the risk manager must select alternatives in light of the
risks they pose, the resources they demand, and the values controlling organization and
culture.

Risk analysis has become a well-defined process for analysing the likelihood and
consequences of operations, accidents, or the spread of pollutants. Unfortunately,
practitioners in different fields have defined their processes quite differently. The time
has come to provide a framework that integrates all existing approaches, showing how
they are related and the purposes they serve. Experts in many fields should understand
what others are doing and why. In this way they can learn from each other and provide
more useful advice in their own areas.

Risk perception describes how various individuals and societies view risk in light of
their culture, values, and understanding of the risk. The editors hold the view that all
risk is perceived risk. We never know exactly what the future will bring; we just have
differing levels of sophistication in our understanding of the range and likelihood of
possible events and their consequences.

Part I lays the foundations for an integrated approach for balancing risks and
preferences. It focuses on two ideas:

D. C. Bley et al. (eds.), Risk Methodologies for Technological Legacies
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Risk management. Risk managers must consider varied risks from both existing
contamination and potential accidents and releases—economic risks, potential damage to
valuable facilities, acute and chronic human health effects, and risk to the environment.
They must balance these risks against available resources in light of existing preference
structures—cultural mores in their society, value systems of those affected by their
decisions, regulatory and legal requirements, and the judgments of their own
organizations.

Unification of risk methods. All the varied approaches toward risk analysis can be
organized under structures that describe:

e  The risk itself (i.e., the parameters to be calculated and the process that is

involved)

e  The aspects of the risk that are to be managed.

The risk management approach can involve compliance assurance or a full
characterization of the risk. Each offers advantages and disadvantages in terms of cost,
understanding, technical and public communication, and flexibility to deal effectively
with unanticipated problems, within the context of the cultural milieu under which the
decision maker operates.

This textbook flows out of a multiyear involvement of the editors. After meeting
through several international efforts to deal with specific hazards that flowed out of the
Cold War legacies, the ideas introduced above began to jell. The NATO Science
Programme supported an Expert Visit to bring the editors together to develop the ideas
into a coherent framework. That work led to the NATO Advanced Study Institute, “Risk
Assessment Activities for the Cold War Facilities and Environmental Legacies,” held in
Bourgas, Bulgaria, May 2-11, 2000. The institute brought an internationally prominent
group of lecturers together to work with students from more than 20 countries. Finally,
NATO sponsored the publication of this textbook to describe the high-level course
offered at the institute. The U.S. Department of Energy, a co-sponsor of the institute,
also co-sponsored the publication of the textbook and is using it in courses and
conferences on related topics.

The book is intended as an aid to decision makers who must make key risk
management decisions in complicated situations, with sometimes conflicting analyses
and claims and value structures. The book should also serve risk scientists, providing an
integrated description of many analysis techniques, advising them of alternative
approaches, and alerting them to the issues of risk perception and preferences that must
be part of the decision maker’s basis. It urges all concerned to attempt to separate the
issues of science and value structures as much as possible.

While the importance of separating issues of science and values has been well
recognized, for example in the guidance of the U.S. National Research Council, it is
especially important in international activities. For example, in countries of the former
Soviet Union (FSU), local authorities and populations had no say in the siting of
government owned hazardous facilities. However in new facilities (for example, private
facilities built to treat or move toxic materials), those local populations are asking



questions. Why here? Why that way? Decision makers need to develop rational tools

to support and defend their own decision-making processes.
The power of the book lies in its three parts:

e Part I provides a unified view of risk analysis and risk management for decision
makers; it shows how to balance risks and preferences and unifies the many risk
analysis methodologies

e Part II provides information on legacies in the both the East and the West; in some
cases it includes analysis of the associated risks

e Part Il provides examples of risk analysis and risk management programs that
illustrate aspects of the approach outlined in Part 1.

Part IV outlines future activities that arose as a result of the ASI.



PART I: UNIFYING RISK MANAGEMENT
AND ANALYSIS FOR DECISION MAKERS

Never in my life did I think I would have to set about writing
memoirs when I had only just passed my 50th birthday. But such
events happened [in my oversight role at Chernobyl], on such a
scale and involving people with such contradictory interests,
with so many different interpretations of how it happened, that it
is surely my duty, to some extent, to write about what I know,
how I saw the events that occurred...I must say that at the time it
did not enter my head that we were moving toward an event on a
planetary scale, an event which would apparently go down
Sforever in mankind’s history, like the eruption of famous
volcanoes, the destruction of Pompeii.

Soviet Prof. Valery A. Legasov, First Deputy Director of the
Kurchatov Institute, “Memoirs,” Pravda, November 1988,
shortly before he took his own life

No decision maker should be placed in the position in which Prof.
Legasov found himself, facing catastrophic consequences and great
uncertainty. Decision makers must have a rational approach to balance the
many types of risk associated with sites and facilities under their control
against the available resources, in light of the preferences dictated by their
cultures and their organizations. They need to understand what their risk
analysts can do for them so that they can fully understand the risks they face,
before disaster strikes, and develop plans to eliminate or mitigate risks.



2. Complementary Risk Management: A Unified
View for Decision Makers

50% of the problems in the world result from using the same word with
different meanings. The other 50% comes from people using different words
with the same meaning.

Stan Kaplan

PSAM II Short Course

“Risk Assessment/Risk Management Fundamentals”

San Diego 1994

The goal of this book and the NATO Advanced Study Institute (ASI) that spawned it is
to provide a unified view of risk methodologies for decision makers and their experts.
Often some combination of approaches is necessary to meet the needs of decision
makers. We call the effective and appropriate use of these methodologies the
Complementary Risk Management approach. The Complementary Risk Management
approach balances flexibility within specific applications.

2.1. A Short History of Risk Assessment Traditions

The revolutionary idea that defines the boundary between modern times
and the past is the mastery of visk: the notion that the future is more than a
whim of the gods and that men and women are not passive before nature.

Peter L. Bernstein
Against the Gods: The Remarkable Story of Risk
Wiley, New York, 1996

D. C. Bley et al. (eds.), Risk Methodologies for Technological Legacies
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The modern history of risk assessment begins just following the industrial revolution.
Failures of new machines led to the use of redundancy to improve reliability. For
example, ocean liners were equipped with redundant power plants and rudder gear, and
later came the introduction of multiengine aircraft. During World War II, German V-1
missiles could not accommodate redundant parts and were built following the weak link
theory (i.e., a chain is no stronger than its weakest link). However, improving the
weakest part did not help; the rockets were still completely unreliable. The solution
comes from understanding that the problem is very different from the simple chain
analogy, where, if all links of a chain see the same stress, the weakest link will fail. The
V-1 was a complex system that could fail if any of its components should fail from
random causes. Robert Lusser, a German engineer, showed that the overall reliability is
the product of the reliabilities of the individual series components:

i=1

This is “Lusser’s Law” and shows that, for a series system with many components, the
reliability of every component must be very high. Reliability theory continued to
develop throughout the remainder of the 20" century. Calculations can now be made for
systems of high complexity, with many series and parallel components.

In 1957, WASH-740 was published in the U.S. It provided judgmental estimates of
the frequency of stylised accidents in nuclear power plants. The accidents involved very
conservative (“incredible” combinations of events) estimates of the consequences. At
this time, it did not seem possible to analyse such complex systems adequately.

During the 1950s, 1960s, and 1970s, the aerospace, defence, chemical, and nuclear
industries in the West promoted development and application of quantitative reliability
and availability algorithms. For example, in the 1960s, the C5-A airplane program
developed the automatic reliability mathematical model (ARAM), the first computerized
reliability model for large complex systems. The U.S. Atomic Energy Commission
[later to become the U.S. Nuclear Regulatory Commission (NRC)] supported research to
develop new quantitative safety analysis methods and applied them to selected issues.
Intercontinental ballistic missiles and the man-rated rocket programs (Mercury and
Gemini) instituted reliability requirements. New systems analysis techniques were
developed to support these requirements including reliability block diagrams and fault
tree analysis.

In the early 1970s, the NRC’s Reactor Safety Study[1] used logic models (event
trees and fault trees) to estimate the risks to the public from potential accidents in large
nuclear power plants. This seminal work, the first probabilistic risk assessment (PRA,
also known as probabilistic safety analysis, PSA), broke new ground in many areas. Saul
Levine and Norman Rasmussen, the study’s directors, developed a new modelling tool,
the event tree on critical safety functions, that permitted the organisation of the massive
logic model in a way that was tractable and could be reviewed and quantified. The study
attempted to quantify the uncertainty in its results. It moved beyond the assumptions of



independence, which had led to absurd results in many previous reliability calculations.
It addressed accidents that were well beyond the design basis of the plants. It modelled
the phenomenology of severe accidents more thoroughly than past studies for a wide
variety of existing conditions. It pioneered the development of methods for the analysis
of the probability of human error. It treated atmospheric dispersion probabilistically. It
developed new computer codes to systematize the complex analyses.

Breaking so much new ground, the Reactor Safety Study greatly extended our
ability to analyse complex systems, but it also identified many problems for future
studies to examine further. The 1980s and 1990s saw the application and maturing of
PSA. There came an understanding of the importance of modelling uncertainty more
formally, which led to the refinement of Bayesian methods. A great deal of work on
human cognitive processing and human reliability analysis was performed and continues
today. Work on dependent failures was greatly expanded including examination of
“common-cause initiating events” such as earthquakes, winds, and fire, as well as
parametric modelling of common-cause failures of components. The interactions
between “level 1” PSA (the calculation of accident frequencies), “level 2” PSA [the
characterization of radioactive releases (source terms)], and “level 3” PSA (the
consequence analysis that tracks the release through the environment to ultimate
receptors and the impacts on those receptors) were studied and methods for treating them
were refined.

During this same time period, the methods for tracking releases through the
environment and their impacts (“fate and transport” models) began to be applied to in
situ pollution and routine releases from incinerators and other chemical processes.
Accident PSA methods were adapted to defence, aerospace, chemical processes, and
other industries.

Finally the 1990s saw the development of risk management techniques and risk-
informed regulation in the U.S., Europe, and Asia.

2.2. Defining Risk Analysis

The evolution of risk analysis in various industries and applications occurred relatively
independent of each other. What has ensued is bit like the Tower of Babel: analysts
working indifferent fields have not stayed abreast of developments in other fields. Their
language is often quite different, and their methods often appear quite different. They
use different words to mean the same thing and the same words to mean different things.
And so they can appear inept to each other. The Society for Risk Analysis was formed
in 1981 to bring these diverse groups together, but they tend to remain isolated from
each other, even at international conferences, where practitioners often interact mostly
with their colleagues. The time has come to learn from each other, to agree on a
common language, and to integrate the available approaches.

The NATO ASI brought analysts from diverse fields together, and we found much
common ground. Let us begin here with a general framework for risk analysis as shown
in Figure 2.1.
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Conceptually risk analysis identifies a simple triplet[2]:

S; — the scenario (i.e., what can go wrong)

é — the likelihood of the scenarios occurring
X; — the consequences of the complete scenario

ART
SYRUCTURING LOGIC MODELING

THE SCENARIOS ”Ecumgfygnom
<Si Xi» X

QUANTIFICATION OF UNCERTAINTY

FREQUENCY AND PAODSASLTTY
ELICTTATION OF PROBABRITY
COLLECTING AND

BAYESIAN THINKING UNDERSTANDING EVIDENCE
CALCULATIONS: UPDATNG
AND PROPAGATING UNCERTAINTY

Figure 2.1 General framework for risk analysis

Then the risk analysis is the assembly of all possible such triplets
{>Si’£i’Xi<}C

The art of risk analysis comes in structuring the search for scenarios, S;, and in
organizing the structure of the scenarios in a way that facilitates analysis. This can mean
effectiveness of search, ease of calculation, clarity of presentation, etc. The science
comes in the detailed analysis of the identified scenarios and their consequences. And
tying it all together is the structure for identifying, quantifying, and explaining the
uncertainty in the elements of the analysis.

Structuring the scenarios is both an engineering art requiring experience and a nice
sense of analysis, and a process that draws on the techniques of logic modelling and
traditional engineering and scientific mechanistic calculations. Next, no matter how
finely we partition the space of scenarios, it is important to recognize that each scenario
really represents a group of similar subscenarios. All members of each group must lead
to the same consequence. If they do not, the group should be broken into smaller
subgroups until that is the case. The calculation of the frequency of each scenario must
be based on considering all possible members of the group (i.e., all possible conditions
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that might exist under each scenario). The calculation of the consequences, the X, relies
on traditional, mechanistic calculations from the engineering disciplines but is
distinguished in that consequences from many more cases are calculated as compared to
other approaches. The mechanistic calculations include thermal-hydraulic calculations,
electric circuit analysis, neutronic calculations, chemical process analysis, atmospheric
dispersion analysis, and so on. The logic modelling required to structure the scenarios
traditionally draws on fault trees and event trees for accident PSA, but other approaches,
including digraphs and Markov models, are often used. In some cases, other tools that
bridge the gap between logic and mechanistic calculations, such as simulation models,
are especially appropriate.

Under the formulation already described, we incorporate the ideas of uncertainty
into our calculation of the frequency for each individual scenario group. In addressing
the uncertainty of frequency, it is important to adopt a coherent and consistent approach.
The Bayesian model provides just such an approach, and under its umbrella, we address
the issues of frequency and probability, elicitation of probability, collection and
understanding of evidence, and calculations.

Clarity of thought regarding the difference between what we call frequency and
probability provides a philosophical framework for understanding a consistent treatment
of uncertainty. The two concepts are often confused in the literature of probability, both
being called probability. Let us say here that frequency is simply the result of an
experiment, be it a real experiment or a gedanken experiment in which we simply count
the number of times the event in question occurs out of the total number of possible
trials or expired time. Probability, then, represents our state of knowledge about the real
world frequency. In the literature, what we call probability has gone under various
names, including subjective probability, state of knowledge probability, and
prevision[3,4]. Probability, as a measure of what is in our heads rather than a property
of the physical world, is a measure of what we know and what we do not know—our
complete state of knowledge.

If probability is a personal state of knowledge, how then do we determine
probabilities to use in risk assessments? Let us consider two cases. In the first case, our
state of knowledge comes directly from information that has been collected for other
applications; for example, we have collected a wide range of equipment failure data
from a variety of power plants around the world. From these collected data, we have
existing curves showing the plant-to-plant variability of, say, the failure rate from motor-
operated valves. This plant-to-plant variability curve shows the variation in frequency of
failure as we move from plant to plant in a large population. When we now consider the
probability of failure of motor-operated valves at a new plant, our probability
distribution for the failure rate is numerically identical to the plant-to-plant variability
curve or the frequency variability curve.

In other cases, no such plant-to-plant variability curve is available. Therefore, we
must elicit the probability from the best experts available to our work. How one obtains
the information from experts and builds a probability distribution is the subject of a large
body of literature. Probability is often not elicited in risk assessments or is not elicited
well. The reasons it is not elicited well have been documented by Hogarth[5] and others,
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and include biases built into the human thinking process such as anchoring,
overconfidence, and selective interpretation of new data. Careful techniques must be
used to avoid these problems[6].

The last two elements in determining the probability of frequency of each scenario
(collecting and understanding the evidence, and running calculations using Bayes’
theorem for updating probability distributions and propagating uncertainty) are now
fairly well established and have been covered in other papers and reports (for example,
Pickard, Lowe and Garrick, Inc.[7]). The structured language of PSA provides a
powerful model for addressing safety and uncertainty involved in engineered facilities
and in situ pollution sites. It provides a framework for organizing a wide variety of
standard mathematical and engineering models to address safety issues directly. Note
that PSA is more than a set of tools for analysing large systems and calculating a risk
parameter. It is a process for understanding the safety status of a facility, identifying
contributions of people and specific equipment to safety problems, and evaluating
potential improvements. At a deeper level, PSA is really a language for addressing
uncertainty in all engineering applications.

Decision makers are sometimes confused by the wide range of analysis methods and
endpoints that can be the product of a risk analysis or assessment. The needs of specific
applications largely define what end points are most appropriate. Even analysts from
different disciplines have become confused and believed their counterparts from other
industries were guilty of poor practice. A recent National Research Council report[8]
from the U.S. addresses this issue:

[A risk analysis] based on a conservative analysis acceptable for

regulatory decision making, such as whether to grant a permit, lacks many

essential details. If efforts to control risk are based on [such a risk

analysis], they could mistakenly be focused on areas that have been

artificially inflated in the conservative analysis. Problems that could arise

from using an [analysis] performed for regulatory compliance in

communicating with other interested parties are listed below:

e  The [risk analysis] may be assumed to describe actual releases rather

than upper-bound results. Thus, the [facility operator] could be
accused of releasing more [hazardous materials] than are actually
being released.

e  Attempts to correct “conservative” assumptions could be interpreted
as a cover-up.

e  Risk management is likely to be focused on aspects of the [risk
analysis] with the most pessimistic assumptions, rather than those with
the most impact.

e The scenarios required for the [analysis] may not reflect the most
serious facility risks.

Problems could also arise from using an [analysis] intended to be a risk

management tool in communicating with other interested parties for the

following reasons:
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e [t contains complex results that acknowledge uncertainties.
e [tdoes not include simple worst-case scenarios based on point-
estimate analyses, and results may be more difficult to interpret and
explain.
e Because it is site-specific, it does not necessarily follow established
generic screening guidance for compliance-oriented [risk analyses],
which may compromise the credibility of the results.
To better understand the range of endpoints possible in risk analyses, Figure 2.2
illustrates the range of such endpoints and how they are related. Each of the listed
“products” may use any, or all, of the indicated sequential steps. Starting at the top of
the table product #1 is a description of the properties of the material; inventory, mass,
radioactivity of the constituents are typical properties that are used to define the hazard.
This site or source characterization can also be the first step for evaluating the other
endpoints, which include sequentially the occurrence of some event, release to the
environment, environmental concentrations, receptor exposure, uptake by receptors, and
impact to receptors. The “examples” column provides some of the typical endpoints for
each of “products.”

Intermediate endpoints, usually interpreted by standards, norms, etc., often have
their origin in protecting human health and the environment. In other cases, the implied
impacts of the intermediate endpoint may be so severe that an explicit analysis is
considered unnecessary. Thus, even for immediate risk analysis endpoints, the “health
endpoint” often will be indirectly considered as part of the analysis.

Different endpoints for different media/hazards are often used in regulations, norms,
and standards. This situation makes it very difficult, if not impossible, to compare the
impacts using the risk analysis products tied directly to regulations and standards.
Several papers in this book refer to risk analysis studies that go consider the gamut, from
event occurrence to environmental or health impacts, with outputs of health risks for all
contaminants, all media, and all exposure pathways. In that way, a common basis is
used to compare the relative impacts.

The figure shows that the range of different risk analysis endpoints represents a
continuum of ways of characterizing potential hazards. The appropriate endpoint for a
risk analysis will depend on the needs of an application. When many hazards are to be
compared, an endpoint is needed that will allow that comparison. When a single hazard
is being evaluated, it may well be sufficient to evaluate what the form of the material is
and will be in the future. If the risk analysis study is focused on meeting standards,
norms, or regulations, then these define the logical endpoints for the study.

One of the first questions that arise when decision makers consider conducting an
risk analysis concerns the type and amount of data required. Figure 2.2 shows why it is
difficult to define the data until the scope of the risk analysis has been clearly defined.
Moving left to right in the figure, each column feeds data to the next column. That is,
the outputs of one column are input data required by the next column. The situation is
further complicated by the fact that the risk analysis may start in any column. For
example, if monitored environmental concentrations are available, the analysis may start
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with the input of these concentrations—and the risk analysis will not explicitly need the

input data for that column or the other columns to the left.

Quite different input data are needed in each column. Material description, for
example, requires data such as the identity of constituents; their chemical, physical, and
radioactive properties; their volume; their location; and their inventory. Examples of the
types of data typically required in other steps include:

1. Event Occurrence—potential events of concern, failure rates, event frequencies

2. Release—potential modes of release (accidents including fires, spills and
explosions; routine releases such as stack/vent releases, pipe discharges,
suspension/volatilisation of materials from ponds, contaminated soils), containment
properties, release barriers, release mechanisms, properties of released materials

3. Environmental concentrations—environmental properties of the media in which the
released materials are transported, including dispersion, degradation, deposition, and
transport rates, or parameters used to define these rates

4. Dose to receptors—definition of receptors as well as timing and duration of
exposures, including demographic information, agricultural activities and
production rates, timing and duration of recreational activities, and local dietary
habits

5. Uptake, concentration in receptors—uptake and retention rates in people and food
(crops, farm animals, and wild game)

6. Health or environmental receptor impacts—toxicology data to define the potential
impacts as well as information on the makeup of the population, including
potentially more sensitive population segments.

In setting up a risk analysis that will start with the source material and go to some
direct or indirect health or environmental impact, it is important to develop a conceptual
model that includes all analysis steps. Although these steps are conducted in sequence,
there are important data dependencies in both directions across the table. For example,
the data on potential environmental receptors can define the event and media to be
considered.

Data in any of these steps may have great uncertainty that may translate to increased
uncertainty in the risk results. Sensitivity and uncertainty studies are very useful in
identifying the most critical parameters and understanding the uncertainty of the risk
estimates.

2.3. Risk Management

We Athenians, in our own persons, take our decisions on policy and submit
them to proper discussion. The worst thing is to rush into action before the
consequences have been properly debated. And this is another point where we
differ from other people. We are capable at the same time of taking risks and
of estimating them beforehand. Others are brave out of ignorance; and when
they stop to think, they begin to fear. But the man who can most truly be
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accounted brave is he who best knows the meaning of what is sweet in life and
what is terrible, and he then goes out undeterred to meet what is to come.
Pericles’ Funeral Oration in Thucydides’

History of the Peloponnesian War

Risk analysis was originally done to understand what the risk was. Once we reached
that goal, the next step was risk management: creating things with less inherent risk and
controlling the risk.

Risk analysis can help managers approach legacy issues and manage them more
effectively. The purpose of this book is to present information to facilitate and enable
decision-making activities affecting the environment and human populations in the
NATO member and partner countries, regardless of their cultural underpinnings. The
book reorganizes information studied during the ASI from a unified point of view that
was only possible after the broad ranging material had been assimilated.

The book is unique in that it recognizes that risk perception is the product of many
factors in our lives and that cultural differences between the East and West can have
significant impact on how we view risk and measures to control it. Taken as a whole, it
provides answers to a number of key questions about risk management:

e  What factors must the decision maker in each of these cultures consider in selecting
among alternative options?

e  How do cultural factors influence these decisions?

e  How can better information be provided to decision makers in the East and in the
west to help them make the best decisions for their people?

Two previously alternative approaches receive focus—facility-centred risk
management (i.€., use of risk analysis to control the risk to facilities) and human-centred
risk management (i.e., use of risk analysis to control the risk to people in the surrounding
areas and within facilities). The resulting viewpoint, Complementary Risk Management,
integrates the previous approaches, seeking a balance that best serves each community.

To better appreciate the two previous approaches, consider Figure 2.3. If we
consider the kinds of situations we might want to analyse, they can be grouped into four
main categories:

e Accidents in operating and storage facilities
e Releases during routine operations and mild upset
e Releases from in situ contamination
e Project cost and schedule.
In each case, direct local management (facility management) can be applied.

Management activities are shown in bold type. Many different levels of management
are possible to support a wide variety of goals. For example, the decision maker may
want to reduce the frequency of accidents; reduce the risk of equipment damage, worker
injury, or offsite release (i.e., either frequency or consequences); optimise costs and
schedules; or minimize negative criticism (from bosses, regulator, or public).
Depending on the source of risk (the four categories above), various consequences and
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opportunities for further management structures are possible. Possible

endpoint consequences are shown in distinctive type.

In the case of accident risk, if an accident occurs, there can be direct
damage (i.e., the accident can directly damage equipment and injure workers
at the scene). Local risk management (“receptor” management) can limit the
damage. In addition, contaminants could be released to the environment.
Once there is a release, the pathways to the environment and the public will
be similar to those from other types of releases, although the energy and
composition of the release may be different.

In the case of releases during routine operations and from in situ
contamination, the release does not require special failures or accidents, but
the risk analysis must characterize the release and again track its pathways to
receptors. Here, the source is generally modelled through analysis of data
and sampling techniques, compared to the systems analysis tools required for
low-frequency accidents. In all release cases, analysis of the pathways and
impact on receptors is required. There are opportunities for both management
of the pathways and for protection of the receptors. One early distinction was
that, when the risk comes from single facilities, it is often most effective to
emphasize facility management; when receptors receive insult from many
sources, management at the receptor location may be the only cost-effective
approach. This is one difference between facility-centred risk management
and human-centred risk management.

A societal/values distinction has also been used. Facility-centred risk
management may focus on protecting the facility (the investment), while
human-centred risk management aims at protecting the public. Often, in the
West, the two are heavily intermingled, with a focus on the facility (say the
core damage frequency for a nuclear reactor) being used as a surrogate for the
off-site risk to humans. If the core does not melt, no significant release can
occur. As risk analysis and management methods are adopted in the former
Soviet Union (FSU) and Eastern Europe, where different societal value
structures exist and a greater variety of hazards are already affecting public
health, there is concern that focus on facility-centred risk management could
work to the detriment of nearby populations.

The level and purpose of the various risk management activities outlined
in Figure 2.3 are closely linked with the goals of the decision maker, be it a
regulator, owner, or politician. For example, the U.S. Environmental
Protection Agency has supported a compliance-oriented, conservative point
estimate risk analysis approach focused on routine and mild upset conditions,
while the NRC has worked toward a risk management approach focused on
accident risk. Recently, efforts in the Army’s chemical demilitarisation
program have sought a combined approach that considers worker risk as well
as public risk from accidents and routine releases, as described in Chapter 8.
Finally we mention the case of project cost and schedule risk. On the surface,
this seems a very different type of risk. It may be surprising to find that many



of the analytical tools used in accident risk analysis and the general risk
framework of Figure 2.1 apply and can be used effectively. In addition, there
can be close coupling between cost and schedule and human health risk.
Especially in the case of Cold War legacy sites, delay in cleanup and
demilitarisation activities can expose workers and the public to substantially
more risk than activities associated with processing the waste. It lengthens
the time of exposure to routine releases and the exposure time to accidents.

The NATO ASI and this book dedicated significant focus to relevant
societal, technical, and management problems in the East. Rather than just a
compendium of methods developed elsewhere, the participants and the
material considered carefully how the existing methods could be adapted and
how they should be used to support unique problems. We even found that
such a simple thing as language needed a surprising amount of thought and
discussion. Hence we have included the Russian language “glossary” in
Appendix C. A simple example will suffice. Regulation in the West speaks
of a facility “site” and associated site boundaries. It is not just a matter of
picking the right word to translate “site.” The very notion of a site as separate
from the surrounding community requires a fairly lengthy explanation to
make clear the meaning and its application to risk issues.

Specific situations in the East must be considered when laying out a
scheme for risk management. To date, the demand for basing decisions on
risk analysis has been meagre and applications few. Several reasons are
apparent. First the risk methodology was developed in the West, based on a
western outlook. In the East, other scientific approaches were applied to
resolve known technical issues. Until recently these techniques were not
known and their value was not clear to FSU and Eastern European managers.
One of the goals of this textbook is to bring these methods to the fore.

Second, other severe problems forced attention on economic problems
that threaten survival of institutions and people. Attention to safety of the
people and the state of the environment has been necessarily postponed as
other crises were addressed. Therefore, one of the purposes of this book is to
demonstrate that addressing these public health and environmental problems
is necessary, for survival in the future, in spite of the absence of economic
resources. Tomorrow it will cost even more. The book makes it clear that
methods are available now that can help and can be applied in a step-wise
approach of increasing sophistication, making real improvements beginning
with a modest commitment of resources.

Finally the lack of use of risk methods can also be attributed to the fact
that the democratic procedures for deciding important social issues are not yet
well-formed in Eastern Europe. Participants noted that, where we observe a
lowered degree of risk management activities, democratic relations between
authorities and the public are less well developed. Some observed that the
degree of consideration of public opinion is high only during election
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campaigns. Institutional systems that give a strong voice to the people are
developing gradually.

So how is the decision maker to proceed? The approach must balance
among the competing needs of the society. An approach that goes beyond
self-interest or narrow technical criteria is needed. The Complementary Risk
Management approach is illustrated in Figure 2.4.

The challenge is for risk analysts from the FSU and East European
countries to carry out analyses relative to risks to workers and the population.
These applications should satisfy any established national norms and
standards of an acceptable risk. Successful applications will result in optimal
risk-based decisions, taking into account available domestic resources and
social factors.

Many elements of risk need to be considered

Figure 2.4 Complementary Risk Management: balancing the needs of decision makers

Risk analyses, recommended for decision makers of Eastern Europe,
cannot be limited to a single risk analysis methodology. The ASI identified a
general set of methodologies that must be considered as part of a
Complementary Risk Management effort. These methodologies share many
of the same factors as Western types of analysis but differ in the purpose for
the effort:

e  Facility-centred risk analysis is used mainly to define or demonstrate
acceptable risk-based operating parameters for facilities.

e  Human-centred risk analysis is used mainly to study and understand
human exposures and risk for environmental contamination. These
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studies normally are based on fixed operating parameters for hazardous
facilities.

e Risk perception assessment analyses the perception of risks by the
involved parties (decision makers and local populations).

Misunderstandings about the roles of these analyses can lead to apparent
inappropriate competitive views. In fact, all three are needed as part of a
Complementary Risk Management approach.

Case studies in the following chapters show the flexibility of using risk
analysis methodologies to address different situations in quite different, but
appropriate ways. For such a complementary approach to be effective,
decision makers must clearly define in advance exactly what issues are being
addressed. Experience has shown that clear definitions of the products and
their application are essential before starting an applied risk analyses, if
results are to be meaningful in the context of the decisions to be made.

The proactive consideration of the many aspects of risk is a relatively
new development, even in the West. The trend for the future is clearly away
from using single measures of risk and simple upper bounds as input to
decision makers. As much as a single number is an appealingly simple
approach, decision makers must consider many aspects of risk—and make
decisions as a balance of the different types of risk. Furthermore, a single
number can, at best, offer a vague comfort, if the number is low. It provides
no understanding of the causes of risk, the uncertainty in the results, or what
can be done to control the risk.

After years of effort, characterization of accident risks from the legacy
sites are only recently being completed in the U.S. Risk analyses at
contaminated sites in the FSU are just beginning and can benefit from the risk
methodologies developed previously. However, the application of accident
risk modelling techniques to weapons handling is relatively new, even in the
West. Note too that developing a “risk-informed” basis for regulations is just
beginning to be applied in the West. Only a few regulators have promulgated
risk-informed regulations. Many more are attempting to follow suit.

In the West, the cost of remediation and long-term management of legacy
wastes has proved to be very high. Countries of the FSU cannot afford the
magnitudes of costs being experienced in the West and thus must carefully
invest what resources they can in keeping risks to a minimum. The Western
approach using a balance of risk management, risk analysis, and risk
perception is seen as a means of effectively directing priorities for
management and cleanup efforts based on maximizing potential population
safety.

Risk analysis results have been proposed to provide a basis for defining
protective safety, remedial, or alternative actions. One of the most important
proposals is to estimate incremental health treatment costs for populations as
well as the size of appropriate insurance guarantees for those living in these
zones. Such a use of risk analysis would be a departure from the Western
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view that the only acceptable risks are those with trivial risk levels. Another
important proposal that does have an analogue in U.S. air emissions
management is to use risk results to define optimal measures to protect the
population—even if that new protection is not directly connected with the
proposed new activity or facility. The idea is to reward the region that agreed
to accept the new hazardous activity by reducing large current risks produced
by other sources.

2.4. Risk Perception

In both the East and West, many organizations have tried to manage risks
using only science and policy as the underpinnings. However, both scientists
and policy makers are beginning to realize that there is a third leg to the stool
supporting risk management decisions[9]. This third leg involves the
perception of the risk in question.

In general, risk perceptions vary among the key groups involved in
analysing a risk—the scientific or expert component, the policy maker or
manager component, and the stakeholder or public component. Expert
perceptions of risk are generally grounded in scientific understanding of the
phenomena and an appreciation for uncertainty factors. However, personal
experiences can still colour expert views of science[10]. Management
perceptions, on the other hand, can be informed by scientific understanding, if
the manager is an expert or the experts effectively communicated results of
their deliberations. However, management perceptions are also informed by
the perceptions of their constituencies and other political motivators.
Stakeholders—those who perceive themselves as being affected by the risk
and its management decision—rely on a variety of sources to gather their
information and form their perceptions. This information does not
necessarily include information from experts, even when those experts
communicate effectively[2].

Factoring these three perspectives into a risk assessment and risk
management process is important for several reasons. First, particularly when
the goal of risk management is to minimize harm, perception is key because it
influences the body’s response to environmental contamination. Researchers
have found that people threatened by nuclear contamination in particular will
experience anticipatory stress. That is, even if they are not exposed, their
perception of radiation will result in psychological and neuroendocrine
reactions. For example, the perception of risk by residents near the U.S.
Three Mile Island nuclear facility influenced their performance, the number
of psychosomatic symptoms they reported, and their pyschoneuroendocrine
indices 3.5 years after the nuclear accident that occurred there, even when
these residents were not actually exposed to any radiation. Similar responses
were found associated with radioactive contamination in the FSU and



Brazil[12]. These perception-driven responses must be taken into account in
risk management decisions.

Second, risk perceptions must be considered in risk analysis activities
because only when perceptions are understood can behaviour be influenced.
For example, particularly in the East, people must be encouraged to leave
contaminated areas and remain outside them until the area is remediated. A
failure to understand the perception of those evacuees can lead to people
behaving in ways that endanger their lives and hinder effective remediation.

Second, perception influences communication, and communication is key
not only to share expert risk information with stakeholders but to share it with
decision makers. The inability to communicate risk information can result in
faulty policy, poor remediation choices, and ultimately, lost lives and
resources.

Finally, failure to factor perception into the scientific assessment of risk
can make risk management more difficult. Policy makers cannot accept risk
assessment activities that fail to consider the lifestyles and needs of their
constituencies. Stakeholders cannot understand the results of risk
assessments unless they can clearly see how their needs have been
considered. Scientists studying risk from contaminated soil sites for the
European Union found that some of the key questions that required additional
research for effective risk assessment did not include algorithms or modelling
per se but instead included a number of issues related to perception. These
issues included such questions as:

e s the risk in context?

e  What is “acceptable”?

e Who decides?

e  What information do they need?[13]

2.4.1. Dimensions of Perception

As mentioned, perception can vary depending on the role one plays in the risk
analysis paradigm—expert, manager, or stakeholder. Extensive literature has
pointed to the development of mental models—a detailed intellectual picture
of what a risk entails, including source of risk, exposure pathways, transport
mechanisms, pathogenic effects, and likelihood of exposure and resulting
harm. People process new information within the context of their existing
model[14]. Perception plays a strong role in developing and an even stronger
role in revising these models. Indeed, evidence suggests that once
perceptions have been embedded in the model, they are extremely resistant to
change[13]. In general, the closer the models of all participants in the risk
analysis process match, the easier it will be to assess, manage, and
communicate the risks.

What frequently happens in the risk assessment process, however, is that
the models developed by scientists and the models developed by stakeholders
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vary widely. A number of reasons have been posited as to why this
discrepancy exists. Prevalent among these reasons is the general lack of
understanding among the public of scientific principles. This reason does not
explain, however, why scientists with similar educational credentials
sometimes disagree on various aspects of risk, such as exposure pathway,
harm engendered, or probability of occurrence[10]. While lack of scientific
understanding can play a part, other reasons may have greater influence.

Primary Reasons for Differences Between Expert and Stakeholder
Perceptions of Risk

The Concerted Action on Risk Assessment for Contaminated Sites in the
European Union (CARACAS) study of 1996[13] sought to tackle the problem
of contaminated land by bringing together academics, government
representatives, and other experts from all European Union member states
plus Norway and Switzerland. These experts found that the major difference
between the perception of risk by experts and stakeholders was that the
stakeholders tended to view the risk more intuitively. Stakeholders often
viewed risks that are conspicuous, known from experience, recent, and
occurring nearby as more likely to occur and more harmful than did their
scientific counterparts. Differences of perception were also seen in the
neglect of initial probability of certain phenomena and the willingness to
extrapolate estimates of probability from analogies or other chance
phenomena[13].

Another reason expert and stakeholder models often do not match is the
existence of outrage factors. Sandman postulated that risk is actually made
up of the hazard, which can be calculated through typical risk assessment
methodologies, plus the outrage, or perception of the risk, which is more
difficult to quantify[15]. Building on research from Slovic and others[16],
researchers have identified over 40 outrage factors that can result in public
over- or underestimating risk. These factors can include the potential for
catastrophic consequences, the aerial size of the impact, the level of personal
control, the level of personal experience, the equity of distribution of risk
(those with benefits also are those at risk), voluntariness of exposure, level of
associated dread, and visibility. These factors can explain why legacy
contamination can elicit a high level of emotional response from stakeholders
potentially exposed to it. Nuclear waste in particular scores highly on these
outrage factors.

Beyond the outrage factors, the question of identity can also play a part
in the disagreement of expert and stakeholder perceptions of risk. Changes in
technologies or lifestyles as a result of risk can be viewed as a challenge to
one’s sociocultural identity[11]. For example, workers asked to be retrained
when their industry has closed because of contamination may react with
hostility because of a threat to their identity.
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Secondary Reasons for Differences Between Expert and Stakeholder
Perceptions of Risk
The lack of dialogue among experts, stakeholders, and managers has also
been cited as a contributor to the disparate perceptions of risk. Certainly the
ability and willingness to communicate, or lack thereof, can strongly
influence how risk information is perceived[17]. However, unless existing
perceptions and cultural differences are considered, dialogue can be
ineffective and potentially disastrous[11].

The news media can also play a role in the development of perceptions.
In general, public trust in institution and government has been decreasing in
the U.S.[18], making it more likely that at least some stakeholders will rely
on the news media as a primary source for informing their mental models of
certain risks. However, it remains a question as to whether the media creates
public furore or merely enlarges upon it. A certain amount of public interest
must first be evident if the news media is to find a story worthy of coverage.

Key Differences in Risk Perceptions Between East and West

A number of factors affect how stakeholders in the East and West view risk
issues in general, and those of legacy waste in particular. One such factor is
culture. Researchers have identified an attitude prevalent in some countries
of the FSU that appears to be tied to cultural views of the role in society of
particular groups. Such groups are more likely to perceive themselves as
victims and develop surprisingly effective coping strategies associated with
living near hazardous materials[19]. In other cases, however, such an attitude
erupts into social protest. The different reactions seemed to be tied to
whether the risk is undertaken voluntarily (as for cleanup workers) or
involuntarily (as in the population living in the contaminated area)[12,20].
Contrast this to the U.S. where involuntary exposure almost always results in
increased outrage and vocal and physical action[15].

Another factor is the different role of the news media and politicians.
Both are often viewed as less-than-trustworthy sources. Scientists, on the
other hand, are more likely to be viewed as trustworthy. Contrast this to the
U.S., where the scientists are often portrayed as villains and misguided fools
in popular culture and discredited by the news media.

Another factor is the identification of sustainable development as a
political force. The “Green” Party in many countries runs on a platform of
environmental issues, whereas such issues are only tangentially represented in
American politics. This enhanced visibility of environmental risk issues in
Europe increases the likelihood that risk perceptions will be formed in an
atmosphere of intensity.
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2.4.2. Including Perceptions in Risk Assessment and Risk
Management

For risk assessment and risk management to be effective, then, risk
perceptions must be factored into the process. In past decades, risk
perceptions often met the risk assessment process only at the end, where a
head-on collision was often the result. In the last 10 years, however, models
of risk analysis developed in the U.S. and Europe have encouraged the
inclusion of risk perception throughout the process.

The landmark CARACAS study[13] in the European Union developed a
model of the risk analysis process that begins and ends with perceptions. The
study identified the fact that a risk analysis process is only begun when
someone perceives the potential for risk. In essence, experts do not analyse a
situation unless a manager or expert feels some risk is inherent in the
situation. These perceptions dictate the kinds of questions experts ask
concerning the risk (What kind of risk? How much? When? Where? To
Whom?) and hence the data they gather and methods they use to study it.
Perceptions, however, must also guide how they communicate results to both
managers and stakeholders.

In the U.S., the National Research Council sponsored a similar landmark
study[21], which came to a similar conclusion. Risk assessment and risk
management cannot be divorced; one informs the other. Risk perceptions
must be factored through the process—in the choice of questions, in the data
to be gathered, in the analysis methods, in interpreting the results, and finally,
in communicating the results and deciding on a choice of action. Only when
all three legs of the risk analysis stool—assessment, perception, and
management—are included is the analysis successful in developing a lasting,
useful solution to an environmental problem.

Risk perception has also been identified in models for how the East and
West manage risks. The European Union was the first to act upon the
philosophy of the Precautionary Principle[22]. This principle, at its simplest,
holds that no action should be undertaken unless it can be proven that no
increased risk will result. If the lack of increased risk cannot be proven at
levels satisfactory to stakeholders, then the action may only proceed with
caution. Thus, risk perceptions heavily drive decisions on technology
development and application of scientific breakthroughs, which, by nature, do
not have solid proof as to their viability. The U.S. has shied away from
following such a stringent principle, although international trade is beginning
to be influenced by such practices[23].

The European Union has also developed a method of stakeholder
involvement predicated on perceptions. Public trust in government action is
based on the notion of transparency. If everything the government does is
open and readily accessible to the public, confidence and trust in government



will increase, and the need for more visible public involvement will decrease.
The U.S., on the other hand, is functioning under a cloud of years of
government secrecy, if for national security reasons at the time. Transparent
government is viewed as only the beginning steps in public involvement, with
stakeholders expecting to have a seat at the decision-making table rather than
viewing it from outside. The U.S. model, then, is built upon the principle of
debate rather than openness.

2.5. Complementary Risk Management

The Cold War left a serious legacy across vast areas of land in both the East
and the West. Facilities that created, assembled, or stored the nuclear arsenal
and its waste products are but the start of the problem. Beyond them are
contaminated facilities belonging to the military and acres of land
surrounding both types of facilities, some of it heavily contaminated. The
social cost, for both the families of those who participated in this work as well
as those populations living on or near the contaminated land, is staggering.
Managing risks that cross geographical, political, and cultural boundaries is
nothing short of challenging.

In this book, we suggest an approach that seeks to balance competing
societal demands. A variety of detailed approaches are examined that can be
integrated into a single, balanced vision—Complementary Risk Management.
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PART Il: LEGACIES

Although hazards of the Cold War legacy are located at 144 sites
in the United States, the majority of contaminants are located at
six sites in Washington, Idaho, Nevada, New Mexico, Tennessee,
and South Carolina .... with 36 million cubic meters of waste
categorized. By-product materials (e.g., uranium mill tailings)
account for 88% of the volume, while high-level radioactive
wastes account for only 1% of the total volume.

Dr. Alvin Young, Director, U.S. Department of Energy

Center for Risk Excellence

A significant feature of the nuclear weapons complex of the former
USSR was the concentration of industrial facilities at special
industrial sites which are widely known nowadays as The
Industrial Association (IA) Mayak in Chelyabinsk Province, The
Siberian Chemical Combine (SCC) in Tomsk Province, and The
Industrial Association for Mining and Chemical Combine (MCC)
in the Krasnoyarsk Territory . . . About 500 million cubic meters
of radioactive waste with an aggregate radioactivity about 1.7
billion curies were accumulated.

Yuri Gorlinsky, Director RTC Systems Analysis, Russian
Research Centre, Kurchatov Institute

These paragraphs only begin to describe the vast legacies of waste
remaining from nuclear materials production in the U.S. and the former
Soviet Union. The numbers cannot describe the costs in lasting
contamination or the dedication of those seeking to remediate these lost lands.
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3. Radiation Legacy of the Soviet Nuclear
Complex

The radiation legacy left from nuclear weapons production is one of the
forces compelling countries of the former Soviet Union to undertake risk
assessment and risk management. This legacy is also compelling them to
understand and manage risk perceptions. Operations of the nuclear
production complex of the former Soviet Union resulted in the accumulation
of about 500 million cubic meters of radioactive waste with an aggregate
radioactivity about 1.7 billion curies. This chapter describes, based on
published information, the structure, composition, and arrangement of that
production complex, sites of nuclear weapon tests; locations for storage and
disposal of radioactive waste; and territories exposed to radioactive
contamination as a result of nominal activity and radiation accidents. As the
author notes, if large affected areas are considered, then the historical
radiation fallout from atmospheric nuclear weapon testing exceeds in
magnitude many of the sources discussed in this chapter.

The term “radiation legacy” appeared in scientific publications and the mass
media in the U.S. and Russia near the end of the last century practically
simultaneously with the end of the Cold War. The first comprehensive
publication about a radiation legacy in the former USSR is the book, Behind
the Nuclear Curtain: Radioactive Waste Management in the Former Soviet
Union[1], which was based on widely available materials by Russian and
foreign authors.

In the same year as the book was published (1997), Russian agencies
published official data in the form of an analytical review of the radiation
legacy of the former Soviet Union (FSU)[2]. These data were collected
within the framework of the ISTC Project “Radleg” with involvement by the
International Institute for Applied Systems Analysis (IIASA) and based on

D. C. Bley et al. (eds.), Risk Methodologies for Technological Legacies

© Kluwer Academic Publishers 2003
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official data published by the Ministry of the Russian Federation for Atomic
Energy (Minatom) and other Russian organizations. In 2000, based on the
material of this analysis, the English publishing house EARTHSCAN
together with IIASA issued the book The Radiation Legacy of the Soviet
Nuclear Complex (An Analytical Overview)[3].

This chapter uses those resources to describe the structure, composition,
and arrangement of the nuclear weapons production complex of the FSU;
sites of nuclear weapon tests; locations for storage and disposal of radioactive
waste; and territories exposed to radioactive contamination as a result of
nominal activity and radiation accidents.

3.1. Background

Historically, the nuclear complex in the Soviet Union produced nuclear and

thermo-nuclear weapons. It included

e reactors to produce weapons-grade plutonium and tritium

e industrial facilities to produce nuclear fuel for these reactors

e industrial plants to produce highly-enriched metallic uranium

e facilities to process spent nuclear fuel and separate weapons-grade
plutonium

e industrial facilities to manufacture components of nuclear weapons from
highly-enriched metallic uranium and plutonium

e industrial plants and organizations to develop and produce nuclear
charges and associated components.

Industrial facilities to manufacture nuclear fuel for military ship nuclear

reactors and installations to process spent nuclear fuel (SNF) from these

reactors can also be included in this complex.

These facilities were housed on unified industrial sites where appropriate
technological installations existed. These sites included production of initial
nuclear materials and processing of spent materials for military and civilian
purposes. These purposes included extraction and enrichment of uranium
ore, conversion of uranium hexafluoride and enrichment by an isotope of
uranium-235, production of nuclear fuel and radiochemical processing of
spent fissile materials, and radioactive waste handling.

A significant feature of the nuclear weapons complex of the FSU was the
concentration of industrial facilities at special industrial sites chosen for their
geographical position and availability of power supply, water resources, and
work force. Such plants created in this manner are widely known nowadays
as The Industrial Association (IA) Mayak in Chelyabinsk Province, The
Siberian Chemical Combine in Tomsk Province, and The Industrial
Association for Mining and Chemical Combine in the Krasnoyarsk Territory
(Figure 3.1). As arule, these industrial complexes
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have a complete work cycle and include production nuclear reactors,
installations for processing fissile material and manufacture of weapons-grade
uranium and plutonium, and facilities for processing and handling radioactive
waste. In addition, the industrial sites host a full set of servicing activities.

One of most significant peculiarities of this complex was its independent
and self-sufficient character. Everything that was required for its proper
functioning was produced by the enterprises and organizations. Though these
enterprises and organizations were located in territories of different republics
of the FSU, they were part of a unified functional system of the former
Ministry of Medium Machine-Building Industry of the USSR. The current
assignee of this Ministry in Russia is Minatom. Other activities are
conducted in cooperation with the enterprises and organizations of other
ministries of the FSU.

Although activities were far flung, more than 80% of the nuclear
industrial potential of the former USSR remained in the territory of Russia
when the USSR broke up. Removal of nuclear weapons from Ukraine,
Belarus, and Kazakhstan was completed in 1996, and now all nuclear
weapons of the FSU are placed only in Russia. All fission materials produced
for military purposes are also disposed of in Russia.

These activities are the main source of radioactive waste. During
operations of the nuclear production complex of the FSU, about 500 million
m’ of radioactive waste with an aggregate radioactivity about 1.7 billion Ci
were accumulated in Russia. All radioactive waste and spent nuclear fuel are
placed in special structures (steel containers, reinforced-concrete and concrete
storehouses, underground storage, etc.), thoroughly secured, and permanently
monitored.

3.2. Extraction, Enrichment, and Processing of
Uranium Ores

The complex for these activities consists of nine mining and processing

plants. They are located in six independent states of the Commonwealth (the

Russian Federation, Republic of Ukraine, Republic of Uzbekistan, Republic

of Kazakhstan, Republic of Tajikistan, and Republic of Kyrgyzstan). The

complex includes the following enterprises:

e Argun Industrial Mining and Chemical Association

e Lermontov industrial complex “Almaz”

e Navoi Mining and Metallurgical Combine

e KASKOR Joint-Stock Company (before 1992 known as the Caspian
Mining and Metallurgical Combine)

e Industrial Association “Tselinnyi” Mining and Chemical Combine (IA
Tselinnyi MCC)
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e Industrial complex “The Eastern Combine for Rare-Earth Metals” (1A
“Vostokredmet,” before 1992 known as The Leninabad Mining and
Chemical Combine)

e  Scientific and Industrial Association, “Eastern Mining and Enrichment
Combine” (SIA Eastern MEC; the association was created on the basis of
“The Eastern mining and ore-dressing combine.”)

o Industrial Association “Southern Combine for Polymetals” (IA
Yuzhpolimetall, the Combine was created on the basis of the “The
Kyrgyz Mining Combine.”)

e Industrial Association “Dnieper Chemical Plant.”

At the initial stage of a nuclear fuel cycle, when uranium ores are being
extracted, dressed, and processed, the environment is often contaminated by
solid, liquid, and gaseous radioactive waste. The levels of radioactivity in
this waste are insignificant when compared to levels in waste generated at
other stages in the cycle. Nevertheless, this waste may create a local increase
in radiation for a long time (hundreds and thousands of years).

Waste from ore extraction and processing contains long-lived
radionuclides. Therefore, for those working throughout their careers in
underground uranium mines and associated industrial sites, and those living
in territories near these facilities, radiation levels are sometimes higher than
background because of the radioactive decay products mentioned above. The
main source of contamination in these cases is the waste being generated
while the ores are being processed. This waste is accumulated in tailings
dumps. Long-term operation of uranium extraction and processing facilities
resulted in most of the low-activity waste. This waste includes uranium-238
and thorium-232 in waste material dumps, in tailings dumps from hydro-
metallurgical enterprises, and in basins of mine waters.

The activity accrued in soil and bottom sediments in nearby rivers
reached 10 to 15 Bg/L while the norm was 0.111 Bg/L. The land area of
associated with this mining and extraction includes 130 km? (Table 3.1).

3.3. Production of Uranium Hexafluoride and
Isotopic Enrichment of Uranium

Initially, the complex to produce enriched uranium was created only to solve
a problem of national defense. The production of highly enriched uranium
for nuclear weapons terminated in 1988; now the industrial complex
developed for that purpose only provides fuel for nuclear electric power
plants. The complex includes plants for deriving uranium hexafluoride and
plants for isotopic enrichment of uranium. The infrastructure also includes
industrial subdivisions engaged in recycling, processing, and storage of liquid
and solid radioactive uranium waste.
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TABLE 3.1 Summary data on radioactive mass and activity accumulated at uranium ore mining
and processing industry enterprises of the former Soviet Union, as of 1 January 1990

Enterprise Dumps of Unamenable Tailings Dumps
Ores
Mass, Activity, Mass, Activity,

1,000 tons| Bq 10" 1,000 tons Bq 10"
Argun Industrial Mining 211,260 16.7 69,170 29.0
and Chemical Association®
1A Almaz 8,403 14 14,047 16.9
Navoi MCC 166 0.034 52,800 74.0
KASKOR Joint-Stock NA NA 68,145 0.629
Company
IA Tselinnyi MCC 16,200 4.5 56,600 20.0
IA Vostokredmet 1,847 0.07 33,684 2.5
SIA Eastern MEC 3,770 0.34 37,750 21.0
IA Yuzhpolimetall 110,873 6.0 34,461 320
IA Dnieper Chemical Plant NA NA 52,017 27.0
Total 352,519 29.0 418,674 223.0

Notes: a = As of 1 January 1993; IA = Industrial Association or complex; MCC = Mining and
Metallurgical Company; NA = not available; SIA = Scientific and Industrial Association; MEC =
Mining and Enrichment Combine.

By 1 January 1997, Russia operated two plants for deriving uranium
hexafluoride and four plants for producing enriched uranium:

e  Urals Electrochemical Combine, in Novouralsk, Sverdlovsk Province

(enrichment plant)

e  Electrochemical Plant, in Zelenogorsk, the Krasnoyarsk Territory

(enrichment plant)

e  Siberian Chemical Combine, in Seversk, Tomsk Province (enrichment
plant and plant for deriving uranium hexafluoride)
e  The Angarsk Electrolysis Chemical Combine, in Angarsk, Irkutsk

Province (enrichment plant and plant for deriving uranium hexafluoride).

All enrichment plants initially used gas-diffusion technology. In 1962,
however, gas centrifuges were introduced. By 1992 the operation and
maintenance phase of gas-diffusion technology completely ceased. Now only
gas centrifuges are used at all enrichment plants.

In operations, enrichment plants offer the same level of risk to the
environment as the plants and structures for extraction of uranium and
thorium ores. The gases used in production undergo special cleaning before
they leave the plant as exhaust. The solutions containing uranium and
fluorine are transferred to the liquid waste processing area used for extraction
of uranium. In addition, taking into consideration the peculiarities of



manufacturing processes to produce uranium hexafluoride and enriched
uranium, accidents accompanied by a release of uranium hexafluoride or its
compounds cannot have catastrophic consequences, because such accidents
would be restricted by the framework of the industrial rooms.
On the other hand, when it comes to waste, plants for deriving uranium
hexafluoride and producing enriched uranium are ecologically the cleanest
productions in the nuclear fuel cycle. Waste consists of “tailings” in the form
of uranium hexafluoride. It is stored in pressure-tight steel containers in
special areas and continuously monitored for radiation.
Plants also produce solid and liquid radioactive waste as well as a
negligible amount of gaseous release of radionuclides. The treatment
technology for fluid waste precludes their accumulation. Therefore, the waste
is either buried or discharged into an open hydrologic system (if the radiation
concentration in sewer water is lower than permissible). Concentration of
radionuclides in sewage water is generally two orders of magnitude lower
than specifications regulated for potable water.
At plants being remediated, deactivation and dismantling of equipment
may require partial remelting. The resultant sludge containing residual
activity is directed to solid waste storage. Any water leaking from this
storage is collected in subdivisions in special containers. The water is then
periodically pumped to transport containers and transferred for processing
(extraction of uranium) to specialized subdivisions of the plants at the same
industrial sites. When the material remaining in storage contains only the
solid phase, the storage areas undergo isolation by covering their surface with

soil.

There are no territories polluted by radionuclides as a result of activity at
the given plants (Tables 3.2 to 3.5).

TABLE 3.2 Amounts and radioactivity of accumulated solid radioactive waste, as of

1 January 1997

Enterprise Production Type Amount of Total Activity,
Radioactive Waste, Bq
metric tons

Siberian Chemical Uranium hexafluoride 25,490 9.06 x 107
Combine production

Uranium enrichment 10,610 1.40x 10
Angarsk Electrolysis Uranium hexafluoride 1,500 6.43x 10"
Chemical Combine® production
Urals Electrochemical Uranium enrichment 29,070 1.08 x 10™
Combine
Electrochemical Plant | Uranium enrichment 6,680 851 x 10"

Notes: a = only medium-specific radioactive wastes.
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TABLE 3.3 Amounts and radioactivity of accumulated radioactive sludges formed as a result of
waste decontamination, as of 1 January 1997

Enterprise Production Type Amount of Sludges, m’ Activity, Bq
Urals Electrochemical Combine | Uranium enrichment 30,194 333x 10"
Electrochemical Plant Uranium enrichment 7,140 1.48x 10"
TABLE 3.4 Radionuclide® releases into the atmosphere in 1996
Enterprise | Release, Bq % of MPR
Uranium hexafluoride production plants
1. Siberian Chemical Combine 7.25x 10 0.6
2. Angarsk Electrolysis Chemical Combine 1.76 x 10° 0.05
Total 9.01 x 10° -
Uranium enrichment plants
1. Siberian Chemical Combine 1.48 x 10 0.006
2. Angarsk Electrolysis Chemical Combine 1.81x10° 0.05
3. Urals Electrochemical Combine 4.00 x 10° 1.0
4. Electrochemical Plant 7.40 x 107 0.1
Total 4.23x10° -
Notes: a = The sum of a-active isotopes.
TABLE 3.5 Radionuclide releases into open water reservoirs in 1996
Enterprise Water Volume of Radionuclide % of
Reservoir Sewage Water, Release, Bq MPR
1,000 m’
Angarsk Electrolysis Angara River 27,953 3.70x 107 0.0001
Chemical Combine
Urals Electrochemical | Neivo- 13,718 2.58x 107 16.7
Combine Rudyansk water
storage
Siberian Chemical Tom River 3,532 - -
Combine*
Electrochemical Plant® | -- -- - --

Notes: a = The technological scheme of the sewage water collector makes it difficult to
distinguish releases of individual enterprises of the nuclear complex; b = The design does not

stipulate any release into open water reservoirs.

3.4.

Manufacture of Nuclear Fuel

The industrial manufacture of nuclear fuel was centered at plants in the
Russian Federation. Now these plants are included in a structure of the joint-
stock company “TVEL” (fuel element). They are as follows:




e Joint-stock company “Machinery Plant,” in Electrostal, Moscow

Province

e Joint-stock company “Tchepetsky Mechanical Plant,” in Glazov, Udmurt

Republic

e Joint-stock company “The Novosibirsk plant for concentrated chemical
products,” in Novosibirsk, Novosibirsk Province

e  State Enterprise “The Moscow plant of polymetals,” in Moscow.

There is also an Industrial Association in the republic of Kazakhstan named

“The PO Ulbinsky Metallurgical Plant.”

Initial materials for manufacture of nuclear fuel include uranium ores and
concentrates, oxides, hexafluoride of natural uranium, or uranium enriched by
an isotope of uranium-235. As a result of chemical and metallurgical
processes, metallic uranium, its alloys, and fuel are obtained based on
dioxides of uranium, enrichment by uranium-235, and composition mixtures.
The finished product includes fuel elements, assemblies, and cassettes
intended for nuclear reactors of various assignments.

These plants generate radioactive waste. After relevant processing, this
waste it is directed to tailings dumps as pulps or solid waste. Minimal
discharge also occurs to air and water. These discharges have radionuclide
concentrations lower than established standards. There were no radiation
accidents associated with these plants that were accompanied by

environmental contamination.

Wastes include low and medium levels of activity. Solid radioactive
waste consists of 5,650,000 tons at Russian plants and 1,352,000 tons at the
Ulbinsky plant in Kazakhstan (by 1990). At all plants, environmental
contamination is caused mainly by nuclides of uranium. The area of
contaminated land in Russia, as of 1 January 1996, consists of 1.7 km’

(Table 3.6).

TABLE 3.6 Characteristics of radioactive waste accumulated at nuclear fuel production
enterprises, as of 1 January 1996

Enterprise [ Activity, Bq | Main Contaminating Radionuclides
Russian Federation

1. Machinery Plant 42x 107 Uranium radionuclides, radium-226
2. Chepetsky Mechanical Plant 7.0x 107 Uranium radionuclides, radium-226
3. Novosibirsk Plant of Chemical 3.0x 107 Uranium radionuclides, radium-226
Concentrates
4. State Enterprise Moscow Plant of NA NA
Polymetals
Total 1.42x 107 | --

Republic of Kazakhstan
1. PO Ulbinsky Metallurgical Plant® 3.8x 107 Uranium radionuclides, americium-

241, strontium-90, plutonium-239

Notes: NA = not applicable; a = As of January 1, 1990.

39



40

3.5. Production of Plutonium and Radiochemical
Processing of Spent Nuclear Fuel

Work to derive weapons-grade plutonium was centered at the following
enterprises:

e Industrial Association Mayak, in Ozersk, Chelyabinsk Province

e  Siberian Chemical Combine, in Seversk, Tomsk Province

e  Mining and Chemical Combine, in Zheleznogorsk, the Krasnoyarsk

Territory.

The goal of extracting plutonium is first to separate the metals and,
second, to clean the plutonium and uranium from fission products. The
finished product is an article made of metallic plutonium.

This work generates radioactive waste. After relevant processing, the
waste is directed to tailings dumps as pulps or solid waste. Liquid and solid
radioactive waste with high, medium, and low levels of activity are currently
stored at the plants engaged in processing irradiated uranium. These wastes
may contain fission products, nuclides of uranium, and transuranic elements.
The following subsections provide additional details for each of the industrial
associations involved in the production of plutonium or the processing of
spent nuclear fuel.

3.5.1. The Industrial Association Mayak

The industrial complex occupies a territory about 160 km®. This territory is
surrounded by a protective zone is of 250 km?, which is in turn surrounded by
a watch zone is 1800 km”. The enterprise consists of the following basic
activities:

e  Production reactors

e Radiochemical processing

e Radioisotopic production

e  Chemical-metallurgical processing

e  Chemical production.

The first industrial uranium-graphite reactor with a power of 100 MW
operated from 1948 to 1987. After 1948, four other uranium-graphite
reactors were put into operation at the combine. The first heavy-water-
moderated reactor with a power of 100 MW began operating in 1951. Early
in its operation, this reactor, which was fueled by natural uranium, was used
mainly for the production of plutonium. It was shut down in 1965 and then
dismantled. A second heavy-water-moderated reactor began operations in
December 1955. This reactor operated for 10 years before being shut down
in 1965. Later, this reactor was dismantled. Another reactor was built in the
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same place and began operating in April 1966. That reactor operated for 20
years before its shutdown in 1986.

A radiochemical plant for separating plutonium produced in the reactors
was also built at the combine. It began operations at the end of 1948. In that
same year, construction of the chemical-metallurgical plant began. This work
was carried out in two stages. During the first stage, a facility was built to
transform the final solutions of the radiochemical plant into metal and to
obtain articles made of metallic plutonium. Trial production at this facility
began in early 1949. In the second stage, operations were put in place to
obtain highly-enriched uranium-235.

The total amount of solid radioactive waste accumulated from Mayak
operations is approximately 451,000 m® with an activity of 1.42 x 10" Bgq.
The amount and activity of liquid waste is 82,500 m® and 5.87 x 10'° Bq,
respectively. Solid waste is stored in reinforced-concrete storehouses
equipped with a water-proof cover .

Waters with low levels of activity from the reactors were discharged into
the natural lake Kyzyl-Tash. Before 1953, waters of this lake were free
flowing. From 1953 until 1956, floods drew down the waters through the
basin of the lake. Since 1957, however, the lake waters have only drained
internally. It is used as a basin-cooler as part of the recycling water supply
for the nuclear reactors (Figure 3.2).

Radionuclides, which were released by the radiochemical plant as well as
the production uranium-graphite reactors, also percolated into the Techa
River, whose source was Lake Kyzyl-Tash. Since 1951, however, most
discharges have been directed to Lake Karachai.

From 1949 to 1951, waste with medium levels of activity from the
radiochemical plant was discharged to the Techa River. These discharges
caused contamination of bottom sediments and flood-lands in the upper
course of the river. The tandem reservoir system (a cascade of storage ponds)
was created to prevent further spreading of radionuclides down the river.
This system is intended to store liquid waste with low levels of activity. Since
1951, the natural lake of Karachai has been used as a storage reservoir of
waste with medium levels of activity. This lake is 0.45 km?, shallow, and
swampy. Since 1988, this basin has been under remediation.

High-level liquid waste is stored in cooled containers made of stainless
steel. For high-level radioactive waste from the radiochemical plant, waste is
first concentrated by evaporation and then solidified by vitrification.
Medium-activity waste is processed by bituminisation. After using ion-
exchange resins to remediate to the maximum permissible concentration, low-
activity waste is discharged into an open hydrologic system.

The operation of the Industrial Association Mayak was a source of
intense radiation contamination in the Ural region, mostly in northern
Chelyabinsk Province. There are several reasons for this contamination.
First, nuclear production was an imperfect science in the early stages of
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operation of the industrial complex. Second, early workers lacked knowledge
about how radioactive materials could impact the environment and the
possible consequences of such contamination.

The most intense radioactive contamination of the environment and
irradiation of the population caused by it took place during the first half of
complex operations. Because the facilities lacked proper technologies to treat
liquid waste and because of a simplified approach to discharging such wastes
into natural river systems, during 1949 to 1956 wastes with an aggregate
activity of 1.0 x 10'” Bq were discharged into the Techa and Iset rivers. As a
result, 124,000 people living near the riverbanks in Chelyabinsk and Kurgan
provinces have been exposed to radiation.

Besides these intentional releases, construction imperfections of the first
storage containers for high-level liquid waste caused an accidental release. In
autumn 1957, overheating from radiation resulted in an explosion of nitrate-
acetate salts stored in one container. The area contaminated by this
explosion, afterward called the East-Ural radioactive trace, was about 20,000
km? (Figure 3.3 and Table 3.7). The contaminated territory was inhabited by
272,000 people during this period.

In spring 1967, because of extremely arid conditions, a coastal strip of
Lake Karachai’s bottom was exposed to air. Radioactive materials
accumulated on the sediments were carried over adjacent territory by gusty
winds for 2 weeks. About 1,800 km? of land has been contaminated. This
contamination, though at much lower levels than the accidental release of
1957, was spread predominantly over Chelyabinsk Province. About 40,000
people were exposed to additional radiation.

Another factor in the contamination of the environment and irradiation of the
population is the routine release of radioactive substances into the free air
from ventilation ducts and stacks of the industrial complex. The greatest
releases, caused by buildup of production capacity and imperfection in the
gas purification system, occurred during the first 10 years of operation. As of
1 January 1996, the total area of the contaminated land was of 2,736 km®.

3.5.2. The Siberian Chemical Combine (SCC)

Construction of the Siberian Chemical Combine began in March 1949. The
production unit is located on the right bank of the Tom River 12 to 15 km
north of the city of Tomsk. The combine includes the following production
branches:

43
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Chelyabinsk

a.1 Tyumen

Kurgan

Figure 3.3 Area of the East-Urals radioactive trace. Numbers correspond to the initial density of
strontium-90 contamination in Ci/km’.

TABLE 3.7 Contaminated lands at the Industrial Association Mayak

Exposure Level, Area of Contaminated Land, km*

HR/hr Production Site Protective Zone Watch Zone Total
Up to 60 - - 1,055 1,055
60-120 - - 888 888
120-240 21 31 - 52
240-1,000 15 97 390 502
>1,000 21 71 147 239
Total 57 199 2,480 2,736

e Reactor production (producing plutonium, electrical power, and heat)
e Radiochemical production (processing of irradiated materials to derive

and clean salts of uranium and plutonium)
e  Chemical-metallurgical production (deriving metallic uranium and

plutonium)

e  Sublimation production (deriving protoxide-oxides of uranium and

uranium hexafluoride)
e  Separating production (deriving enriched uranium)
e  Warehousing (storing fissionable materials)
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e  Providing infrastructure (processing, storing, and burying radioactive
waste).

Construction of a plant to derive enriched uranium was started in 1951.
Facilities from that the first stage of construction were put into operation in
1953. Before 1973, the uranium isotopes were separated by a gas-diffusion
method. In subsequent years, separation used a more advanced high-
performance and economic technology with ultra-high-speed centrifuges.

In 1952, construction of the first uranium-graphite reactor began. In
1955, this reactor was put into operation. The reactor operated for 35 years,
during which time it under went several stages of modernisation. It was shut
down in connection with cutting the volume of production of weapons-grade
plutonium. In 1958, the combine resolved to build a chemical-metallurgical
plant. This plant delivered its first product in August 1961.

Processing irradiated uranium formed liquid and solid industrial wastes
with high, medium, and low levels of activity. The total amount of solid
radioactive waste accumulated at the Siberian Chemical Combine is 131,153
tons; the activity of this waste is 1.1 x 10'> Bq. The total amount and activity
of liquid waste is 5,961,750 tons and 2.23 x 10" Bq, respectively.

Solid wastes are treated depending on their level of activity. They may
be buried in earthen or concrete burial facilities or piled in organized storage
in specially chosen rooms.

Most liquid waste is generated at the radiochemical plant. The main
treatment method accepted at the Siberian Chemical Combine is underground
burial in the form of pumping. High-activity wastes were directed to
temporary storage in containers (tanks) made of stainless steel. After
preparation, the wastes were directed to injection wells and injected at a
depth of 315 to 340 m. These wastes are not longer being buried in this
manner.

Wastes with medium levels of activity are also directed to underground
burial after relevant preparations. For intermediate storage, liquid radioactive
wastes are kept in open land storages and special closed storages. Wastes
with medium activity from chemical-metallurgical production are directed to
the open basin for storing. Wastes from separation activities are added to
other wastes coming into the underground burial site. Liquid radioactive
waste from sublimation production is directed to two storages for pulp. For
all areas, radiation levels are monitored in the watch zone, which has an area
of 1560 km? and radius of 15 to 20 km.

During operation of the Siberian Chemical Combine, there have been 36
radiation accidents and incidents of differing scales. The most severe
accident took place on 6 April 1993 at the radiochemical plant. During
routine operations to prepare uranium solution for extraction, a rapid pressure
increase destroyed the preparation device. The following explosion and
release of an aerosolic mixture broke through the building roof, causing a fire
on part of the roof and partial release of radioactive substances into the
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environment. All settlements in a 35-km radius of the center of the explosion
were contaminated. By 1996, the area of contaminated land amounted to
10,392 km®. The contamination of soils was caused by isotopes of cesium-
137 and strontium-90 (Table 3.8).

TABLE 3.8 Contaminated lands surrounding the Siberian Chemical Combine

Exposure Level, Area of Contaminated Lands, km*
uR/hr Production Site Protective Zone Watch Zone Total
Up to 60 3.838 - -- 3.838
60-120 1.558 -- -- 1.558
120-240 0.958 0.30 -- 1.258
240-1,000 1.697 -- -- 1.697
>1,000 2.041 -- -- 2.041
Total 10.092 0.30 - 10.392

3.5.3. The Mining and Chemical Combine

The decision to construct a mining and chemical combine was made in
1950. The Mining and Chemical Combine occupies about 360 km? along the
right bank of the Yenisei River, 60 km from the city of Krasnoyarsk.

The combine produces weapons-grade plutonium using uranium-graphite
reactors. The irradiated uranium is processed at a radiochemical plant for
separating uranium, plutonium, and fission products. The combine delivers
plutonium dioxide and uranylnitrate alloy to other plants in the Minatom
system.

Three reactors form the center of the work. The first was put into
operation in 1958, the second one in 1961. These two reactors are thermal,
uranium-graphite, water-cooled types. They discharge cooling water into the
Yenisei River. These reactors were decommissioned in 1992. The third
reactor was put into operation in 1964 and is used to generate electrical power
and heat water for operations.

The radiochemical plant was put into operation in 1964. The plant
derives plutonium from natural uranium irradiated in the rectors. Operations
have ceased in connection with sharp reductions in the production of
weapons-grade plutonium.

All facilities are located underground at a depth of 250 to 300 m. Like
IA Mayak and the Siberian Chemical Combine, they have reliable biological
protection. The complex is equipped with a system of ventilation with filters
that prevent radioactivity from coming in from the outside.

Operations have resulted in liquid and solid industrial wastes of high,
medium, and low levels of activity. The total accumulated solid radioactive
waste is 105,170 tons. The total liquid waste amounts to 5,622,000 tons, with
an activity of 1.46 x 10" Bq. Gaseous and aerosol releases undergo multiple-
step cleaning before they are discharged into the atmosphere.
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Solid radioactive waste is stored in deep reinforced-concrete storage in
the Combine. Depending on the level of radioactivity, liquid radioactive
wastes are transferred to sewage treatment facilities and collected in special
tanks made of stainless steel or in open reinforced-concrete storage. After
relevant preparation and cleaning, they are shipped to the northern portion of
the facility for deep burial. Treated waters are discharged into the Yenisei
River.

Deep storage in the northern portion of the facility is used to bury low-
activity waste in the second sand horizon in volumes up to 800 m’/d. The
same area allows burial of medium-activity waste in the first sand horizon in
volumes up to 500 m*/d. The deep storage area is located 12 km from the
main production facilities in the protective zone of the plant. The aggregate
area is 45 km?; the volume of underground space is 11,000 m’.

The first and the second sand horizons used for waste burial are bedded
in the intervals, at depths of 180 to 280 m and 355 to 500 m, respectively.
The horizons are spread under, divided, and overlapped by clay horizons,
which isolate horizons containing waste from the surface and shallow-bedded
underground waters. Natural velocity of ground water is 5 to 6 m/year in the
first horizon and 10 to 15 m/year in the second. Spread of the radionuclides
is thus slowed by the soils. This burial of liquid radioactive waste has
essentially eliminated huge quantities of radionuclides from reaching the
population and the environment.

Releases of radionuclides into the atmosphere in 1993 did not exceed the
established norms by all components. In addition, total radionuclide
discharges into the Yenisei River after shutdown of reactors using once-
through cooling water did not exceed the established norms and lay within the
limits of 0.3% to 6.0% of calculated maximum permissible values.

As a whole, after shutdown of once-through reactors, a dose rate from
surface water exposure (and the volumetric activity of all radionuclides
contained in water) does not exceed permissible values established by the
Norms of Radiation Safety[4]. Individual islands and sections of flood-lands
15 to 250 km downstream from the discharge locations hold some “spots” of
contamination. This contamination is caused by strong, high water along 300
km of the Yenisei River in 1966 and 1988. During these surges, water flow
reached 21,000 m’/sec, which exported part of the contaminated bottom
sediments onto islands and sections of the flood-lands (Table 3.9).
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TABLE 3.9 Contaminated lands at the Mining and Chemical Combine

Exposure Level, Area of Contaminated Lands, km*
uR/hr Production Site Protective Zone Watch Zone Total

Up to 60 0.005 0.666 0.106 0.777
60-120 -- 0.149 - 0.149
120-240 3.297 0.060 3.394 6.751
240-1,000 -- 0.050 -- 0.050
>1,000 - 0.062 - 0.062
Total 3.302 0.987 3.500 7.789

3.6. Production of Nuclear Weapons

In the Russian Federation, Minatom is charged with the production of nuclear
weapons. The main enterprises are as follows:

e  Combine “Electrokhimpribor,” in Lesnoi, Sverdlovsk Province

¢ Industrial Association “Start,” in Zarechny, Penza Province

e Instrument Engineering Plant, in Tryokhgorny, Chelyabinsk Province

e Electromechanical plant “Avanguard,” in Sarov, Nizhniy Novgorod

Province.

As of 1 January 1997, the total solid radioactive waste accumulated at
these plants amounted to 4,301 m’ with an activity of 4.04 x 10° Bq. The total
amount of sewage water and its activity was 2,546 m’ and 1.9 x 10° Bq,
respectively. The basic type of storage is reinforced-concrete tanks.

The discharges and releases of radionuclides into the environment by
these plants are extremely insignificant (amounting to part of a percentage
from maximum permissible values). Throughout plant operation, no
emergency situations resulted in environmental contamination.

3.7. Ship Nuclear Propulsion Plants and Their
Infrastructure

Cold War nuclear activities associated with the Russian Navy and the Russian
Agency for shipbuilding include ship propulsion plants, plants for their
technical support and maintenance, waste storage activities, and objects that
sunk or were dumped at sea.

3.7.1. Vessels, Plants, and Waste Storage

The main sources of radiation danger and environmental radioactive
contamination are the following objects of the Russian Navy and Russian
Agency for shipbuilding:

e  Submarines and surface ships with nuclear propulsion plants (NPP)
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e  Vessels for technical support and maintenance of nuclear ships

e  Bases of the ships with NPP

e  Places to temporarily store afloat decommissioned ships with NPP and
places to carry out recycling of their materials

e  Places to temporarily store fresh and spent nuclear fuel

e  Ship-repairing and shipbuilding yards that conduct activities on ships
with NPP

e Radioisotopic power sources.

By the beginning of 2000, about 156 nuclear submarines (95 at the
Northern fleet and 61 at the Pacific) had been withdrawn from active forces
of the Navy for decommissioning. This accumulation awaits first defueling
and then removal of their reactor compartments to prepare the latter for long-
term storage. Only compartment removal and natural radioactive decay
reduce radiation danger to a level that allows subsequent disassembly of
reactor installations. Long-term storage locations for reactor compartments
have not yet been chosen.

Congestion of retired, floating nuclear submarines both with defueled
reactors and with reactors containing SNF, combined with the growing
number of removed reactor compartments, create a radiation safety problem.
Currently, two-thirds of the nuclear submarines undergoing decommissioning
are stored afloat with reactors containing SNF.

The Navy has the following volumes for storing and processing
radioactive liquid waste (Table 3.10):

e The Northern fleet:

--Shore storages with bulk volume of 5,300 m’

--Floating storages with bulk volume of 3,700 m’

--Stationary facility for processing of radioactive waters.

e  The Pacific fleet:

--Shore storages with bulk volume of 3,500 m’

--Floating storages with bulk volume of 3,000 m’

--Stationary facility for processing of radioactive waters.

SNF from the Northern and Pacific fleets is shipped to Minatom plants for
processing.

3.7.2. Emergency Situations

An accident occurred on 10 August 1985 at a Pacific fleet nuclear submarine
berthed at the naval base in the bay of Chazhma (the settlement of Shkotovo-
22, the Primorye Territory). Personnel broke the requirements of nuclear
safety and separated the head from the pressure vessel of the reactor while
carrying out refueling. This separation created excessive nuclear reactivity,
which caused a spontaneous chain reaction in the reactor on a port side,
accompanied by an explosion. Immediately after the explosion, a fire sprang
up in the reactor compartment. The fire took 4 hours to extinguish.
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TABLE 3.10 Characteristics of radioactive waste stored by the Russian Navy and the Ministry
of Economy, as of 1 January 1994

Enterprise Liquid Radioactive Waste Solid Radioactive Waste
Quantity, | Total Activity, Quantity, | Total Activity, Bq
1,000 m* Bq 1,000 m’
Russian Navy
Northern Fleet 8.695 3.05x10" 5.863 5.41 x10°
Pacific Feet 5.767 1.36 x 10 1.703 6.29 x 10"
Ministry of Economy
JC Amur Shipbuilding 1.0 0.5x 10° 0.012 NA
Enterprise
SRZ Nerpa 0.105 111 x 10" 0.5 NA
DVZ Zvezda 0.95 1.78 x 10" 1.99 47 x10"
IA Sever 1.033 NA 5.76 5.44 x10"
IA Sevmashpred-priyatie 0.123 NA 1.8 NA
Ship Equipment Enterprise 0.02 3.7x10° 0.0015 0.67 x 10"
Total 17.693 4.6" 17.63 6.91 x 10"

During this time, radiation fell around the submarine in a radius of 50 to
100 m. This fallout was caused by burning of fission and activation products
and release of coarse-grain particles of fuel and slag formed by the explosion.
The cloud of gaseous radioactive substances that arose moved to the
northwest and crossed the peninsula of Dunai, nearing the sea at the coast of
Usury gulf. Full-scale examination of seawater and bottom sediments
showed that further movement of the cloud above the Usury gulf (that is 28 to
30 km wide) decreased fallout down to background levels and did not
influence radiation levels in the city of Vladivostok. However, as a result of
the accident, a center of long-lived radioactive contamination (0.1 km?) of
bottom sediments formed in the bay of Chazhma.

Results of additional in situ observations and numerous radioecological
surveys show that this accident did not provide a measurable radiation impact
upon Vladivostok, its beach zone, or the settlement of Shkotovo-22. The
residual long-lived radioactive contamination of terrain and bottom sediments
in the bay of Chazhma is reliably localized and should not cause severe
ecological repercussions.

The Navy now has four damaged nuclear submarines: three in the Far
East and one in the north.
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3.7.3. Dumping Radioactive Waste at Sea and the Sunken
Nuclear Ships

The long-lived radionuclides dumped in the Arctic Sea dominate all
radioactive waste dumped at seas surrounding Russian territories. The
aggregate activity from these radionuclides is 2.4 MCi.

The analysis of information describing solid radioactive waste that was
dumped in containers or discharged to near-surface water layers of the
Barents and Kara seas has shown that the maximal potential radiation danger
can be represented by long-lived radionuclides in SNF and ship NPPs sunk in
bays of the eastern coast and near the archipelago of Novaya Zemlya. The
doses at these places are insignificant, however, and concentration of
radionuclides outside of these areas does not differ from that in the open
waters of the Kara Sea (Table 3.11).

Since 1949, their aggregate activity has decreased to two times its
original level. It is now four times less than aggregate activity contained in
the Atlantic burial sites.

In the Far Eastern region, solid radioactive waste was dumped in several
regions of the Sea of Japan, the Okhotsk Sea, near the eastern coast of
Sakhalin, in the northwestern part of the Pacific Ocean, and near the eastern
coast of Kamchatka. Distribution of an aggregate activity of the dumped
radioactive waste in the Arctic, Northern Atlantic, and Far East by 1999
acknowledges assessments comparable to those shown above.

TABLE 3.11 Activity of long-lived radionuclides in reactors sunk near Novaya Zemlya
as of late 1994

Submarine or Ship | Fission Products, Activation Actinides, Total,
Inventory Number 1,000 Bq Products, 1,000 Bq 1,000 Bq 1,000 Bq
Sunken Reactors with Fuel
285 634 12.80 8.13 654.93
901 718 5.96 3.44 727.40
421 287 2.88 2.84 292.72
601 375 239.00 1.25 615.25
Total 2,014 260.64 15.66 2,290.30
Sunken Reactors Without Fuel

254 - 9.47 - 9.47
260 - 5.07 - 5.07
538 -- 4.51 - 4.51
Total - 19.05 - 19.05

In 1989, the nuclear submarine Komsomoletz caught on fire and sank in
the Norwegian Sea at the depth of about 1700 m. One nuclear reactor and
two torpedoes with nuclear warheads were onboard. However, in comparison



52

with other sources of long-lived radionuclides in the Northern Atlantic, the
Komsomoletz does not represent any significant radiation danger for the
ambient marine environment (Table 3.12).

TABLE 3.12 Long-lived artificial radionuclides in the North Atlantic, 10" Bq

Radionuclides Global Fallout Radiochemical Komsomolets Nuclear
Plants Submarine
Cesium-137 7.6 3.0 0.31
Strontium-90 5.1 4.3 0.28
Plutonium-239/240 0.13 0.06 0.0021

3.8. Nuclear Explosions

Nuclear devices and bombs have been exploded in the USSR from 29 August
1949 (the first nuclear charge) until 24 October 1990 (last nuclear-weapon-
related test). During this period, the USSR conducted 559 nuclear-weapon-
related tests, with 796 nuclear charges and nuclear explosive devices
exploded.

The USSR had two nuclear test ranges for nuclear weapon trials:

e Semipalatinsk test range, put into operation in 1948, at which one the
first nuclear device was tested

e Northern test range on the islands of the archipelago of Novaya Zemlya,
put into operation by order of the government of the USSR on 31 July
1954. The first nuclear device was exploded at this range was on 21
September 1955.

In addition to tests at these two specially created test ranges, nuclear
weapons trials were also being conducted at the following sites:

e At the Missiles Testing Range, settlement of Kapustin Yar, Astrakhan
Province, rocket missiles with warheads equipped with nuclear and
thermonuclear charges were launched to conduct tests in high layers of
the atmosphere and space

e At the training grounds of the Ministry of Defense near Totsk (Orenburg
Province), a 40-Kt nuclear weapon was tested in the air on 14 September
1954 during a combined-arms exercise

e  Near Aralsk (Kazakhstan), a 0.3-Kt surface nuclear explosion occurred
on 2 February 1956.

The environment was contaminated by global radioactive fallout from
nuclear weapons tests from the end of the 1940s until the middle of the 1960s.
By the beginning of 1986, the mean level of cesium-137 contamination in the
eastern European plains amounted to 0.08 Ci/km®. At higher elevations,
contamination levels were up to 0.35 Ci/km®. Today, excluding
contamination resulting from the accident at the Chernobyl Atomic Power



Station, this level should have decreased on the average of 20%, with a range
of 0.05-0.06 Ci/km’.

3.8.1. Semipalatinsk Nuclear Test Range

According to the requirements introduced in 1948, the test range for nuclear
weapon trials was to be located in a wilderness area with a diameter of about
200 km adjacent to a railway station and aerodrome. The site was chosen
160 km from Semipalatinsk, in an area naturally bordered by the Shagan
River (a tributary of the Irtysh) and by the mountains of Deguelen and
Kalyastan, which are 100 km apart. The initial area of the site was
approximately 5,200 km®. The geographical position together with
predominantly eastern (to the east, southeast, and northeast) movement of air
masses (within the framework of an overall atmospheric circulation)
predetermined the most likely regions to be contaminated in the USSR (now
Russia and the Republic of Kazakhstan). These areas are the Altai Territory,
the Republic of Altai (Russia), as well as Semipalatinsk and the East
Kazakhstan and Karaganda provinces (Republic of Kazakhstan).

The main biologically hazardous radionuclides in the areas contaminated
by radioactive fallout from atmospheric nuclear weapons tests are strontium-
90, cerium-137, and plutonium (Table 3.13).

TABLE 3.13 Tentative data on external exposure doses of the population (until the complete
decay of radionuclides) in the area influenced by nuclear tests at the Semipalatinsk Test Range

Region Distance from | Population,| Maximum |Mean External Collective

the Site, 1,000 1,000 External Population External Dose,

km persons Dose, CSv Dose, CSv 1,000 person-Sv
Altai land 0.14-0.7 2,514 52.00 0.50 13.50
Republic of Altai 0.40-0.8 174 0.50 0.20 0.30
Republic of Khakassia 0.70-1.0 508 0.20 0.15 0.76
Novosibirsk region 0.50-0.7 2.657 1.00 0.05 1.44
Kemerovo region 0.70-1.0 2,990 1.00 0.06 1.64
Krasnoyarsk land 0.90-2.2 600 0.12 0.04 0.24
Irkutsk region 1.30-2.7 1,340 0.10 0.04 0.47
Chita region 2.00-3.0 1,258 0.05 0.04 0.44
Tomsk region 0.70-1.3 887 0.15 0.04 0.35
Total 15,928 19.14

3.8.2. Northern Nuclear Test Range (the Archipelago of Novaya

Zemlya)

Nuclear weapons were tested at this range at three locations (Figure 3.4):
e  Zone A (near the Chornaya Fjords and Cape Bashmachny). At this site,
three underwater and two surface water tests (from 1955 to 1962), one
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......... Limit of nucieas testing zones (A, B, C)

The Karskiye Vorota Strait

1° Traces or spots of radicactive poliulion (see 16:d)

Geographical coordinates of the Test Sile

Point Nos Latitude Longitude
1 70°20'00" 54°10'00"
2 71°33'00" 51°10'00"
3 72°00'00" 53°20'00"
4 70°56'00" 56°50'00"
5 72°44'00" 51°44'00"
6 75°11'00" 54°55'00"
7 76°24'00" 60°45'00"
8 75°28'00" 63°51'00"
9 74°13'00" 69°43'00"
10 72°39°00"  56°38'00"

Figure 3.4 Novaya Zemlya northern test site
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e land surface explosion (on 7 September 1957), and six underground (in
wells) nuclear explosions were made (from 1972 to 1975).

e Zone B (an area in the western part of the Strait of Matochkin Shar). At
this site, 36 nuclear explosions were made.

e  Zone C (near the peninsula of Sukhoi Nos). At this site, atmospheric
nuclear explosions were conducted at four spots at different altitudes
before 1962.

The density of contamination on the test range is nearly identical to the
density of contamination and background radiation everywhere at mean
latitudes of the northern hemisphere. The highest density characterizes the
site of the 1957 land nuclear explosion on the coast of the fjord of Chornaya.
The area of contamination is about 1 km® (Table 3.14)

3.8.3. Missile Testing Range

At this range, rockets equipped with nuclear and thermonuclear charges were
fired for testing in space and the upper atmosphere. The work did not cause
contamination of the range and regions adjacent to it because all tests were
conducted at a high altitude.

3.8.4. Area of the Totsk Combined-Arms Exercises of 1954

A 40-Kt atomic bomb was exploded at an altitude of 350 m. The fiery ball
did not touch the underlying surface; therefore, fission products and residual
plutonium were deposited across a wide area. At the explosion epicenter,
however, increased activity was observed as a result of absorption of neutrons
by the soil stratum. The radionuclides were characterized by cobalt-60,
europium-152, and europium-154. A column of dust containing these
radionuclides rose above the epicenter and fell out in a trail extending

210 km. The maximum accumulated dose reached about 1 Roentgen up to 70
km from the epicenter (Table 3.15).

3.8.5. Total Impact of Global Fallout

The world-wide nuclear-weapons testing that occurred from the end of 1940s
until the middle of the 1960s left a global legacy from the Cold War. Locally
in eastern Europe at the beginning of 1986, the total radioactive
contamination of land surfaces by global fallout of cesium-127 amounted
0.08 Ci/km®. In mountainous areas, the contamination level was up to 0.35
Ci/km?’. It is estimated that currently (year 2000), these surface
concentrations should have been reduced by 20% by natural processes.
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TABLE 3.14 Tentative data on external exposure dose to the population (until the complete
decay of radionuclides) of various regions of Russia in the area influenced by nuclear tests at the

Northern test range

Region Distance from | Population, | Maximum Mean Collective
the Site, 1,000 | 1,000 persons | External External External Dose,
km Dose, CSv | Population |1,000 person-Sv
Dose, CSv
Krasnoyarsk land (ADs|  1.3-3.0 2,693 0.7 0.10 3.0
not included)
Taimyr (Dolgano- 0.9-2.2 48 2 1.0 0.5
Nenets) AD
Evenk AD 1.6-2.4 17 1.5 0.7 0.12
Republic of Sakha 2.0-3.7 883 1 0.8 7.0
(Yakutia)
Tyumen region (ADs 1.8-2.2 1,165 0.3 0.15 1.8
not included)
Yamalo-Nenets AD 0.5-1.8 193 0.4 0.13 0.25
Khanty-Mansi AD 0.9-1.9 673 0.3 0.17 4.9
Perm region (ADs not 1.3-2.0 2,830 0.3 0.17 4.9
included)
Magadan region 3.8-4.5 490 0.6 0.25 1.2
(together with the
Chukotsk AD)
Republic of Komi 0.8-1.6 1,147 0.4 0.17 2.0
Khabarovsk land 3.6-4.5 1,610 0.6 0.2 32
Nenets AD of 0.4-0.8 50 0.3 0.10 0.5
Arkhangelsk region
Republic of Udmurt 1.7-2.0 1,516 0.2 0.11 1.6
Sverdlovsk region 1.4-2.0 4,500 0.3 0.20 9.5
Kurgan region 2.0-2.2 1,085 0.2 0.14 1.5
Chelyabinsk region 2.0-2.4 3,480 0.2 0.14 4.8
Republic of 2.0-24 3,865 0.2 0.10 4.0
Bashkortostan
Omsk region 1.9-2.4 1,963 0.15 0.10 2.0
Republic of Tatarstan 1.9-2.2 3,453 0.15 0.06 24
Irkutsk region 2.6-3.4 2,616 0.3 0.005 0.8
Chita region 34-39 1,258 0.2 0.001 0.15
Total - 35,535 - 0.15 52.27

Note: AD = autonomous district.




TABLE 3.15 Preliminary data on external exposure dose to the population (until the complete
decay of radionuclides) in the area influenced by the nuclear explosion at the
1954 Totsk military exercises

Region Distance from |Population,| Maximum Mean Collective
Firing Ground, 1,000 External Population | External Dose,
1,000 km persons Dose, CSv External 1,000
Dose, CSv person-Sv

Near zone 0-0.2 20 1 0.3 0.065
(Orenburg region)
Remote zone 1.5-2.1 150 0.12 0.05 0.081
(Krasnoyarsk land)
Total area - 170 - 0.175 0.146
3.9. Conclusion

The main objective of this chapter is to provide an overview of the
nuclear weapons production complex of the FSU and its radiation legacy. To
gain a greater understanding of the technological processes of the complex,
isotopic structure of radioactive releases, and their impact on the population
and environment, consult the literature on which this chapter has been

based[1,2,3,5,6].
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4. Status and Challenges of Managing
Risks in the U.S. Department of Energy
Environmental Management Program

Even in the United States, where various methods of risk assessment, risk
management, and risk communication have been attempted over the years,
these disciplines continue to evolve to meet the needs of decision makers
faced with legacy wastes. This chapter provides an overview of the Cold War
legacy challenges as currently understood by the U.S. Department of Energy
(DOE), as well as the risk-based methodologies currently being applied to
assist the DOE in managing those challenges. In the past decade (1990s), the
DOE created a single organization within their waste management structure
to coordinate their risk activities: the Office of Environmental Management’s
Center for Risk Excellence. The chapter describes the formation, operation,
and contributions of that organization, which was created to encourage the
use of risk-based approaches to DOE site management and to provide
consistency in the use of such approaches across the DOE complex. Of
particular interest are the effective communication concepts developed by this
organization for summarizing site risk and risk-related information as risk
profiles.

In the U.S., the Department of Energy (DOE) bears the responsibility for
stabilizing, treating, storing, and disposing of hazardous and radioactive
wastes, materials, and facilities from more than 50 years of research,
development, testing, and production of nuclear weapons and civilian
research activities. The DOE nuclear complex included uranium mining,
nuclear reactors, chemical processing, metal machining plants, laboratories,
and maintenance facilities. This complex manufactured tens of thousands of
nuclear warheads and conducted more than 1,000 nuclear explosion tests.
Weapons production stopped in the late 1980s, initially to correct
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environmental and safety problems, but it was later discontinued indefinitely
because of the Cold War’s cessation{1,2]. Simultaneously, during this 50-
year period, the federal government funded and conducted research in support
of civilian applications of nuclear technology, which also resulted in some
legacy waste.

Residual materials and contaminated facilities pose a risk' to workers, the
environment, and members of the public. Eliminating and managing urgent
risks is one of the primary goals of DOE’s Office of Environmental
Management (EM). Risk management, unlike the past production of defence
material and research, must be accomplished in a social and legal setting that
considers site-specific conditions, is highly visible, has external oversight,
and meets regulatory standards for safety. Risk management is also an
intangible product subject to diverse interpretation from risk professionals
and the lay public. Thus, a primary challenge in risk management is
completing credible technical work and communicating it in a public forum.

This chapter provides an overview of the Cold War legacy challenges as
currently understood by DOE as well as the risk-based methodologies that are
currently being applied to assist DOE in managing those challenges. In the
past decade (1990s), DOE created a single organization within their waste
management structure to coordinate their risk activities. This chapter
provides background information on the formation, operation, and
contributions of that organization. The concept in creating such an
organization is to encourage the use of risk-based approaches to help manage
particular sites and to provide consistency in the use of such approaches
across DOE sites. Of particular interest are the effective communication
concepts developed by this organization for summarizing site risk and risk-
related information as risk profiles.

The organization that DOE-EM established is the Center for Risk
Excellence. The Center has the assignment to address the difficult questions
concerning the management of risks. The Center’s mission is to provide
leadership, expertise, and integration of risk activities through strategic
partnerships and to be a catalyst for improved environmental decisions
through sound risk management. One of the initial charges to the Center was
to assist remediation sites in the DOE complex to develop “site risk profiles.”

' Risk is defined as “the probability that a substance or situation will produce
harm under specified conditions. Risk is a combination of two factors: the
probability that an adverse event will occur and the consequences of the
adverse event. Risk encompasses impacts on human health and the
environment and arises from exposure and hazard. Risk does not exist if
exposure to a harmful substance or situation does not or will not occur.
Hazard is determined by whether a particular substance or situation has the
potential to cause harmful effects.” [3]
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This chapter discusses some of the Cold War legacy challenges being
studied by the Center, presents example hazard/risk profiles for managing and
communicating the risks and corrective actions associated with some these
challenges, and provides a potential methodology for developing these
hazard/risk profiles.

4.1. Cold War Legacy Challenges

The EM scope of work is one of the most technically challenging and
complex of any environmental program in the world[4,5,6]. Although the
DOE complex comprises almost 9,710 km?, the majority of this land is
uncontaminated (more than 85%). However, the 75 million m’ of
contaminated soil present difficult technical challenges because of the
presence of radionuclides. In addition, there are currently no effective
technical solutions for remediating much of the 1.8 billion m® of
contaminated ground water. Millions of cubic meters of radioactive and
mixed waste (waste that is both hazardous and radioactive) also need to be
disposed. Disagreement among experts regarding how the waste should be
disposed, the enormity of the task, and a shortage of disposal capacity mean
that final disposition of the wastes, and management of residual risks, will
require many decades of commitment from the federal government.

Characterization of risks is difficult for many reasons, the lesser ones
being the size, diversity, and functions of the sites involved. For example,
although hazards of the Cold War legacy are located at 144 sites in the United
States, the majority of contaminants are located at six sites: the Hanford Site
in Washington State, the Idaho National Engineering and Environmental
Laboratory, the Nevada Test Site, Los Alamos National Laboratory in New
Mexico, Oak Ridge National Laboratory in Tennessee, and the Savannah
River Site in Georgia (Figure 4.1). Even among these six sites, the level of
contamination is not uniform. Figure 4.2 shows the relative amount of
contamination in waste at the largest sites.

Curies already released to the environment are substantial at some sites
and not included in Figure 4.2 because comprehensive information is not
available. The Nevada Operations Office, for example, estimates that an
additional 310 million curies are in the soil and water there. In the early
history (1950s) of the Hanford Site, radioactive liquid was disposed of in
trenches or directly on dry soil. Contaminated equipment and drums of waste
were disposed of similarly.
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Figure 4.1 Six states with the majority of environmental contamination from the Cold War

Figure 4.2 Relative radioactive waste curie inventories for major U.S. Department of Energy sites



Material volumes are often used to describe progress in risk management
for projects removing, disposing, or treating of material. Figure 4.3 shows
how 36 million m® of waste are categorized. By-product materials (e.g.,
uranium mill tailings) account for 88% of the volume, while high-level
radioactive wastes account for only 1% of the total volume.

Figure 4.3 Volumes of waste at U.S. Department of Energy facilities

The large volume of by-product material is not located at the six DOE
sites shown in Figure 4.1. However, the six sites are important to risk
management because, as shown in Figure 4.4, the small volume of high-level
waste at Hanford, Idaho, and Savannah River contains 95% of the more than
one billion curies of radioactivity. In addition, much of the high-level waste
is in liquid form awaiting conversion to a stable solid, suitable for disposal.
After conversion to a solid, high-level waste requires a deep geologic disposal
facility for long-term risk management. No disposal facility for high-level
waste is currently operating.

While this complex set of risks poses a significant challenge, more
problematic is the definition of risk itself. This chapter focuses on the
potential for impacts from contaminants; however, other factors, such as
cultural and socio-economic risks, are important at some locations. Also,
there are significant uncertainties in the specifics of the source term, potential
future accessibility of the hazard, and potential future receptors. Finally, the
wide number of approaches to risk management varies greatly in complexity,
comprehensiveness, and clarity of communication. All of these factors have
limited the use of risk management in the EM program at the national level.

Several attempts have been made over the last 5 years to develop an
integrated program of risk management, but all have been abandoned as
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Figure 4.4 Percentage of curies in U.S. Department of Energy waste (total 1.01 billion)

either burdensome or not scientifically credible.[7] Lack of specific measures
is not necessarily bad or contributing to excessive risks or hazards at DOE
sites, but it does constrain the discussion of progress by the program in
meeting their objectives. This constraint may be undermining confidence in
the DOE, confidence necessary to carry out the long-term program.

Hazards and risks under control of the EM program have varied greatly
in time, extent, longevity, and remedy. Some sites are still operating,
requiring active risk management (people and equipment) to minimize or
eliminate the potential for releases to the environment, public, or workers. In
some cases, however, active management is being used even at sites that are
no longer producing nuclear materials. With the cessation of production, the
costs of active risk management are more visible and unsustainable for the
life of the hazard. Active management also places workers in a higher-risk
environment than is acceptable. Even with no limitations on resources, this
situation could lead to increased risk on and off site from using equipment in
ways that it is not designed (e.g., using temporary waste storage tanks well
beyond their design life).

Over time, DOE’s strategy is to move many materials and sites to a state
in which the cost of risk management and the risk levels themselves have
been reduced. This risk reduction is being accomplished through the use of
barriers to control releases, stabilization of materials to reduce their mobility
and reactivity, and treatment to place materials in a long-term stable condition
for passive storage and/or disposal.

On the other hand, some materials present a persistent and significant
hazard for periods of time that exceed human experience. For these
materials, isolation in the earth is planned where no human or active



equipment would be required for safe management. The Waste Isolation
Pilot Plant in New Mexico is an example of this type of facility for the
disposal of transuranic waste. However, all facilities necessary for long-term-
passive risk management are not currently available. For this reason,
facilities are being constructed for supervised surface storage until the
disposal facilities are available. Many of the disposal facilities are at different
sites than those used for waste treatment and storage. This diffusion will
require management of transportation risks as part of waste disposal
operations.

One hundred and eleven sites will have residual hazards that are not
planned for removal and further treatment[8]. Many of these sites will
require DOE responsibility for residual contamination in perpetuity. The
DOE[9] has not yet completed its strategy for these types of sties, as many of
these sites will continue to operate for many years. Long-term risk
management strategies will be site specific to allow integration with enduring
DOE responsibilities for natural resource management, adaptive reuse of
federal assets, and management of long-term exposures to contaminants.

4.2. New Approach to Risk Management-
Risk/Hazard Profiles

Regardless of the many complexities of managing risks within the DOE
complex, the public expects effective management and communication. The
Center for Risk Excellence has developed a new approach to risk
management that uses semi-quantitative methods to describe reductions in
hazards and risk at major DOE sites[10]. These methods consider the
physical form, management, and environmental behaviour of these materials
in addition to their volume and radioactive and toxic components. The
methods provide a balance between the complexity of a full risk assessment
and the desire to clearly show progress in the EM program. Preliminary
results for two sites were discussed in a non-technical focus group setting and
were judged to be more comprehensive and clear in their communication of
program objectives and progress than either the curie information or volume
information.

This new approach involves the development of risk/hazard profiles for
some selected sites and processes. The profiles include graphic illustrations
to provide the reader with a high-level mental picture to associate with all the
qualitative risk management information presented. The methodology
presented later in this chapter was developed to provide a means of
calculating the risk values to use in developing these graphic illustrations.

The relative hazard (RH) equation, as presented in this methodology, is
primarily a collection of key factors that are relevant to understanding the
hazards and risks associated with projected risk management activities. The
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RH equation has the potential for much broader application than was used in
generating the risk profiles. For example, it can be used to compare one risk
management activity with another, instead of just comparing it to a fixed
baseline as was done for the risk profiles. If the appropriate source term data
are available, it could be used in its non-ratio form to estimate absolute values
of the associated hazards. These estimated values of hazard could then be
examined to help understand which risk management activities are addressing
the higher hazard conditions at a site. Graphics could be generated from
these absolute hazard values to pictorially show and compare these high-
hazard conditions. If the RH equation is used in this manner, however, care
must be taken to specifically define and qualify (e.g., identify which factors
were considered and which ones tended to drive the hazard estimation) the
estimated absolute hazard values.

Another component of the methodology is the risk measure (RM), which
was developed to extend the RH analysis to a measure of the potential risk
from the hazardous material. The RM value includes the likelihood of a
release to the environment based on the facility conditions and material
packaging configurations. As the material is processed for safety
improvements or waste treatment, the likelihood of the release event will
usually be reduced and the risk measure will also be reduced. The RM and
RH values are both normalized to the same quantity (i.e., denominator of the
RH equation) so the parameter can be plotted on the same graph.

The risk/hazard profiles are intended to provide a brief narrative
summary of risk-related activities. They are tailored to each site so that the
most informative story can be told, yet a standard format is maintained to
facilitate combining the documents into a cohesive national story. Flexibility
is critical because some sites want to emphasize the importance of certain
hazards at their site, others want to point out the risk avoidance activities at
their sites, and still others wish to point out the lack of hazards and/or risks.

The following sections describe the initial design and construction of the
profiles as well as their limitations.

4.2.1. |Initial Design and Construction of Risk/Hazard Profiles

Information developed for the profiles represents a significant departure from
previous efforts by DOE-EM to collect and communicate risk information.
The profiles focus on how EM program activities result in hazard reduction
through remediation activities, describing hazards in physical terms. Previous
discussions of risk focused on the potential risk from hazards if they were not
managed. The difference is significant in that the former discusses the
realities of program progress, while the latter requires hypothetical
evaluations of a non-action scenario. This new approach has three major
advantages:
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1. Hazard reductions can be summarized at the site level by material/waste
type (i.e., hazard type, location, etc.) and avoids differences in site
management structures and overlap with regulatory compliance.

2. Hazard reductions can be directly linked to intermediate and final
milestones and described without the complexity of speculating what the
risk would be at each stage of completion.

3. A more accurate and commendable risk picture can be presented by
focusing on efforts to control hazards to ensure that risks are low.

The technical approach is to focus on current site hazards. The profiles

include a brief overview of the field office, site histories, and other general

information (see Figure 4.5 for example), in addition to a brief description of
the public hazards and planned actions to address them. Next, the potential

pathways for the release of the hazards are discussed. This is followed by a

look at the control, storage, treatment, disposal, characterization, and other

actions that limit the risks posed by the hazards. The hazard-pathway
relationship is discussed in the context of the potential “receptors” which are
described in the introductory site description. A description of the hazard-
pathway-receptor relationship is displayed in a table or series of tables

(see example in Table 4.1).

Figure 4.5 Example map from profile
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After the narrative description of the relationship, an approximation of the relative
hazard reduction over time is presented (Figure 4.6). The method used to derive this
example is a quantitative evaluation; however, the evaluation stops short of computing
absolute risk and makes no attempt to define difficult terms such as “high” and “low”
hazard. Although these graphs were later removed, they were a first attempt at revealing
a high-level picture to associate with all the qualitative information presented. The
methodology used to create these illustrations consisted of using site-specific
information and applying factors from applicable site-specific risk assessment results or
look-up tables to generate relative hazard ratio values by waste/material type.[10] This
methodology has since been expanded and updated, and is presented in more detail in
Section 4.3.
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Figure 4.6 Example relative hazard profile

4.2.2. Limitations of Initial Profiles

During the course of development and review of the initial risk profiles, several
limitations were identified. For example, in a review of the draft risk profile produced
for the Savannah River Site, their Citizen Advisory Board expressed a concern that the
risk stories told by their draft risk profile were not complete. They agreed that it was
important to tell the hazard reduction story, because that was the focus of the actual
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clean-up activities. However, they believed that just presenting the clean-up actions and
details for risk reduction and showing how the hazards were reduced over time left out a
very import aspect to the overall risk story. The missing component of the story is the
ongoing work and resource commitment dedicated to maintaining acceptable risks to the
public.

In addition to this concern, limitations of the initial profiles are generally that they
are too narrow in focus. They only included public health (not worker, ecological,
project, cultural, or other risks). They did not include all activities at a site; rather, they
focused only on EM program activities and/or hazards. To portray the major risks at the
site(s), hazards that pose minimal or no risk were omitted for simplification. The
profiles also excluded discussion of regulatory issues, detailed site risk assessments, and
safety assessments of specific projects conducted for regulatory compliance or to
establish safety bases for specific facilities.

4.3. Relative Hazard and Risk Measure Methodology

The profiles could not have been developed without a credible scientific underpinning.
The formula is based on state-of-the-art risk assessment techniques and methodologies.
Key to these assessments is the evaluations of relative hazard values and the risk
measure. These assessments are described in the following sections.

Note that the term “controlling constituent” is used often in this discussion.
Controlling constituents are defined as those radionuclides and/or hazardous chemicals
in a particular waste type that tend to control the impact or hazardousness of the
consequences associated with the waste material. That is, they are the radionuclides
and/or hazardous chemicals that tend to most heavily influence the concern over the
need to control the waste material. In the analysis methods discussed, it is advantageous
to limit the number of controlling constituents to as few as possible while still
adequately representing the hazards of the waste material. In most risk assessments,
usually just one or two constituents tend to most influence the risk.

4.3.1. Relative Hazard (RH) Calculation

The methodology to calculate RH consists of using site-specific information (e.g.,
information from site disposition maps, site-specific project information, and other site
documents that address elements of the overall risk story for a site) and applying factors
from applicable site-specific risk assessment results or look-up tables to generate RH
ratio values by waste type.

RH was calculated using the following relationship of key risk-related parameters
that can be extracted from the information provided for the risk profiles:
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Z QcctRF ccctHM cctH Ccct
RH — ncc:l
Z QcctORFCCCtOHMcctOHCcctO

cc=1

4.1)
where
Q. = quantity of the controlling constituents (radionuclides, in curies and hazardous
chemicals, in kilograms) at time t (i.e., time when specified risk management
action is completed)
Qco = quantity of the controlling constituents (radionuclides, in curies and hazardous
chemicals, in kilograms) at time t0 (i.e., the original baseline or starting time)
RF., = fraction of controlling constituent quantity that is releasable to the controlling
pathway at time t

RF. = fraction of the controlling constituent quantity that is releasable to the
controlling pathway at time t0

HM,, = hazard measure factor for controlling constituent and controlling pathway at
time t (hazard measure factors from look-up tables)

HM,= hazard measure factor for controlling constituent and controlling pathway at
time t0 (hazard measure factors from look-up tables)

HC.« = hazard control factor for risk management control action specific at time t
(hazard control factors may be estimated from site risk data or approximated
using supplied look-up tables)

HC. = hazard control factor for risk management control action specific at time t0
(hazard control factors may be estimated from site risk data or approximated
using supplied look-up tables)

N = number of controlling constituents

Note: If only one controlling constituent is identified, the equation will not need to be

summed over the number of controlling constituents.

The RH equation calculates a relative ratio representative of the hazard reduction
associated with a specified risk management action compared to a baseline. It does not
calculate an absolute hazard value. For most DOE sites, the level of data available in the
disposition maps and other site information is not detailed enough to support the
calculation of absolute hazard values. In the risk profiles, the current state is assumed as
the baseline for which to compare each risk management action (i.e., each factor is
compared to its corresponding baseline factor.yy). If it is desired to compare each risk
management action step with the previous risk management action time step, the
baseline factors (i.e., factor.) can simply be replaced with the corresponding previous
time factor (i.e., factor ;). For additional information on RH calculations and graphing
situations, consult Stenner et al.[11]
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4.3.2. Risk Measure (RM) Calculation

The RH factor tracks the change in hazard over time. Another important consideration is
the change in risk for the facility. As mentioned previously, the relative risk (RR) is
related to the RH by the frequency of a release event for the facility. A risk measure
(RM) can be calculated in a manner similar to the RH factor by addition of the hazard
likelihood (HL) to the RH equation. The HL is represented as the expected frequency of
the event that results in release of a contaminant to the environment. This can be
represented by the following equation.

ZS: i HLCC[SQCCtSRFCCClSHMCCtHC{,‘CtS

s=1_ cc=1
RR ==—5
Z Z QcctOsRFccctOsHMcctOHCcctOs
s=1 cc=1
where 4.2)
RM = risk measure at time t (per year)
HL.. = likelihood that a release will occur for the controlling constituents at time t for
scenario s (i.e., time when specified risk management action is completed)
Q.s = quantity of the controlling constituents (radionuclides, in curies and hazardous
chemicals, in kilograms) at time t for scenario s
Qc0s = quantity of the controlling constituents (radionuclides, in curies and hazardous
chemicals, in kilograms) at time tO for scenario s
RF.. = fraction of controlling constituent quantity that is releasable to the controlling

pathway at time t for scenario s

RF s = fraction of the controlling constituent quantity that is releasable to the
controlling pathway at time t0 for scenario s

HM., = hazard measure factor for controlling constituent and controlling pathway at
time t (hazard measure factors from look-up tables)

HM.,, = hazard measure factor for controlling constituent and controlling pathway at
time t0 (hazard measure factors from look-up tables)

HC. = hazard control factor for risk management control action specific at time t for
scenario s (hazard control factors may be estimated from site risk data or
approximated using supplied look-up tables)

HC..s = hazard control factor for risk management control action specific at time t0 for
scenario s (hazard control factors may be estimated from site risk data or
approximated using supplied look-up tables)

N = number of controlling constituents

S = number of controlling events (accident scenarios) for the analysis.
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Note that the HL is only added to the numerator of the RH equation. This
simplification allows the RM to be compared to the RH values and plotted as a function
of time.

The equation includes the number of controlling events (scenarios) that may result
in significant releases of the controlling constituents. For some facilities, there may be
only one controlling event, while others may have multiple events that need to be
included. As facilities and operations are improved, the likelihood of an event is
expected to decrease. As the likelihood of one event is reduced, there may be a
corresponding change in the likelihood of another event. This reduction could lead to
one event dominating the RM initially, and a second event dominating at a later time.

The summation over controlling events may be used to represent multiple events for
processing of one hazardous material, or to represent more than one hazardous material.
In the latter case, each hazardous material would have one or more events defined for
evaluation of the RM.

In using these formulas to develop risk profiles, consultation with appropriate site
representatives is critical to ensure that the controlling scenarios adequately represent the
hazard and risk management activities. It is also critical to consider the life cycle of the
waste material being analysed.

4.4, Conclusions

The first generation of the risk/hazard profiles provided the Center for Risk Excellence
with a number of insights into the challenges of assessing, managing, and
communicating risks posed by the Cold War legacy. Some of these insights include the
following:

e EM’s significant hazards pose little risk to the public. Significant hazards exist
at DOE sites. However, these hazards are currently managed in such a way as to
minimize risk to the public, workers, and environment.

¢ Risk management practices will require change. Current risk management
approaches are not viable for the long term. Issues such as cost, effectiveness, and
legal requirements preclude maintaining old approaches. For these reasons, EM
activities are focused on improved storage and remediation to alter site hazards as a
method of long-term risk reduction. The lack of disposal facilities is a daunting
problem to completing the EM mission and achieving long-term risk management
objectives.

e Communicating risk is problematic. For a variety of reasons, EM has not been as
successful as it might have been in communicating risks to those outside the agency.
Many existing communications methods have not achieved credible results, leaving
the program vulnerable to external reviews.

e A desire to communicate sites risk stories exists. The original idea behind the
risk profiles came as a result of a series of meetings hosted by the Center for Risk
Excellence with other DOE offices around the country. Most of these offices felt
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that the problems with past efforts to communicate risk at the national level could be
overcome by simply letting the sites tell their stories. The profiles have received
positive comments from focus groups and stakeholders and represent a good start
toward improved communication of the site risk stories.

e Tools exist for describing worker, ecological, and cultural risk communication.
The Center has demonstrated some of the possible methods that can be used to go
beyond addressing public risk to describe worker, ecological, and cultural risks.

e Risk assessments must become more comprehensive. DOE’s large, complex
sites are increasingly being challenged to consider all potential types of risks and
impacts over a range of spatial and temporal scales in long-term decisions. The
Center is positioned to support sites in this effort and in fact, continues to play a
supporting role in some sites’ efforts to assess risks in a more integrated fashion.
The role of the Center is to continue to communicate and debate the lessons learned

that were discussed above and to prepare methods that will be broadly accepted for

responding to EM’s needs.
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5. Perception of Risk, Health, and Inequality

While risk assessment and management are becoming more common place activities in
the United States and countries of the former Soviet Union, understanding risk
perceptions, particularly perceptions of the lay public, is still a far from perfect science.
This chapter maps out the legacy of public opinion. This survey of perceptions of the lay
public (taken from a random sample of individuals from all walks of life in Bulgaria) can
help decision makers, risk managers, and risk analysts understand why the public
responds as it does to their overtures. The survey examines the views of the lay public
on the risks they face, their ability to control such risks, and their perceptions of those
who are charged with risk management.

Today’s societies create risks, which are the subject of analysis by experts, managers,
and researchers. The current industrial development is connected not only with reducing
the number of life and health risks but also with creating new risks and sometimes also
with renewing old ones. This connection is particularly true for Bulgaria, where the
transition to a market economy and the change of the old administrative system made the
real environmental risks obvious for people. The pauperisation of the population, the
increase in the cost of living, unemployment, fear of being involved in war, and crime
are only a few examples of risk issues that attract attention and show increasing
contradiction between the societal demand to see these risks reduced and the real
activities of the institutions that manage these risks. Societal awareness of risks
demands objective information about them and adequate standards for their prevention
and reduction.

This chapter describes a study that explored the connection among the perception of
different societal risks, health concerns, and attitudes of people who perceive their social
security threatened. This research overcomes one common weakness of risk analysis
studies: to treat people like “lay people” as opposed to “experts,” and thus miss looking
at differences connected with social status, material state, and health situation. The
research findings showed that the socio-economic conditions are very powerful and
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significant factors when people judge the level of risks in the society today. The
following sections describe the general setting of the study, risk perceptions identified,
health and environmental issues identified, and how perceptions are related to socio-
economic status. This information can assist experts in the social policy area in making
decisions by providing information about how people perceive the social risks today.

5.1. General Setting of the Study

Starting in the mid-1980s, several studies of risk perception have been conducted in
different countries but most of the research has been based on small convenient samples,
often only on samples of students. This narrow vision is obviously unsatisfactory,
especially when the results are interpreted in terms of “public risk perception” and
“cross-national comparison.” Another unsatisfactory aspect of previous studies is that
they often have been concerned with well-educated individuals, perhaps because these
experts were easy to reach. The study described in this chapter used a random sampling
methodology, which guarantees that the respondents represent different parts of the
population.

The use of qualitative data collection also provided possibilities to more deeply
understand people’s concerns in four study areas: risk characteristics, perceptions of
health issues, perceptions of environmental issues, and the relationship of risk perception
to socio-economic status. Using semi-structured interviews and focus groups
discussions made it possible to touch the “hot spots” in people’s lives. This connection
contributes to the current risk perception analysis and provides considerations for the
scientist. The traditional risk perception surveys framed respondent judgements
according to the interests of the researchers and little attention was paid to the real and
often complicated nature of everyday concerns.

The study of risk perception was carried out during the late 1990s and included 748
individuals from four industrial towns in Bulgaria—Sofia, Pernik, Varna, and Devnja.
The sites were chosen to observe the social and psychological price of the structural
changes in industry, its effects such as unemployment, and its reflection on the
household and individual social attitudes. Most of the respondents were employed. The
highest percentage of unemployment was found in Devnja, which appeared to have
serious economic problems. The highest proportion of low-income people was found in
Devnja, although a high number of respondents also belong to the low-income group.

After preliminary qualitative research to identify relevant issues, a questionnaire
was designed and a random sample was surveyed. The content of the questionnaire
included a section for judging risk with regard to society and some sections asking for
judgements of the subset of risks with regard to two targets: the respondents themselves
(personal risk) or people in general (societal risk). The respondents rated several
dimensions, such as demand for risk mitigation, perceived control over risks, probability of
harm, severity of consequences, and trust in institutions and media. The survey also
included questions about the living standard of the family, where several indicators of
material deprivation were used. These indicators included unemployment, overcrowding,
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households not owner-occupied, household with no car, and household with incomes lower
than the official existence-minimum for the country. The surveys also included questions
about health state (permanent sickness or disabilities, long-standing illness, etc.) and
demographic characteristics.

5.2. Risk Perception

In general, a high level of risk sensitivity and health concerns was found to be a basic
feature of public risk perception when people felt threatened by lack of social and
economic security. Respondents perceived the average life risk to be relatively high;
this was especially true for those living in small industrial regions that suffered from a
high rate of unemployment following the privatisation of the existing plants and their
reconstruction. Comparing against some of the outrage factors described in Section 5.4,
the respondents judged the risk of being harmed by the socio-economical situation to
have severe consequences and as being unfairly distributed, unacceptable, and
involuntary (Table 5.1).

TABLE 5.1 Characteristics of perceived risk to life because of the difficult
socio-economic situation in Bulgaria

Extreme 1 (N1 in the scale) Mean Magnitude Extreme 2 (N7 in the scale)
Consequences are not severe 6.00 Consequences are severe

Fairly distributed 5.78 Unfairly distributed
Acceptable 5.60 Unacceptable

Voluntary 5.55 Involuntary

Can be tolerated 5.50 Cannot be tolerated

Ethically right 5.40 Ethically wrong

Under individual control 5.37 Out of individual control
Famihar 4.20 Unfamiliar

New 420 Old

Can be sensed 4.00 Cannot be sensed

ote: The judgment for each risk was made in a seven-step scale, beginning at I and ending at 7.

For the specific risks mentioned in the survey (Table 5.2), the perception of personal
risk was found to be very high in the cases like being assaulted (crime), having poor
treatment when ill (medical care), being injured by exhaust from motor vehicles,
becoming ill because of stress (illness), being injured by corruption of power (distrust in
authorities), and being unemployed (lack of job). When questioned about society as a
whole, the main concerns where connected with unemployment, crime, inability of
people to have adequate housing and sufficient nutritious and tasty food, bad medical
treatment, and diseases caused by a stressful life.

Generally, there was a tendency among the respondents to perceive the risk to
themselves as lower than the risk to people in society. Respondents also considered they
had the greatest opportunity to protect themselves in the cases of being injured by
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TABLE 5.2 Mean magnitude of perceived personal and social risk (whole group)

N Risks Personal Risk | Societal Risk
1 To be injured by smoking 2.43 439
2 To be injured by alcohol consumption 1.74 4.50
3 To be injured by exhaust from motor vehicles 3.57 4.30
4 To be injured from industrial pollution 4.00 4.45
5 To become 1lT because of stress 4.00 474
6 To have the children’s health become worse 3.85 4.59
7 T'o be assaulted 4.47 4.96
8 To be injured by corruption of power 4.00 4.02
9 To be injured by depletion of the ozone Tayer 3.68 3.89
10 To be injured by a nuclear power accident 3.52 372
T To be Tonely 379 4.05
12 To have a serious road traffic accident 3.832 429
13 To be unemployed 3.98 4.96
T4 To be unable to afford adequate housing 373 4.76
15 To be unable to afford sufficient nutritious and tasty food 3.69 4.68
16 To have poor treatment when 11l 4.08 474
17 To be injured by a water shortage 243 3.21
18 To be injured by dirty public places 3.65 4.00
19 To be injured by domestic civil turmoil 2.79 3.44
20 To have inadequate education for self or family 353 4.50
21 To be poor ) 3.99 475
22 To be injured by wild dogs in the streets 375 4.17

ote: The judgment for each risk was made in a seven-step scale, beginning at 0—"no existing risk” and
ending at 6—‘extremely high risk.”

alcohol consumption and being injured by smoking. These harmful activities were
perceived to be controllable, familiar, and less likely to cause injury. Respondents
expressed an inability to protect themselves from risks like being injured by a nuclear
power accident, depletion of the ozone layer, industrial pollution, and corruption of
power. They related the highest probability of harm to corruption of power, crime, bad
medical treatment, and poverty. The most trusted sources of reliable information about
the various risks and dangers of life were considered to be friends, physicians, and
teachers. Least trusted sources were unions, municipality authorities, and government.
Generally, respondents considered that they are powerless to influence any state policy.

5.3. Health and Environmental Concerns

Overall, individuals considered themselves personally healthier than people in
general (Table 5.3). The overall perception based on the respondents’ answers was that
the health situation is worsening. Respondents were most pessimistic about their health
and that of their families in relation to life expectancy, respiratory diseases in adults,
allergies, and heart disease. When asked about society, respondents considered the



79

TABLE 5.3 Perceived changes in health aspects

Health Aspects For Me and My Family For People in the Country
(Mean score) as a Whole (Mean score)

Life expectancy 4.05 4.48

Respiratory diseases in adults 3.77 4.24

Allergies 3.76 435

Heart diseases 3.73 4.45

Children’s health in general 3.62 4.39

Cancer 3.60 4.30

Other respiratory diseases in children 3.47 4.21

Traffic accidents 3.45 4.26

Rheumatism 3.38 3.90

Diabetes 3.28 4.20

Children’s asthma 3.23 4.14

Alcoholism 322 4.40

Inborn defects 3.21 4.18

Note: Respondents’ answers was estimated according to a five-step scale starting at 1 (becomes better) and

ending at 5 (becomes worse).

biggest concerns to be life expectancy, heart disease, alcoholism, and children’s health in
general.

Most respondents (84% of all) estimated their health condition as good or satisfying.
According to respondents, the people’s complex socio-economical situation causes or
complicates diseases of the nervous system, heart diseases, injuries or death caused by
violence, tuberculosis, cancer, and accidents at work, as can be seen in Table 5.4. On
the other hand, respondents considered that environmental pollution causes or
complicates lead poisoning, bronchitis, asthma, a damaged immune system, cancer,
inborn defects, and tuberculosis.

Respondents indicated willingness to participate in activities to improve the
environment by not smoking in non-smoking areas, maintaining green areas,
encouraging the formation of pedestrian zones in the town, not using pesticides around
homes or gardens, not smoking in homes, and separating garbage into glass, plastics, and
paper for recycling. Generally, most respondents were willing to participate in
ecological activities, but only if this participation was not related to any personal
inconvenience. The lowest degree of willingness to participate involved limiting the
usage of electrical appliances and demanding that the government decrease traffic. The
damages/costs of the air pollution were considered to exceed to some extent the
economic benefits.
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TABLE 5.4 Perceived causes of health problems

Diseases “Does the complex socio- “Does environmental
economical situation cause pollution cause or
or complicate the following complicate the following
diseases?” diseases?”
(% respondents) (% respondents)

Yes No I Don’t Yes No I Don’t

Know Know
Inborn defects 324 1 289 25.7 66.3 8.7 14.4
Diseases of the nerve system 88.9 4.4 3.7 329 1273 23.1
Damaged immune system 457 19.0 21.5 69.9 5.6 15.0
Poisoning with Tead 21.3 39.4 23.0 18.7 3.7 10.6
Asthma 36.8 | 277 20.6 76.1 4.1 IT6
Tuberculosis 65.4 T4 13.4 574 10.3 19.7
Bronchitis 41.0 ] 290 16.0 73.8 4.7 13.0
Cancer 62.0 148 3.1 69.9 8.7 138
Heart diseases 758 7.5 ITT 45.6 1202 215
raffic accidents 479 1238 19.5 2T.0 382 25.0
Accidents at work 599 143 172 30.9 1309 233
Tnjuries or death caused by assault T2.1 8.6 126 13.6 | 46.0 24.5

ote: The percentage is not 100 in all cases because some respondents did not answer.

5.4. Risk Perception and Socio-Economic Factors

Another aspect of this study was the influence of the standard of living on people’s risk
perceptions. The results strongly supported the idea that low-income groups have higher
sensitivity to risks created by society. The following tendencies were found:

1.

People defining themselves as poor (M=75.1, SD=22.3, N=147) perceived risk
created by the difficult socio-economic situation in the country as higher than did
people defining themselves as wealthy or better than average (M=56.87, SD=21.89,
N=80). The analysis of variance showed a significant difference for the perceived
level of risk to life between the “poor” and “wealthy” group (F ratio=19.9,

F probability=0.000).

Respondents from the “poor” group (M=3.08, SD=22.3, N=147) were more likely to
perceive their health state as worse than were respondents from “wealthy” and
“better than average material state” groups (M=2.26, SD=0.57, N=80). The analysis
of variance showed significant differences of the perceived health state between
these groups (F ratio=32.21, F probability=0.000).

The lower-income group perceived a higher level of personal and societal risk than
the higher income group. There were statistically significant differences between
these two groups in the perception of almost all of the 22 personal and societal risks
judged by the respondents. See Tables 5.5, 5.6, 5.7, and 5.8.

Judging the same 22 risks in relation to their perceived personal controllability, the
lower-income respondents perceive many risks to be less controllable than does the



81

group with higher incomes. These risks include, among others, to be unemployed;
to be ill or have children become ill; to be assaulted; to be unable to afford adequate
housing, good medical treatment, education, or nutritious food; and to be poor. It
was obvious that low-income people more often express a sense of helplessness than
do high-income people.

The same 22 risks were judged in relation to perceived personal probability of harm
to occur. Compared to the high-income group, the low-income group had a
significant tendency toward higher perceived probability for all risks.

The results also showed that the low-income group found their top risk (to be
injured by the socio-economic situation in the country) to be more involuntary,
uncontrollable, unfairly distributed, unacceptable, familiar, new, and containing
dreaded consequences than did the high-income group. These differences were
found to be significant according the T-test for comparison of means.

In comparison with the high-income group, the low-income group judged the
possibility to influence public policy as lower connected with unemployment; prices
of housing, goods, electricity, and food; the agricultural policy; education; and other
aspects of social life. This tendency definitely influences the ability to change
attitudes among people who are mostly influenced by the economic crisis.

TABLE 5.5 Rank order of perceived personal risk for the higher income group

Rank Risks M SD N
1 To be assaulted 3.89 1.43 79
2 To have a serious road traffic accident 3.44 1.33 9
3 To be injured by corruption of power 341 1.74 79
4 To be injured by industrial pollution 338 1.84 80

To be injured by wild dogs 1n the streets 3.30 1.70 79
6 To have the children’s health become worse 3.16 1.86 50
7 To become 1ll because of stress 3.15 1.81 9
8 To be injured by a nuclear power accident 3.05 1.78 78
9 To be injured by depletion of the ozone Jayer 3.01 1.58 79

10 To be injured by dirty public places 2.91 “T.78 80

11 To be injured by exhaust from motor vehicles 2.89 1.66 9

12 To be injured by domestic civil turmoil 2.35 1.57 79

13 To be unemployed 2.20 1.73 80

14 To have poor treatment when 1l 2.16 .73 79

15 To be Tonely 2.16 T.81 79

16 To be injured by a water shortage 1.96 1.74 79

17 To be unable to afford adequate housing 1.92 177 79

18 To be injured by smoking 1.87 1.85 79

19 To be poor 1.82 1.50 79

20 To have inadequate education for self or famly 1.77 1.70 79

21 To be unable to afford sufficient nutritious and tasty food 1.59 1.54 79

22 To be injured by alcohol consumption T.46 T.71 79
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TABLE 5.6 Rank order of perceived personal risks for the lower-income group

Risks M SD N T-test (prob.)

1. To be poor 5.44 1.07 142 18.91; (.000)
2. To be unable to afford sufficient nutritious and tasty food | 5.21 1.19 137 15.00; (.000)
3. To have poor treatment when ill 5.17 1.18 138 13.76; (.000)
4. To be unemployed 4.93 1.73 139 11.24; (.000)
5. To be assaulted 4.92 1.55 133 4.95; (.000)
6. To be unable to afford adequate housing 4.70 1.89 129 10.66; (.000)
7. To become ill because of stress 4.68 1.49 130 6.31; (.000)
8. To be injured by corruption of power 4.63 1.60 126 5.08; (.000)
9. To have the children’s health become worse 4.58 1.60 116 4.70; (.000)
10. To have inadequate education for self or family 448 | 2.04 128 10.32; (.000)
11. To be injured by industrial pollution 4.48 1.55 131 4.49; (.000)
12. To be injured by wild dogs in the streets 4.44 1.77 133 4.61; (.000)
13. To have a serious road traffic accident 4.38 1.46 121 4.69; (.000)
14. To be injured by depletion of the ozone layer 4.22 1.82 124 4.98; (.000)
15. To be injured by dirty public places 4.11 1.74 126 4.79; (.000)
16. To be injured by exhaust from motor vehicles 4.09 1.63 127 5.09; (.000)
17. To be injured by a nuclear power accident 4.04 1.94 119 3.69; (.000)
18. To be lonely 3.80 | 2.09 124 5.91; (.000)
19. To be injured by domestic civil turmoil 335 1.76 126 4.21; (.000)
20. To be injured by a water shortage 3.17 2.06 124 4.48; (.000)
21. To be injured by smoking 2.72 1.28 131 2.71; (<.004)
22. To be injured by alcohol consumption 1.88 2.27 127 -

TABLE 5.7 Rank order of perceived societal risk for higher-income group

Rank Risks M SD N
1 To be unemployed 4.59 1.13 | 78
2 To be assaulted 4.53 128 | 77
3 To be unable to afford adequate housing 4.35 1.17 | 77
4 To be injured by alcohol consumption 431 1.20 | 78
5 To be poor 4.29 125 | 78
6 To become ill because of stress 427 | 1.21 78
7 To be injured by wild dogs in the streets 4.19 1.66 | 78
8 To be unable to afford sufficient nutritious and tasty food 4.17 1.21 78
9 To be injured by corruption of power 4.15 127 | 718

10 To have poor treatment when ill 4.14 1.12 | 78

11 To be injured by smoking 4.09 1.16 78

12 To have the children’s health become worse 4.09 1.11 78

13 To be injured by industrial pollution 3.88 1.56 | 78

14 To have a serious road traffic accident 3.87 1.37 | 78

15 To have inadequate education for self or family 3.86 140 | 78

16 To be injured by exhaust from motor vehicles 3.82 138 | 78

17 To be injured by dirty public places 3.46 1.58 | 78

18 To be lonely 3.37 1.51 78

19 To be injured by depletion of the ozone layer 3.26 1.43 78

20 To be injured by a nuclear power accident 3.21 1.66 | 78

21 To be injured by domestic civil turmoil 3.03 142 [ 78

22 To be injured by a water shortage 2.92 1.52 | 78
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TABLE 5.8 Rank order of perceived societal risk for the lower-income group

Risks M SD N T-test (prob.)
T. To be poor 5.24 T.0T 14T 5.73;(.000)
2. To be unemployed 5.23 T.18 140 3.92;(.000)
3. To be assaulted 5.18 T.17 134 3.64; (.000)
4. To have poor treatment when 11l 5.11 I.13 138 6.06; (.000)
5. To be unable to afford sufficient nutritious and tasty 5.02 1.25 132 4.85; (.000)
food
6. To be unable to afford adequate housing 5.01 T.25 132 3.82,(.000)
7. To become 11T because of stress 5.01 1.26 134 4.2T1; (.000)
8. To have the children’s health become worse 491 1.37 132 4.73; (.000)
9. To be injured by corruption of power 491 1.24 133 4.20; (.000)
T0. To have inadequate education for self or Tamily 4.89 1.34 129 5.26; (.000)
IT. To be injured by industrial pollution 484 1.23 131 4.63;(.000)
12. To be injured by exhaust from motor vehicles 4.68 1.27 131 4.48; (.000)
13" To be injured by alcohol consumption 4.60 1.57 130 -
14" To be injured by wild dogs in the streets 4.46 1.53 128 -
5. To have a serious road traffic accident 4.45 T.46 126 2.87, (<.005)
16. To be injured by depletion of the ozone layer 4.41 1.63 128 5.3T; (.000)
T7.To be injured by smoking 4.39 1.59 130 -
T8. To be injured by dirty public places 4.39 1.45 126 4.20; (.000)
T9. To be Tonely 4.38 T.38 128 4.8T; (.000)
20. To be injured by a nuclear power accident 4.27 T.79 126 4.32,(.000)
2T. To be injured by domestic civil turmoil 4.10 2.06 126 4.96; (.000)
22. To be injured by a water shortage 3.58 T.28 129 2.79,(< .006)

5.5. Discussion and Conclusions

The main concern of people from the study areas is the socio-economic situation of the
region and the question of everyday survival. Even in a region like Devnja (which
traditionally has had a bad ecological image in public opinion), the environmental risks
were judged to be less important than social problems like unemployment, income, and
health. These concerns influence all the judgments connected with social and
environmental health policy. The concerns were caused by the reorganization of the
economy, which includes privatisation and subsequent structural changes. For example,
the new managers of companies attracted a small group of people with higher
qualifications and discharged hundreds of employees with low or medium qualifications.
The local government programs for temporary jobs (mainly connected with
environmental activities like cleaning or laying out lawns) are usually unsuccessful
because they cannot satisfy the main need of having sufficient incomes.

The analysis of the interviews showed that respondents perceived high levels of risk
associated with different societal issues. Risks like environmental pollution and related
health problems were perceived lower than the economic risks but this perception is still
high in the risk scale. According to the assimilation/contrast model of risk
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perception[1], the presence of a great threat makes other risks less significant in the
consciousness of harmed people. This difference could be the reason that issues such as
environmental health problems in Devnja and Pernik are not thought to be so important
as the problems of everyday survival, like family security, health, and income.

Many people think that the cost of industrialisation is too high for people living near
industrial enterprises. Nevertheless the attention of these people is directed mostly to
other problems. All the respondents mentioned that people with low material status are
involved mainly in survival problems and are not interested in anything else. In some
sense the lack of interest in other social problems helps them to cope with the situation.
As one of them said: “We have to become more sensitive to environmental problems for
example, but the problem is that the present situation demands reversed behaviour: if we
want to survive we have to be insensitive and neglectful.” According to Korte[2,3], such
non-involvement helps individuals to adapt.

A number of conclusions can be made from this study. First, social and material
differences of the people influence significantly the perception of level of risk,
controllability of risks, and the possibilities for protection. People with low income
perceive high probability that harm will occur to them. At the same time, their low
confidence in authorities and institutions and their sense of helplessness to influence the
public policy make this group unwilling to start any actions for change. To counter
these tendencies, authorities must work to increase trust through open dialogue with
people about reasons for economic structural changes and measures taken to improve the
situation.

Second, all results agree that, for the public, the socio-economic situation in
Bulgaria determines all other concerns including health and ecology. In the public
consciousness, the main problems with the present unstable situation are the lack of
security and an unclear perspective for the future. The pauperisation of the population
and other real risks in the environment are very obvious. A rise in the cost of living
(food, medical service, medicines, housing, etc.), the unemployment rates (about 18%),
continuing inflation even with a currency board, and increasing crime rates are some of
the main concerns of the common people. It could therefore be said that life in the
country today is not as safe as before. People at risk of material deprivation constitute a
majority of the population.

Third, some of the risk characteristics influence the risk sensitivity of people with
low incomes. For example, lay people (the participants in the interviews and in the
focus groups who were teachers, employees, workers, journalists, representatives of non-
government organisations, public health doctors, etc.) felt pessimistic about being able to
control the societal risks themselves. For many years they have been put in the situation
where authorities completely ignored public opinion. The previous communist policy
neither considered the cost to society of industrialisation nor put the interests of common
people in the centre. Under such conditions, it is not surprising that people do not
believe that they are able to influence industrial and other policies today. The observed
hopelessness and helplessness are the negative effects of the lack of sense of control.[4]
Often the expressed pessimism also reflects a lack of knowledge and skills for
communicating with responsible agents.
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Fourth, lay people and experts considered the question of taking measures in
different ways. The first group expressed strong demands for risk reduction by
responsible agents and at the same time feelings of helplessness for personal influence
over the processes. The experts and other decision makers realized their responsibility
for the situation and suggested different measures against unemployment, environmental
pollution, and health problems of the population. Unfortunately, lay people showed low
confidence in institutions that are responsible for control of social and economic
problems. At the same time the measures that were pointed out as necessary were
connected with the institutions (e.g., the government).

The main recommendation of this work to policy makers is connected with
motivating socially responsible behaviour. This motivation means that decision makers
must:

1. Help the public develop an attitude for active problem-solving behaviour (through
education, media policy, etc.)

2. Ensure support for social projects (e.g., laws)

3. Stimulate the public to become self-responsible and less dependent on the behaviour
of institutions

4. Take measures against poverty and provide opportunities for active involvement of
people in decision making when these decisions influence their lives.

The results of this study represent one part of the risk management circle-namely
consideration of public opinion. The work showed that public awareness of risks calls for
valid information and adequate safety standards. The present research could also serve as
a basis for a risk communication process and could facilitate a better understanding of
risk and improvements to risk management practices.
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6. Risk-Based Ranking Experiences for Cold War
Legacy Facilities in the United States

Over the past two decades, a number of government agencies in the United States have
faced increasing public scrutiny for their efforts to address the wide range of potential
environmental issues related to Cold War legacies. Risk-based ranking was selected as
a means of defining the relative importance of issues. Ambitious facility-wide risk-based
ranking applications were undertaken. However, although facility-wide risk-based
ranking efforts can build invaluable understanding of the potential issues related to Cold
War legacies, conducting such efforts is difficult because of the potentially enormous
scope and the potentially strong institutional barriers. The U.S. experience is that such
efforts are worth undertaking to start building a knowledge base and infrastructure that
are based on a thorough understanding of risk.

In both the East and the West, the legacy of the Cold War includes a wide range of
potential environmental issues associated with large industrial complexes of weapon
production facilities. The responsible agencies or ministries are required to make
decisions that could benefit greatly from information on the relative importance of these
potential issues. Facility-wide risk-based ranking of potential health and environmental
issues is one means to help these decision makers. The initial U.S. risk-based ranking
applications described in this chapter were “ground-breaking” in that they defined new
methodologies and approaches to meet the challenges. Many of these approaches fit the
designation of a population-centred risk assessment. These U.S. activities parallel
efforts that are just beginning for similar facilities in the countries of the former Soviet
Union. As described below, conducting a facility-wide risk-based ranking has special
challenges and potential pitfalls. Little guidance exists to conduct major risk-based
rankings. For those considering undertaking such efforts, the material contained in this
chapter should be useful background information.
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6.1. Background

The Cold War participants face legacy issues related to potential environmental
contamination and releases at major military and military-support facilities. These
include nuclear production operations (mining, milling, enrichment, fabrication, and
waste storage/disposal), research and development centres, missile bases, airfields, and
remote observation installations. Potential environmental issues include risks from both
radiation and chemicals though air, water, and soil exposure routes.

In the United States, a range of regulatory requirements drives the assessments for
specific sites. Major actions often require environmental impact statements to meet
requirements of the National Environmental Protection Act (NEPA). Operating facilities
are covered under the Resource Conservation and Recovery Act (RCRA), and activities
at inactive sites are covered under the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA). The guidance for the required regulatory
evaluations varies from state-to-state, from region-to-region, and agency-to-agency. In
addition, the products of required assessments are often incompatible in terms of
comparisons and rankings with the different end-points, time-scales, locations, etc.

Consequently, risk-based ranking often does not use endpoints based directly on
local norms, standards, and regulations. To do relative risk comparisons, equivalent
risk-based endpoints are required that allow a consistent comparison of various potential
environmental issues over a wide range of environmental conditions and contaminants.
It is, however, possible to select and compute the risk-based endpoints in a manner that
is consistent with local norms, standards, and regulations.

Over the past two decades, a number of government agencies in United States have
faced increasing pubic scrutiny for their efforts to address the wide range of potential
environmental issues related to these Cold War legacies. Risk-based ranking was
selected as a means of defining the relative importance of issues. Ambitious facility-
wide risk-based ranking applications were undertaken. Several of these applications and
lessons learned are described below. Also described are risk estimation support tools
that were developed and continue to be used in ongoing efforts to understand the risks
associated with legacies from the Cold War.

6.2. Risk-Based Ranking Approaches

Major complex-wide risk-based ranking applications were undertaken by the U.S.
Environmental Protection Agency (EPA), the U.S. Department of Energy (DOE), and
the U.S. Department of Defense (DOD) to help set remediation priorities. These
applications used different approaches to accomplish their objectives. The emphasis of
this chapter is health and environmental risk estimation approaches based on
characterizing the fate and transport of potential contaminants in the environment.
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The DOE and DOD faced similar challenges in terms of having many large Cold
War facilities facing a massive number of environmental remediation issues with
relatively little information for prioritisation of those issues. DOE facility-wide
applications in the mid-1980s attempted to directly assess individual and population
risks as endpoints[1]. Risk-comparison applications employed a quantitative approach
using the outputs of fate and transport models. DOD facility-wide risk evaluations took
a different approach. The DOD applications employed a qualitative approach based on
using indicators of risk. The DOD effort was an attempt to extend the hazard ranking
system approach to more detailed relative risk-based ranking applications. These
applications, with their successes and failures, have progressively led to the development
of more effective approaches for conducting facility-wide risk-based ranking.

Applications conducted in the 1990s for Cold War legacies benefited from these
earlier experiences. Buck et al.[2] developed and applied an integrated risk assessment
approach for considering potential public health impacts from the underground tanks
containing high-level radioactive wastes at DOE’s Hanford Site. Buck et al.[3] also
conducted a risk-based analysis of the long-term potential impacts of transuranic waste.
A highly effective and compelling risk-based approach to long-term stewardship was
proposed and demonstrated by Jarvis et al.[4]. The premise of this approach is that the
only meaningful measures of remediation and containment effectiveness is a
consideration of resulting risks to human health and the environment--as calculated and
summed over at least ten half-lives for each radionuclide (i.e., for some materials,
hundreds and thousands of years).

The following subsections describe three of the early risk-based approaches: the
EPA qualitative approach for sorting sites, the DOE qualitative risk-ranking approach,
and the DOD qualitative risk-ranking approach. These risk-based ranking approaches do
have a common link in that each is based on measures of potential environmental and
public health risks. These ranking efforts have been unique applications largely outside
the area of media-specific U.S. standards and regulations. Instead, risk-based holistic
approaches were used to assess impacts from potential water, soil, and air pathways.
Recent risk evaluation efforts for DOE have shifted to a risk indices approach (see
Chapter 4). Some of the more recent site-based risk estimation efforts by DOD are also
covered in other chapters of this book (see for example, Chapter 8).

“Qualitative risk ranking” means that the risk potential is characterized based on a
rule-based system. The idea is to use available surrogate site and regional parameters to
define the risk potential. The rule-based process attempts to account for the major
physical, chemical, and toxicological processes that result in exposures and impacts.
The strength of the approach is based on known, or readily available, information. A
limitation is that the surrogate parameters may not adequately represent the risk.

“Quantitative risk ranking” means that the risks are estimated based computations
that account for the major physical, chemical, and toxicological processes determining
potential exposures and impacts. The critical estimate of exposures may use monitoring
or modelling inputs. A key effort is the definition of conceptual models for the source-
to-exposure routes. The strength of the approach is that it can incorporate our best
understanding of the pathways for potential risks. The weaknesses include related
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limitations both in our understanding of the potential risk processes and the resources
that are reasonably available to estimate the risks.

The U.S. National Research Council conducted a review of these approaches. Their
review included hands-on use of the software systems used as part of these approaches.
Their 1994 report, Ranking Hazardous Waste Sites[5), details the various approaches,
associated ranking systems, and applications, and is a valuable reference for additional
information on the approaches. Laniak et al.[6] and Mills et al.[7] document
comparisons of performance among DOE and EPA models. This comparison was
performed to provide information to decision makers to help them understand their
options when selecting a model for a specific application.

6.2.1. Qualitative Risk Scoring: Hazard Ranking System (HRS)

The EPA, as part of the Superfund program to clean up sites contaminated with
hazardous wastes, needed to define which of a wide variety of contaminated sites located
across the United States should be included in a National Priorities List (NPL). These
sites include a mixture of activities, some of which are related to Cold War legacy issues
and others that are strictly commercial sites. The EPA developed the Hazard Ranking
System (HRS), a qualitative system for making that initial screening decision[8,9].

The HRS is a numerically based screening system that uses information from initial,
limited investigations—the preliminary assessment and the site inspection—to assess the
relative potential of sites to pose a threat to human health or the environment. Based on
a score generated from qualitative site information, the HRS generates a score from 0 to
100 for the site. Only if the site scored above a certain number was that site listed on the
NPL. The national review of this system resulted in an update (Revised HRS) in which
the score generation is more directly tied to underlying physical processes.

The HRS uses a structured analysis to score sites; this analysis emulates the factors
determining the potential hazard. This approach assigns numerical values to factors that
relate to risk, based on conditions at the site. The factors are grouped into three
categories: 1) likelihood that a site has released or has the potential to release hazardous
substances into the environment; 2) characteristics of the waste (e.g., toxicity and waste
quantity); and 3) people or sensitive environments (targets) affected by the release.

The HRS represents one of the early successful attempts to create a multimedia risk
scoring system. Four pathways can be scored under the HRS: 1) ground water migration
(drinking water); 2) surface water migration (drinking water, human food chain, and
sensitive environments); 3) soil exposure (resident population, nearby population, and
sensitive environments); and 4) air migration (population and sensitive environments).

After scores are calculated for one or more pathways, they are combined using a
root-mean-square equation to determine the overall site score. If all pathway scores are
low, the site score is low. However, the site score can be relatively high even if only one
pathway score is high. This factor is an important requirement for HRS scoring, because
some extremely dangerous sites pose threats through only one pathway.

The EPA makes a point in their documentation that HRS scores do not determine
the priority in funding EPA remedial response actions. They explicitly state that the



91

information collected to develop HRS scores is not sufficient to determine either the
extent of contamination or the appropriate response for a particular site. They rely on
more detailed studies conducted subsequent to the listing to define the appropriate
actions. However, despite these strong statements, some attempts were made to extend
and apply the HRS as a risk ranking system. These later efforts generally were not well
received because of difficulties defining importance to the relative values of HRS scores
that had not been created for this use.

The HRS has fulfilled its objective of defining whether or not a candidate site is
placed on the NPL. Indeed, the HRS is the principal mechanism EPA uses to place
uncontrolled waste sites on the NPL.

Qualitative rule-based systems, such as the EPA’s revised HRS, are an alternative
approach for facility-wide applications that generally require less input data but have
more uncertainty in the output parameters. Such systems are designed for identifying
potential problems on minimal site data.

6.2.2. Qualitative Risk Ranking: Defense Priority Model (DPM)

The DOD efforts resulted in the development of a computer-based risk-ranking system
called the Defense Priority Model (DPM). Using approximate physical relationships as
a basis, the DPM allowed use of general site information to generate risk indices. A
system that required less time and cost was certainly needed to make the efforts feasible;
conducting risk assessments for facility-wide ranking at complex sites was potentially
much too expensive and time consuming.

Despite the good design intentions, the applications of the model in the early 1990s
did not go as planned. Because prioritisation of major cleanup budgets depended on the
results, the data collection efforts invested by the sites were much larger than had been
expected. In the end, DPM was phased out because it did not provide a defensible risk-
based ranking system for a reasonable expenditure of resources; that is qualitative
estimates were hard to defend and the actual costs of application were high.

Subsequently the DOD has continued to use risk estimates to plan cleanup and
closure activities. In general, they now rely on site-specific risk information as opposed
to the earlier broader nation-wide relative ranking approach.

6.2.3. Quantitative Risk-Based Ranking

Environmental and public health impacts have been, and are being, considered as part of
the environmental restoration and waste management activities by the DOE. The DOE
conducted a number of facility-wide environmental and public health evaluations based
on a qualitative risk-ranking approach. These efforts provided DOE with a much better
understanding of the nature of risks associated with the Cold War legacies.

The DOE approach uses a source-to-receptor analysis to estimate potential risk
indices. As with the DOD efforts, a system that required less time and cost was required
to make the efforts feasible; conducting these site-specific risk assessments for facility-
wide ranking at complex sites was potentially much too expensive and time consuming.
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The initial nation-wide risk-ranking efforts by the DOE in the late 1980s and early
1990s took the approach to reduce required resources by developing better computer
tools. The Multimedia Environmental Pollutant Assessment System (MEPAS) was
developed for the DOE by the Pacific Northwest National Laboratory as a unique
computer-based system to consider potential health risks from chemical carcinogens and
non-carcinogens as well as ionising radiation. MEPAS integrates impact computations
of radioactive and hazardous contaminants for major air, soil, and water exposure routes
via air, surface water, ground water, and overland flow. MEPAS allows for active
operations (such as stack and vent releases) as well as inactive storage site and environ-
mental contamination. By putting all computation models in a single, integrated, linked
system, the complexity of using different, often incompatible, systems was avoided.

A number of multimedia models have been developed for various applications.
DOE collaborated with the EPA to compare MEPAS and two other multimedia models
being used in the United States[6,7]. The international BIOMOVS effort also included
comparisons of applications of multimedia models[10].

The DOE efforts have maintained and continued to develop MEPAS risk modelling
support systems. In subsequent DOE applications as described below, a modular risk
computation approach was created that greatly reduced the time and resources required
to conduct a facility-wide assessment. The combination of an integrated system such as
MEPAS and the modular risk approach has been used in a number of DOE risk-based
ranking applications related to Cold War legacies[3,4,11].

An important advance is the development of an open architecture system,
Framework for Risk Assessment of Multimedia Environmental Systems (FRAMES), for
linking assessment modules[12]. FRAMES is a Windows™-based operating system that
retains the advantages of the integrated MEPAS while allowing flexibility in the
selection of specific modules and models. The DOE, EPA, and DOD are currently
jointly sponsoring FRAMES development to provide a common platform for conducting
multimedia-based risk analyses. The expansion to the FRAMES concept is greatly
broadening the usefulness and applicably of this risk modelling support system such that
recent efforts have been conducted for major rule-making actions such as EPA’s
Hazardous Waste Identification Rule (see Chapter 14 and [13,14,15,16]).

6.2.4. Risk Ranking Versus Risk Modelling Support Systems

It is critical that the planner of major risk-based ranking applications makes a clear
distinction between tools used to conduct the risk ranking and modelling tools used to
support the ranking effort by generating risk information. A pitfall has been adoption of
the risk modelling support tools before defining the risk-ranking system. The correct
procedure is to start with the definition of what measures and methods are needed for
ranking and then define what risk modelling tools will be required. A unique risk-
ranking system normally needs to be developed for each application whereby there often
are risk-modelling systems that can be used directly, or with some updates.
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6.3. Quantitative Health and Environmental Risk Estimation

A major challenge in conducting qualitative risk rankings is the estimation of potential
impacts from Cold War legacy facilities with complex environmental issues. As
illustrated in Figure 6.1, the analyses must address environmental releases to, and
linkages between, air, ground water, surface water, and soil. For each of these media,
the major pathways of interest for exposure must be defined and evaluated. Also the
effects of either, or both, radioactive contaminants and hazardous wastes must be
considered as well as carcinogenic and non-carcinogenic impacts.

Figure 6.1 illustrates a site with potential multimedia transport of contaminants.

The major elements of a multimedia analysis required to address such a site are shown in
Figure 6.2. A multimedia analysis starts with the contaminants at the “source” and their
potential release in the various media by vitalization, suspension, infiltration, overland
flow, and direct contact. “Transport” of the contaminants occurs within and between the
air, surface water, and ground-water transport media. When that transport moves the
contaminants to a receptor, an “Exposure” results by inhalation, ingestion, external dose,
or dermal contact. Exposures also can result from proximity to the source though
external dose. The “Impact” endpoints for an analysis are risks related to human health
and environmental effects.

The planner of risk-ranking efforts must understand that using detailed site-specific
models for each potential problem is generally not feasible. Although detailed analysis
has the appeal of doing the “best” analysis for each potential impact end-point, the
logistics will often be prohibitive and thus result in failure if attempted. The expanded
data and extended analysis time required for each case, multiplied by the large number
of cases, leads to very high costs and long implementation times. These factors will
normally preclude selecting this approach as a practical method to address a large
number of potential impacts.

The planner of risk-ranking efforts should also select a suite of “approved” and/or
“accepted” models to conduct a multimedia assessment. The FRAMES development
effort (see Chapter 14 and [12]) facilitates the use of this approach. The suite-of-models
approach for prioritisation and ranking applications has the advantage of allowing the
use of models specifically designed for each of the various issues. This approach has the
limitation of having to deal with the logistics of running and combining the outputs from
disparate models. Also the question of model output comparability needs to be
addressed when different codes are used for different types of impacts.

The best modelling approach depends mainly on the objectives of an application.
The selected model(s) must be able to address the range of potential problems associated
with that particular application. In practice, for facility-wide applications, more than one
model is normally required. Using a linked multimedia model such as MEPAS, or a



94

Figure 6.1 Pathways for multimedia risk assessment

model-linking computer system such as FRAMES, can greatly reduce auxiliary efforts
required by coupling codes into an integrated system. No one model will fill all the
modelling needs, and some combination of models is normally used.

Facility-wide applications of MEPAS that consider major pathways for human
exposures are described below. In these evaluations, the main endpoints are mainly for
human impacts, either as a risk of cancer or as a ratio representing proximity to a “safe”
level. Although not addressed in this chapter, several of the applications did consider
ecological endpoints. The lessons and experiences for these facility-wide applications
discussed below should be appropriate for other applications of similar scale.

6.4. Facility-Wide Application Experience

While a wide variety of models address specific site characteristics, transport media, and
impact type, only a few models have been developed to address the broad range of long-
term public health issues. As noted above, MEPAS integrates risk computations for
radioactive and hazardous materials across major exposure routes via air, surface water,
ground water, and overland flow transport[17]. This section details experiences in
applying MEPAS to DOE facility-wide applications.
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Multimedia Computation Elements
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Figure 6.2 Elements of Multimedia Environmental Pollutant Assessment System source to risk analyses

6.4.1. Early DOE Risk-Ranking Efforts

Although the concept for the underlying computer software has remained essentially the
same, the overall approach of using the MEPAS software has undergone an evolution
since its first application. The major challenge has been to reduce the resources required
to evaluate risks for a large number of potential problems.

The first major facility-wide application of MEPAS was in DOE’s Environmental
Survey. That effort involved a nation-wide comparison of potential environmental
problems at 36 DOE facilities[18]. To provide consistency in such a broad application,
detailed instructions were generated for creating a conceptual site model[19] and
defining model inputs[20]. Also to assure consistency for non-site specific modelling
values, a constituent database was published with values for chemical, physical, uptake,
and toxicity parameters[21].

The effort started with the plan to apply MEPAS to all potential sources. However,
it very quickly became evident that, with thousands of potential sources, the projected
time and costs for completion of the effort were not acceptable. The solution was to
group the potential sources into a workable number of composite release sites. That
solution made the study feasible--but in the end resulted in concerns over the validity of
the computed risk numbers based on these composite release sites. The aggregated
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approach did allow DOE to generate preliminary Environmental Survey risk estimates
for 16 major DOE facilities involving about 500 potential problems with about 1,000
transport pathways[18,22].

As an example of the preliminary Environmental Survey results, Figure 6.3 shows a
scatter plot of the survey's population-based “maximum risk” ranking parameter (x-axis)
versus a similarly derived “sum of risk” ranking parameter (y-axis)[22]. The former is
based on the maximum risk value computed for any of the contaminants modelled for
that source. The latter is based on the sum of risks for all the chemical and radionuclides
modelled for that source. A ten-point change in plotted ranking parameters represents an
order of magnitude change in risk. The wide range of values for the “maximum risk” in
Figure 6.3 allowed DOE to effectively divide the sources from these 16 facilities into
broad ranges of categories of concern from a potential risk standpoint[18]. The plot in
Figure 6.3 also illustrates that, if one assumes that risks are simply additive, the process
of adding or not adding the risks from a source is not an important issue for the overall
risk ranking.

The preliminary Environmental Survey results had a profound influence on the
DOE. There was considerable controversy over the preliminary results, and the final
survey results were never released. Although these risk estimates were generated in a
relatively short period (about 2 years), the results held up over time as being valid
representations of risks.

A subsequent effort was to develop a DOE “Priority System” for application to
environmental cleanup efforts[23]. The concept was to optimise risk reduction in
DOE’s environmental remediation efforts. The design required input of site-specific risk
information. Initial applications used health and environmental risk data from the
Environmental Survey. Complex-wide multimedia risks were not estimated for the DOE
Priority System. The estimation of risks at a detailed site-by-site level was judged too
large of an effort. This system was used for several years with site-generated estimates
of risk reduction that included some of the data from the DOE survey. The DOE is not
currently using the Priority System.

6.4.2. Modular Risk Estimation Efforts

The next major facility-wide application that considered health and environmental risks
was for the environmental restoration portion of the DOE Programmatic Environmental
Impact Statement (PEIS). This effort was nation-wide in scope and was to consider
potential risks to all sites of the Environmental Survey plus a number of additional
smaller sites. The implementers of the PEIS effort were faced with a major logistics
challenge. Estimating risks using conventional approaches (even with MEPAS) would
be prohibitively expensive and would take longer than their schedule allowed. The
scientists conducting the assessment jointly proposed a solution: a unit-factor risk
computation approach, later renamed the Modular Risk Approach. The concept is to use
unit-factors representing the component factors used in a risk computation. The
approach allows the extensive reuse of large portions of the risk computation and the
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Figure 6.3 Preliminary environmental survey of potential sources at 16 U.S. Department of Energy facilities
(comparison of risk rankings based on maximum single contaminant risk versus summed risks
for multiple contaminants)

simultaneous computation of component unit-factors. The result is that facility-wide
risks can be computed with less effort (i.e., cost) in a much shorter time. The unit-factor
approach allows roll-up of risks computed for each potential source and avoids the need
to use the large aggregated release sites of early efforts.

In the PEIS application, unit factors were generated for each type of potential
environmental problem at eight of DOE’s major facilities. Several models were used to
generate the unit factors: MEPAS for the multimedia transport and other models for
certain on-site exposures not addressed by MEPAS. The overall potential impacts for a
site were estimated by combining the unit factors and the contaminant inventories for
each potential problem.
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The data from the earlier DOE survey provided a starting point to develop an
updated and expanded database for the PEIS effort. Although risk computations were
conducted for all the major DOE sites, a decision to limit the PEIS to waste management
resulted in the data for environmental restoration not appearing in the PEIS final report.

The application for the Hanford Remedial Action Environmental Impact
Statement[24] for waste sites at DOE’s Hanford Site resulted in important expansions
and enhancements to the renamed “Modular Risk Approach.” This approach considered
separate unit factors for the transport (unit-transfer factor [UTF]) and impact (unit risk
factor [URF]; [25]). Gelston et al.[26] documents the URFs for air and soil computed
for this application.

Unit risk factors such as these were used to compute risk estimates across a large
complex DOE facility (Hanford) for very conservative land use at different time
periods[27]. Figure 6.4 shows the resulting spatial distribution of risk for “current
baseline conditions.” The risks in Figure 6.4, based on monitored soil, air, and water
concentrations, represent the risks for unrestricted residential use by some very
uninformed people that do everything to maximize their risk. The result is that there are
some areas where the risk will be fatal-and there are areas were there is no, or very little,
risk. The very high risk levels are associated with assumptions of direct use and contact
with the contaminated media. Similar plots provided a visual representation for a range
of future land-use options at time periods 50, 100, 1,000, and 10,000 years into the
future. In Figure 6.5, the 10,000-year potential risk plot corresponding to Figure 6.4
shows that, even with the movement, dispersion, and decay processes, the site will have
the potential to cause harm for hypothetical residential access for a long time.

The PEIS and Hanford efforts laid the foundation for risk-estimation efforts for the
preparation of the DOE Baseline Environmental Management Report (BEMR)[28] for
the U.S. Congress. The PEIS information on sites and their potential impacts provided a
starting point to develop risk-based cost-drivers for the BEMR effort. The unit factor
approach was revised to consider a series of unit factors that started with the source and
progressed to the risk computation.

An important aspect of the unit-factor approaches that merits some discussion here
is the “anchoring” of the computations to available site concentration and risk data. By
demonstrating that the estimated risk values are consistent with site data, the analysis
provides a level of validation for the site. The anchoring requires that the estimated risks
be the same when differences in assumptions are accounted for. The effort typically
involves re-computing the modular risk assessment risks for specific problems using the
same assumptions as a previous detailed risk analysis. This anchoring effort has the
advantage of formally and clearly explaining any differences between applications in the
risks estimated for a site[26].
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Figure 6.4 Hanford risk isopleths for assumed residential use at time=0 years.
Computed risks are based on monitored environmental concentration data.
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Figure 6.5 Hanford risk isopleths for far future residential use.
Computed risks are based on MEPAS outputs.
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The modular risk assessment approach can be applied much faster and for less cost
than a detailed site-by-site analysis. For example, all the risk computations for the
Hanford Site were completed in about a 3-month period and for a fraction of the cost of
conducting detailed risk analyses of all potential sources. Because the modular risk
approach allows a rapid re-computation of overall risk for alternative assumptions
(involving changes in factors such as the strength of the source, the land-use scenario,
and the exposure/uptake/toxicity factors), the risk-estimation database from this Hanford
effort was used in several subsequent Hanford risk estimation efforts conducted for other
purposes.

6.5. Lessons Learned: Factors to be Considered and
Managed

These facility-wide risk evaluation efforts had varying degrees of success. All were
successful in generating important information that better defined the risk issues related
to Cold War legacies. The lessons learned include a better understanding of the
challenges of conducting such efforts along with some solutions and suggestions for
future similar efforts.

The undertaking and completion of a facility-wide risk characterization effort is not
an easy task. Although such efforts have the highly commendable goal of providing
information to better manage risks, these efforts in the U.S. have encountered
considerable opposition. The sources of opposition discussed below are factors that
need to be considered and managed as part of the facility-wide risk characterization
effort.

6.5.1. Internal and External Resistance

Interactions with stakeholders and the public are important to direct efforts and thus
facilitate the acceptance of the results. The DOE had various levels of input and review
from stakeholders and the public in these efforts. However, each of the efforts suffered
in significant ways from lack of support from stakeholders and the public. Early in the
efforts, very unfavourable and damaging testimony was given directly to the U.S.
Congress. A common experience was that the stakeholders and the public did not trust
the risk-ranking approach and/or the motives behind using it.

In each of the above facility-wide applications, there were also varying degrees of
institutional resistance. The strongest in the initial efforts came from the view that the
DOE Headquarters staff was trying to shift from locally to nationally managed
programs. The initial nation-wide environmental analyses did provide DOE
Headquarters with an overall knowledge and understanding of the DOE complex that
was practically nonexistent. However, many of the individual sites completely refused
to accept the initial results and embarked on efforts to disprove them. The original
estimates of risk proved to be relatively robust and held up relatively well under the
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subsequent scrutiny. Whether this type of resistance will occur in other countries will
depend mainly on their institutional structures and cultures.

Another source of opposition was the fear that the risk-based rankings would change
the priorities for specific environmental management programs. People wanted to
protect their projects and programs. Moreover, their fear was well founded: problems
that are important from a regulatory standpoint, or other framework, may not be as
important from an overall risk standpoint. Several such major shifts in DOE funding
priorities occurred as the result of use of relative risk data from the efforts described
above.

A science-based concern was that the risk-ranking parameters might not be
consistent with locally computed risk values. The risk parameter anchoring efforts
described above were invaluable in addressing concerns related to the comparability of
risk estimates. Checking and affirming that any difference in risk values is the result of
assumptions (and not the result of using different data or models) is important in getting
local acceptance of the risk rankings.

Another component of the resistance is subtler and from scientists involved in
detailed site characterization and modelling. For some, it was the reluctance to shift
from traditional separate analyses of media to a holistic multimedia approach. Some of
the more vocal critics felt that their detailed site-specific efforts were being
inappropriately trivialized, seeing facility-wide risk estimation as overly simplified and
thus incorrect. Typically no merit is seen in using approximate values to guide decision
makers. It is important to understand the origin of these concerns and to keep such
opposition, often by very senior and respected scientists, from stopping the risk
evaluation efforts.

The planner of risk-ranking efforts should not let the factors discussed above deter
the undertakings. The process of having characterized and estimated risks is an
important part of the product--which results in a more risk-aware infrastructure. The
fact that several of the above efforts stopped short of producing a final report did not
greatly diminish the influence of the efforts. The resultant better knowledge of the risks
related to legacies became an important part of the DOE infrastructure as well as
provided a strong base for subsequent risk evaluation efforts.

6.5.2. Multimedia Analysis Experience

The above efforts have identified a number of advantages specifically related to using an
integrated multimedia system. The consistency of analysis provides the ability to
compare impact endpoints between sites that are not normally possible with separate
analyses for those sites. Although no single computer model is appropriate for all
situations, multimedia computer models such as MEPAS have the advantage of covering
a wide range of potential problems. These models are particularly useful in the facility-
wide, programmatic, risk-based, and multiple-issue applications.

In the applications described above, the multimedia analysis always resulted in
some surprises in terms of defining important pathways. By being able to easily
evaluate the range of possible impacts from waterborne and airborne pathways, new
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information was routinely obtained on the relative importance of pathways. One such
new piece of information was that, at some sites, chemical carcinogens turned out to
have potential impacts on the same order as, or greater than, radioactive contaminants.
Such results were unexpected because of a historical concern only for radioactive
contaminants.

At one site, DOE Headquarters staff felt the ground-water pathway was most
important, while local DOE site officials felt the air pathway was most important. The
multimedia results led to a mutual understanding that the water and air pathways were
both important. At other sites, the analysis identified previously unsuspected pathways.
At several of these sites, operations changed to better protect the public because of new
insights from the multimedia analysis.

When ranking or comparing different sites in facility-wide applications using
computed human health endpoints, it is essential to consider the inherent uncertainty in
the computed values. Although a single-value deterministic approach can rank problems
in broad groups separated by many orders of magnitude, a ranking of risks closer in
magnitude requires consideration of the inherent uncertainty[22,29]. For such
applications, a sensitivity-uncertainty module was developed for MEPAS.

There are many aspects to risk, and decision makers need information that covers all
those aspects. DOE[18] initially based their rankings on a single risk parameter, a
measure of population impact discounted for future impacts. In the pubic review, the
use of a single risk ranking parameter received strong criticism. DOE then changed to a
multifaceted definition of discounted and undiscounted risk-ranking parameters that
included population, individual, and environment risk measures. This larger view of
risk as having many aspects and dimensions has continued though the other risk-ranking
and risk-characterization efforts described above.

An important aspect of the facility-wide applications is the generation of a database
of information in the process of doing the analysis. The environmental site, regional
characterization, and contaminant data are collected for the potential problems. The
database of model inputs and outputs can be an invaluable resource for other analyses.
This aspect has been an important factor in allowing the facility-wide applications
described in this paper to build on the data collected by the preceding effort. Typically,
the database provided a starting point for data review and collection efforts on
subsequent projects.

It is important that these applications have external and internal reviews of proposed
risk-based approaches. In the case of MEPAS, a formal scientific peer review was
conducted during its development[30,31]. Subsequently the EPA conducted two
independent reviews in terms of potentially using MEPAS: for possible listing sites on
the NPL[32] and for analyses of hazardous, mixed, and radioactive waste sites[33].
EPA also reviewed MEPAS as part of their review of DOE's Priority System
development effort[23]. MEPAS also was the subject of three scientific reviews by the
U.S. National Research Council. Health and Welfare, Canada, also commissioned an
independent review of multimedia models[34].

The facility-wide applications have also shown that no one model can apply to all
situations. For each application, although the majority of cases were covered, certain
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new special situations arose that were not covered by the current model formulations.
Some cases were covered with model updates and others by using an alternative model.

6.6. Conclusion

Facility-wide risk-based ranking efforts can build invaluable understanding of the
potential issues related to Cold War legacies. Conducting such efforts is difficult both
from the standpoint of the potentially enormous scope of such an effort and the
standpoint of potentially strong institutional barriers. The U.S. experience is that such
efforts are worth undertaking to start building a stronger risk-based knowledge and
infrastructure.

Multimedia models have proven to be an effective tool in facility-wide applications.
These models integrate waterborne and airborne pathways into a single system for
estimating various impacts. An open architecture system such as FRAMES retains the
advantages of the integrated multimedia assessment system such as MEPAS, while
allowing flexibility in the selection of specific modules.

Despite the improved efficiencies, the application of the multimedia software to
applications with very large numbers of potential sources can still be prohibitive. The
modular risk-estimation approach, based on unit factors, makes it feasible to conduct
facility-wide risk-estimation efforts. The Hanford application example discussed above
was conducted for a reasonable cost and within a relatively short time.

The modular risk-estimation approach has a special advantage for Cold War legacy
sites where a restricted status will preclude access to certain required data. Because the
various unit factors can be prepared separately, all the “insensitive” factors can be
prepared independently of any of the sensitive data. Those with access to the sensitive
data can generate unit factors and then combine all unit factors to estimate potential
risks. The modular risk-estimation approach will thus allow the responsible parties for a
site to conduct multimedia evaluations without having to reveal or release sensitive data.
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7. Cleanup of Radioactive Floating Refuse at
Vromos Bay

The Cold War legacies in the United States and countries of the former Soviet Union are
daunting enough in the aggregate. However, even when looking at a single example
site, the difficulties of clean up can be staggering. This chapter presents a case study of
remediation of the contamination legacy in Bulgaria. Tailings from mine milling
operations dumped a total of about 8,000,000 tons of refuse in Vromos Bay on the Black
Sea. The heavy iron sulphides and oxides, copper, and uranium minerals remained
deposited in the surf area, right on the beach, where they formed a field about 2,300
meters long, up to 150 meters wide, and 2.3 meters thick. In 1995, the Bourgas Copper
Mines chose to apply for the PHARE-ECOLOGY Programme to sponsor the restoration
project.

From 1954 to 1977, part of the refuse resulting from operations at the Rossen Flotation
Mill in Bulgaria was discharged into the Black Sea, to the west of the village of
Chernomorets, in Vromos Bay. Vromos Bay is a smaller bay located at the southern end
of the Bay of Bourgas (Figure 7.1). To the east and west, Vromos Bay borders on two
rocky capes: Atia and Akin (Figure 7.2). A long (2,500-m) and comparatively narrow
beach covered with sand stretches between the two capes. The sand is naturally tiny and
yellow; detritus prevails to the west.

After 1968, all mill refuse, a total of about 8,000,000 tons, was discharged there. As
a result, the beach at Vromos Bay has been covered with flotation refuse between Cape
Atia and Chernomorets (Tschernomorez in Figure 7.3), and the coast line has been
extended some 150 m into the sea in the area of the discharge. Being a source product,
the flotation tailings consist mainly of rock-forming minerals (feldspars, pyroxene,
quartz, and chlorite) and gangue minerals (quartz, calcite, dolomite, anchorite, fluorite,
and clays), as well as five to six ore minerals (pyrite, chalcopyrite, magnetite, haematite,
molybdenite, chalcocite, etc.).

Certain radioactive materials have also been detected—uraninite, nasturane, and
uranium resins. Both lighter rock-forming and gangue materials have been carried far
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into the sea, where they are building a thick layer of slime. The heavy iron

sulphides and oxides, copper, and uranium minerals have been chiefly deposited in the
surf area and right on the beach area, where they formed a field about 2,300 m long, up
to 150 m wide, and 2.3 m thick. This field included about 10% of the total amount of
flotation refuse, but with copper, iron, and uranium contents several times higher[1].

As a result of the combined influence of sea waves and other processes, the border
between the beach and adjacent areas was encircled by a continuous bank of flotation
refuse of height 2 to 3 m. In the central parts where the beach is over 150 m wide, these
same processes led to the formation of single dunes up to 5 to 6 m in height.

This chapter presents a case study of how Vromos Bay was restored. It describes
conditions before restoration, initial restoration attempts, a major restoration project, and
its results.

7.1. Conditions Before Restoration
As early as the 1970s, research sought to determine the concentration of radioactive
components on the beach and in bottom sediments of Vromos Bay. In 1970,

Ouzounov[2] pointed out an increased value of the exposition power of concentrations in
the “black” sand of the beach. The most detailed studies were carried out in 1976, 1978,

Figure 7.1 Location of Vromos Bay
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1983, and 1991. In the 1976 studies, some quite high values of Py—up to 940 pR/h—were
detected[3]. It was then that a larger area was measured for the first time, and “hot
spots” were detected where the radium-226 concentration was as high as 41,400
Bq/kg[4].

7.1.1. Beach Area

The results from three studies carried out by Bourgas Copper Mines Co. pointed out that
a unique technogenic placer deposit had been formed in the west and central part of the
beach. This deposit has the component distribution and typical oblique structures of
sedimentation characteristic of coastal sea placers, as determined by the combined
gravity and separating effect of the sea in the surf zone and the accumulative processes
in the confluence point. The black colour of that beach was not natural, but resulted
mainly from the magnetite and haematite brought by the tailings (see Figure 7.1) as well
as the rock-forming materials.

The copper contents were within the range of 0.06% to 2.20%, the iron content was
within 8.4% to 49.2%, and concentrations of radionuclides were present. Results from
the radioactivity measured as of September 15, 1993, are given in Table 7.1. The same
table also shows the natural radioactivity of some adjacent beaches for the sake of
comparison.



110

Cape Atia

Black Sea

Bay of
Sosopol
Legend
N —
Tailing Ponds: \.\_._.____.._‘__A\

R1-Rossenl 3% << \

R2 - Rossen 2 D —

R3 - Rossen 3 % 2 i )

R4 - Rossen 4 S -

¥ "*_.__...____—_L
Roads: Meden Rid\__""———"—" 7
~—»a Transport 4 Mine et
\~ - New § 7
Pal A ) )
P % Y Y pra
\':’mm o —— _\ J.«—’:‘.‘
\‘ D iy sl
Ny \\-m
\‘\ < ‘»'_
\ foanm

- General Survey

il Rossen Site
"

S

Scale 1 :25 000

Figure 7.3 Plan of the Rossen Mine and Vromos Bay



TABLE 7.1 Radioactivity measured in September 1993 near Vromos Bay

Location Power of Specific Activity, Bq/kg
Exposition, Uranium-235 | Radium-226 | Thorium-232
puR/h
Vromos Bay
1. Exurb | 50 950 + 12% 600 +20% 30+ 10%
2. Exurb II 110 1800 + 15% 3700 +20% 30+ 18%
3. Central part 100 5000 + 7% 4900 + 12% 40+ 17%
4. Central part (soil) 35 300 + 25% 200 + 30% 45+ 7%
S. Poplar forest 80 2900 + 10% 2800 + 15% 30+ 19%
Adjacent Beaches
6. Bourgas 6-7 < MDA * 25+ 5% 20+ 10%
7. Village of Chernomorets 15 <MDA 18 + 10% 20+ 10%
8. Gradina campground 7-8 <MDA 12 +10% 10 +10%
9. Sozopol 10-12 <MDA 20+ 5% 15+10%

* MDA=Minimal Detectable Activity

71.2.

Of the 8,000,000 tons of tailings thrown into Vromos Bay, about 1,000,000 tons

Bay Bottom
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have been re-deposited on the beach area, and over 900,000 tons have been dredged and
used in the fundamental construction of the Port of Bourgas-West. The remaining
6,000,000 tons cover the greater part of the bay bottom with a layer over 1 m thick. The
tailings have been separated by the bottom stream and waves according to the size and

density of the primary material (Table 7.2). Table 7.3 shows the number of samples

taken in the respective year, and the range of radium-226 contents.

TABLE 7.2 Screen analysis of tailings in Vromos Bay

Particle Size, mm Percent
>0.4 1.4
<0.4>03 3.1
<0.3>0.25 6.9
<0.25>0.12 10.1
<0.12>0.08 12.3
<0.08 61.3
Other 49

TABLE 7.3 Range of radium-226 in samples in Vromos Bay, 1978, 1983, and 1991

Year No. of Samples Specific Activity of Radium-226 (Bq/kg)
1978 7 10- 640
1983 37 54-1380
1991 78 10-1150
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7.1.3. Requirements for Radiation Protection

Bulgarian main rules for radiation protection (the Committee for Peaceful Use of
Nuclear Power, 1992) defined the basic levels of radiation and their control (Table 7.4).
Regulation No.7, 1986, the Environmental Ministry, provides instructions and rules to
define the allowed pollution of flowing surface water for radium-226 as 150 mBq/L.
Pursuant to Regulation No.7, the Committee for Peaceful Use of Nuclear
Power/07.01.1992, the residue characterised by a value of over 1 mSv/h of the
equivalent dose of gamma radiation at a 0.1-m distance from the surface shall be deemed
hard radioactive residue.

TABLE 7.4. Regulations for radiation exposure

Groups Definition Basic Limits for Effective External
Radiation for 1 year
A People working temporarily of permanently with 50 mSv

sources of ionising radiation; people exposed to
such radiation by profession; people involved in
extreme lifesaving activities.

B People or groups of population including both 5 mSv
sexes above 18 years of age.
C The population of the country as a whole. 1 mSv

7.2. Initial Restoration, 1991-1994

Initial restoration efforts sought to clean the beach area and find a way to utilise the
useful components of deposit. The Bourgas Copper Mine developed an effective
technology for this purpose. They started by studying the mineral and material
composition of the tailings. According to their studies, the copper in the tailings is
mainly represented by chalcopyrite. Chalcocite and bornite are detected much more
rarely. The highest copper contents can be found in classes of +0.08, +0.12, and +0.16
mm. Most of copper minerals are covered with a thin film of copper oxides. The iron is
found as magnetite and haematite, mostly in the classes below 0.16 mm. Most radio-
active minerals are distributed in the non-magnetic fraction (the classes below 0.16 mm).

The technology developed based on these findings was put in place in early 1991.
Tailings are collected and carried to the Rossen Flotation Mills for additional grinding to
remove the oxide film from the mineral surface. Tailings are then subject to magnetic
separation and flotation in accordance with the operative technological scheme. The
result is a copper concentrate with copper contents of 13% to 15% and gold contents of 4
to 5 g/ton, as well as an iron concentrate with 55% iron contents.

These flotation tailings (about 75% of the treated quantity) contain nearly all the
radioactive minerals. They are stored in the Rossen-3 tailings dump (noted as R3 on
Figure 7.3).
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7.3. PHARE Project, 1995

Despite the technology developed to prevent additional contamination of the beach and
bottom sediments, the areas still required restoration from the original deposits. In 1995,
the Bourgas Copper Mines chose to apply for the PHARE-ECOLOGY Programme to
sponsor the restoration project. This project involved purposeful research work to define
the degree of pollution of both beach and sea bottom as well as the way of removing the
radioactive flotation tailings.

7.3.1. Gathering Information

To prepare for the project, all information on the quantity of the ore treated in the Rossen
Flotation Mill between 1954 and 1977, the time when flotation tailings were thrown in
the sea, was collected and used. The quantity of flotation tailings was determined from
the quantity of ore treated. All information related to the study of the beach area and bay
(made in 1979, 1982, 1991, and 1993) as well as the partial study of sea sediments in the
bay (made in 1978, 1983, and 1991) were collected and analysed.

7.3.2. Sampling

Additional information was gathered by sampling the beach and bay areas.

Beach Area
The beach area was sampled by profiles located a distance of 125 m apart; two points

were sampled for each profile. The gamma radiation background was measured at these
points, and a sample quantity of about 2 kg was taken for analysis. That sampling
network proved optimal based on the wind and surf effect of many years on the beach
area and the information collected from previous studies. (The 1993 study used profiles
50 m apart with three points on each profile.) The network was defined by using the
rarefaction method and the information from the 1993 study. This network is denser
than the one in the bay because the surf area has a more dynamic sedimentation
environment (the formation of oblique structures), and the quantities subject to treatment
and direct disposal required a more precise determination.

Bay Bottom

The bay bottom was sampled using a 250-m by 250-m network . A scuba diver took the
samples, which weighed about 2 kg, from the upper 15 to 20 cm of the sediment. These
samples are characteristic of the whole sediment thickness at the particular point based
on a number of constants influencing the process of sedimentation. These constants
include composition of flowing tailings, fixed place of flow, and typical and continuous
streams in the bay. These factors resulted in the formation in the central part of the bay
of an elliptical geological body, whose long axis coincides with the direction of the
tailings flow (Figure 7.4, the information refers to radium-226 contents in bottom
sediments and comes from a research carried out in 1995).
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The sampling network was selected following an analysis of the information
resulting from the above research and considering the slower sedimentation at depths
over 10 m[5].

The water layer was also sampled by a 500-m by 500-m network. The sample
volume was about 3 litres, and samples were analysed for radium-226.

Figure 7.4 Activity at sea bottom level in Vromos Bay, June 1995

The motor boat used by the scuba divers was fixed to a particular point from the
shore by an EOT-2000 light-distance-meter geodetic apparatus (made in Germany).

Adjacent Bays

The bays adjacent to Vromos—at Atia, the village of Chernomorets, the Chernomorets
camping site, and the Gradina camping site—were sampled by single profiles. A sample
was taken from the beach area and from sampling points at a distance of 250 m in the
bottom sediments of the respective bays.
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7.3.3. Independent Assessment of Project Plans

The project for the Vromos Bay cleanup was reviewed by URANERZBERGBAU, a

German consulting company. The company consultants revised the project and

researched alternatives. Variants considered included

e Pebbling the beach

e  Sucking bottom radioactive deposits out of the Vromos Bay and disposing of them
far out to sea

e Disposing the flotation tailings into the Rossen Flotation Mill

e Disposing the flotation tailings into the liquidated mine galleries of adjacent mines
in the Rossen mine field.

To assess the variants, consultants developed a qualification system. According to their

analysis, the most appropriate variant is the disposal in the mine galleries.

Unfortunately, the galleries do not have the capacity required. Because of this, disposal

of the tailings in the Rossen Flotation Mill was chosen as the optimal and

environmentally friendly alternative.

7.3.4. Removal and Disposal of Tailings from the Beach

Cleanup of the Vromos Bay beach area started as early as September 1997 in
compliance with the techniques in the project plans. The radioactive flotation tailings
were collected by bulldozers, loaded onto dump trucks by front loaders and excavators
(Figure 7.5), and then disposed either to the R-4 tailing dump or the Rossen Flotation
Mill (see Figure 7.3). To speed the process, sand was excavated at three or four points
simultaneously. This arrangement required 30 to 40 dump trucks of 14- to 16-ton
capacity to be simultaneously operating.

The beach area was cleaned mainly in winter and spring, when storms frequent the
bay. Thus, black sand from the beach area had to be extracted three times following
each new release of new quantities by the sea. Before each new cleanup, the area was
sampled. Samples were analysed in the laboratory of the Regional Inspection of
Environment and Water, Bourgas. The beach was cleaned to the base layer of hard grey-
black clays. Visual inspection show that, following each cleanup, the sands newly
released by the sea are of a lighter and lighter colour and smaller radionuclide
concentration (detected by the gamma spectrometric analyses of intermediate samples).

To dispose of the tailings, a tailing dump was built on a site owned by the Bourgas
Copper Mines. The dump was built in agreement with the Bourgas Regional Inspection
of Environment and Water, and was approved by the Ministry of Environment and
Water. The soil layer and weathering material were removed in advance and disposed of
separately. The south and west part of the tailing dump was walled by soil material. The
wall has the following dimensions:

e Base, 8 m wide
e Crown, 4 m wide
e Height, 6 m.
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Figure 7.5 Cleaning of the beach at Vromos Bay, 1998

The wall was shaped at two levels at a slope angle of 1:1. It was compacted by a
road roller during construction.

7.3.5. Treating Residue in the Rossen Flotation Plant

A part of the tailings was treated in the Rossen Flotation Plant. The quantity was
considerably smaller than the one originally suggested because of low prices at the
London Metal Exchange. The quantities were characterised by copper content over
0.38%. After being transported to the plant reception bunkers about 7 km away from the
beach, tailings were treated by grinding, flotation, and magnetic separation. The total
output of both copper and iron concentrate was about 10% to 12%. The remaining
quantity (88% to 90%), containing most of the radioactive minerals, was disposed of in
the operating Rossen-3 tailing pond (noted as R3 on Figure 7.3).

7.3.6. Monitoring

In compliance with project plans, areas were sampled after cleanup in the same volume
and within the same network as the original sampling in 1995. Areas were sampled in
July and August 1998 (Table 7.5).
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TABLE 7.5 Sampling conducted near Vromos Bay, 1998

Type of Activity Dimension Quantity
1. Beach area sampling No 65
2. Beach area radiometric sampling No 65
3. Beach area drilling Im 33
4. Taking samples from drill holes No 66
5. Taking samples from bottom sediments No 158
6. Taking water samples from bottom layer No 37
7. Referring samples to a geodetic basis No 251
8. Analysis of radionuclides No 289

Samples from bottom sediments, the beach area, drill holes, and water taken from
the bottom layer were analysed for uranium-238, radium-226, thorium-232, and
potassium-40. Samples were analysed using an ORTEC low-background gamma-
spectrometric apparatus in the laboratory of the Bourgas Regional Inspection of
Environment and Water, and the Dosimetric and Radiation Protection Laboratory at the
Physical Department of the Sofia University “St Kliment Ohridski.”

7.4. Project Results

Restoration activities resulted in noted improvement to both the beach and bottom
sediments.

7.4.1. Beach Area

As a result of the removal of some 800,000 tons of flotation tailings, the beach area of

the bay was considerably influenced:

e  The width of the beach area was reduced in the various profiles from 60 to150 m to
20 to 50 m, which has brought it near its original condition (Figure 7.6.)

e The thickness of the flotation tailings on the beach, which ranged from 2 to 6 m,
was reduced to about 0.30 m, as detected by the drill holes (Figure 7.6). A number
of places, particularly in the east part of the bay, were totally cleaned of their
flotation tailings.

e Radionuclide concentration in the beach sand decreased considerably since 1979,
mostly because of the excavation of flotation residue but partly because of its
spreading over a larger surface (Table 7.6)

e  Sand colour was essentially changed: from dark grey and black before restoration,
to light grey and yellow after restoration (Figures 7.7 and 7.8).
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Figure 7.6 Profile No. 4, typical section of Vromos beach
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TABLE 7.6 Changes in radionuclide concentrations over time at Vromos Bay

Year No. of Exposition Power, pR/h Specific Activity, Bq/kg
Samples Min Max Min Max
1979 15 25 940 74 41400
1993 28 35 110 200 3700
1995 44 17 56 100 609
1998 44 15 32 83 400

7.4.2. Bottom Sediments

The results from the research work carried out to determine the bay bottom
lithodynamics show that, 20 years after the discharge of flotation residue ceased, the
newly formed lithobodies are still slowly moving. This dynamic is a result of three main
factors, the first and most significant being the removal of flotation residue from the
beach. The other two factors involve bottom streams and waves. At the time of
sampling, two areas of increased radioactivity of over 200 Bq/kg were located on the sea
bottom. One of them was located against the discharge zone, with a centre of about 600
m away from the shore (Figure 7.9). Two comparatively smaller areas were detected
within it, characterised by a radium-266 concentration of over 600 Bq/kg. Bottom

Figure 7.7 Beach at Vromos Bay, a view from the east (August 1998)
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Figure 7.8 Beach at Vromos Bay, central part (August 1998)

sediments here comprised compact black clay materials, formed during the
sedimentation of the pellet fraction of the flotation residue. The sand component, which
had moved to that point during the discharge, was pushed back to the shore. The second
area was located at about 1,500 m farther into the bay, at a depth of over 15 m below the
surface. Sediments in that area comprised black slimes in a semi-liquid state. The area
distribution and activity as determined in three successive studies are shown in
Table 7.7.

Analyses also showed that the size of high concentration areas in bottom sediments
is continually decreasing. The absolute value of specific activity is also decreasing.
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Figure 7.9 Activity at sea bottom level in Vromos Bay, August 1998

TABLE 7.7 Distribution of bottom sediments in Vromos Bay by area and activity

Specific Activity of Area, m’

Radium-226, Bq/kg 1991 1995 1998
200-400 1,400,000 1,600,000 1,742,000
400-600 1,050,000 1,100,000 941,000
600-800 470,000 300,000 93,000

800-1000 60,000 20,000 —
> 1000 25,000 - -
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8. Integrated Accident Risk Analysis and
Applications for the Disposal of
Chemical Agents and Munitions

Although many studies could benefit from the aspects of risk assessment described in

this book to clean up Cold War legacies, only a few studies have integrated risk
management and risk assessment well. This chapter describes one such study—efforts of
the U.S. Army to remediate the legacy of chemical weapons stored in the United States.
This effort addressed the human risk associated with that storage, developed and
implemented a process to destroy the chemical weapon energetics and agent, analysed
the facility and human risk associated with the destruction process, and used a risk
management approach to control the process. The risk analysis is an accident analysis.
Risk from routine operations and mild accidents is examined in other studies and is
small compared with the risk of more severe accidents.

Chemical weapons have played an important role as a United States military deterrent
over the past 50 years. Weapons materials are stored at eight sites within the continental
United States. Chemical agents included in this stockpile are of two basic types, nerve
and blister, and are configured in a variety of munitions and bulk containers.

The changing global political climate, however, has led to an elimination of the need for
these weapons and the chemical agents used in their manufacture.

In 1985, Congress enacted Public Law (PL) 99-145[1]. This law directed the
Department of the Army to establish a program to dispose of the U.S. stockpile of
unitary chemical weapons and agents. In 1997, the U.S. ratified the Chemical Weapons
Convention. This treaty commits the signatories to destroy all their chemical warfare
materiel in an environmentally safe manner by April 2007[2]. The Chemical Stockpile
Disposal Program was established to achieve these goals. The U.S. Army Program
Manager for Chemical Demilitarization (PMCD) has responsibility for the disposal
program. This program is committed to meeting the disposal objectives while protecting
the environment and the safety and health of the workers and the people of the
surrounding communities.
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This chapter introduces the principles the program applies to achieve its risk
management goals. The focus then shifts to the integrated accident risk analysis [or
Quantitative Risk Assessments (QRAs)] used to assess the greatest hazards associated
with chemical agent weapons disposal—agent and explosives. The QRA uses a number
of techniques to estimate risk. The chapter discusses each in turn as well as introduces
the software code being developed to facilitate the analysis. The chapter also provides
an introduction to presenting risk results because this activity poses unique challenges in
presentation and communication. Finally, the chapter summarizes applications of
integrated facility analysis for Cold War legacy facilities.

8.1. Managing Chemical Demilitarisation

The primary vehicle for managing the Army’s chemical demilitarisation efforts is the
Risk Management Program. This program is a life-cycle activity that started in the
conceptual design phase and will continue until the disposal of chemical warfare
material is complete and the associated facilities decommissioned. The primary
objective of this program is outlined in the PMCD safety policy. This policy was
developed from classical risk management principles[3-8] and includes military
regulations[9] and industry standards[10,11].

The Army’s chemical demilitarisation efforts are managed by programs for risk
assessment, risk management, peer review, and public involvement, all of which support
the goals of quantitative risk assessment. The following subsections deal with the
various aspects of the program in more detail.

8.1.1. Program Manager for Chemical Demilitarization Risk Assessment
Activities

The PMCD has developed a risk management program in keeping with U.S. Army
regulations and state and federal laws and to meet the goals of minimizing risks to the
worker, environment, and communities. To accomplish these goals, the U.S. Army uses
risk assessments to understand and control risks. Several different types of risk
assessments are performed and, taken together, they form a complete picture of the risks
of storage and disposal.
The following hazards are studied in risk assessments:
e Chemical agent
e  Explosives
e  Stack emissions
e Occupational hazards, such as lifting injuries or hearing damage
e  Industrial hazards involving other chemicals and materials, such as caustic
chemicals.
Identifying and understanding hazards through risk assessment is the first step in
successfully reducing risks. Several risk assessments, each with a different purpose and
scope, are done for each chemical agent disposal facility. Some hazards are examined in
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more than one assessment. Three main types of risk assessments provide a

comprehensive analysis of storage and disposal risk:

1. Health Risk Assessments—examine the risks to the surrounding communities and
environment from incineration stack emissions. Assessments for each site include a
Human Health Risk Assessment and an Ecological Risk Assessment.

2. Hazard Evaluations—identify and rank potential hazards resulting from disposal
operations. Multiple evaluations are performed for each site and cover risks
associated with chemical agent and explosives, as well as industrial and
occupational hazards.

3. QRAs—evaluate the likelihood and effects of an accidental release of chemical agent
during storage and disposal. Risks to the public and workers are both studied.

To help reduce the chance of an accidental release of a chemical agent, the program
completes QRAs, which are limited to the greatest hazard, the chemical agents, and any
associated explosives. The QRA studies the complete disposal process, as well as
munition storage, and considers:

Human errors, such as an accident driving a forklift

Equipment failures, such as a drain line valve failure

Loss of support utilities, such as electrical power

External influences, such as aircraft crashes

Acts of nature, such as storms and earthquakes.

Hundreds of potential accidents, including very rare events, are studied using

models of the facility processes. The QRA is intended to represent, to the maximum

extent possible, a best estimate of the frequency of potential accidents, and the

magnitude of the consequences (number of people affected). The result of the QRA is a

list of events most likely to occur or to cause the greatest harm to human health. The

combination of likelihood and health consequence is called risk. The program manager
reviews this list to make changes to equipment or procedures to further increase safety.

Risks can also be compared, such as the risk of storage to the risk of processing. Risks

can also be compared to other risks in life, although that requires great care in

understanding what is being compared.

In terms of risk management, the QRA results are translated into the U.S. Army and
program’s existing system of risk assessment codes. This translation allows QRA risks
to be considered within the existing and accepted decision framework, rather than having
separate numerical decisions associated with QRAs and all other hazard analyses.

DR

8.1.2. Program Manager for Chemical Demilitarization Risk Management

Assessments are the first step in risk management, the process by which risks are

identified, controlled, and reduced. Risk management also includes:

1. Establishing requirements to minimize risks

2. Monitoring to continuously ensure that safety measures are effective

3. Assessing and tracking changes to maintain safety throughout the life of the plant

4. Encouraging public participation to ensure that members of the public are informed
and involved.
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By identifying and managing risks, the Army’s program achieves its objective
of providing maximum protection to the health and safety of the public, workers, and the
environment. The Army’s chemical demilitarisation risk management program is
summarized in Guide to Risk Management Policy and Activities[12] and Chemical Agent
Disposal Facility Risk Management Program Requirements[13].

8.1.3. National Research Council and the Qualitative Risk Assessment

Ongoing review of the Chemical Stockpile Disposal Program by a standing committee
of the National Research Council of the National Academy of Sciences helps ensure that
the program is technically sound and uses available technology. To this end, the
committee makes recommendations with respect to the implementation of various
technologies and takes other steps that have the potential for minimizing adverse impacts
of the program.

In a letter to the Assistant Secretary of the U.S. Army (Installations, Logistics, and
Environment), dated January 8, 1993[14], the National Research Council Committee for
Review and Evaluation of the U.S. Army Chemical Stockpile Disposal Program
recommended that a comprehensive plan be developed to manage the risk associated
with the disposal of chemical munitions and associated chemical agents. The
recommendation indicated that site-specific QRAs be performed before developing a site
risk management program. In a 1994 report[15], the council reiterated their
recommendation to perform site-specific risk analyses using the most recent information
and methods. They recommended that analyses be conducted to compare the relative
risk of continued storage and disposal at each stockpile storage site. The principal
objectives would be to identify major risk contributors and to use the QRA models in
ongoing risk management. The QRA also updates conclusions drawn from the risk
analysis developed in 1987[16] to support the Final Programmatic Environmental
Impact Statement. This risk analysis compared several programmatic alternatives and
concluded that maximum safety dictates prompt disposal.

In response to these recommendations, the program directed that a QRA and a risk
management program be developed for the first of eight planned facilities in the
continental United States: the Tooele Chemical Agent Disposal Facility. The goal of
these activities was to minimize the risk that could be posed to the public, site
workforce, and environment by potential agent-related accidents during chemical
disposal operations. The Tooele Chemical Agent Disposal Facility QRA was published
in 1996[17].

The National Research Council has continued to provide oversight of the program
and has consistently reinforced their view of the importance of the QRA as part of the
risk management program. In 1996, Review of Systemization of the Tooele Chemical
Agent Disposal Facility[18] was published. The review recognized and expressed
general satisfaction with the ongoing risk management efforts including the QRA and
recommended that QRAs be completed before the start of agent operations at the Tooele
facility. This report was followed by a more specific report, Risk Assessment and
Management at the Deseret Chemical Depot and the Tooele Chemical Agent Disposal
Facility[19], which included a review of the QRA and other risk management efforts.



127

The committee found that the Tooele facility QRA met their previous
recommendations and offered the following with regard to the QRA:

The Stockpile Committee has followed the [Deseret Chemical Depot] DCD/TOCDF [Tooele

Chemical Agent Disposal Facility] QRA project closely since its inception and has maintained

oversight of the Expert Panel independent peer review process. The QRA has achieved the

goals set out in the committee’s 1993 letter report and the Recommendations report (NRC,

1994). The success of the QRA was a direct result of a skilled SAIC technical team, firm

support from the U.S. Army and TOCDF personnel, and frequent and positive interactions

between the TOCDF field staff and the QRA team. The resulting QRA was significantly

improved during the Expert Panel review. The findings of the QRA are consistent with the

interim findings in the Systemization report (NRC, 1996).[19]

The committee urged some additional work to promote integration of the QRA
activities and other endeavours within a complete risk management program. They also
reinforced their view that the QRAs should be maintained current and used to evaluate
ongoing operations.

Finally, the National Research Council has issued an update to the report[20]. That
report urged that the QRAs for facilities under development be performed as soon as
feasible to allow risk mitigation measures to be implemented into the design. The
committee also recommended formalization of the risk management programs.
Activities are currently underway with the individual sites to ensure that risk
management efforts meet program goals.

National Research Council reviews continue for the Anniston Chemical Agent
Disposal Facility QRA published in the fall of 2000[21].

8.1.4. Objectives of the QRA

The QRA is used to help efficiently manage and minimize the risk associated with
facility operations, as part of the program’s overall risk management program. A
principal goal of this assessment is to identify those systems, components, and activities
that govern the risks associated with disposal of chemical munitions and agents.

Risk is quantified for several reasons. Primarily, quantification provides for ranking
those items that govern risk. Insights derived from the QRA will be used to identify
potential improvements in systems or operations that could further reduce the public and
worker health risks during disposal operations. In addition, the quantitative results will
allow determination of whether proposed modifications to the facility, operating
procedures, or the schedule for disposal would actually avert a significant amount of risk
relative to the complexity of the change. The QRA provides the plant-specific inputs for
each site’s risk management program as documented in the requirements document[13].
Finally, the evaluation of risk will serve as the basis for communicating the risk insights
to the operating staff and other interested parties.

8.1.5. Scope of the QRA

The scope of the QRA includes analysing the risk to the public and site workers from
accidental releases of chemical agent during chemical munitions and agent storage and
disposal activities at stockpile disposal sites. The QRA includes an estimate of the risks
associated with the following aspects of chemical storage and disposal activities:
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1. Stockpile munitions handling associated with moving munitions to prepare for
transport to the facility

2. Transportation of munitions from the stockpile storage area to the chemical disposal
facility

3. Disposal processes within the facility.

In addition, the QRA estimates risk associated with storing munitions in the stockpile

storage area.

The QRA considers the effects of postulated accidental releases of chemical agent
on both the public (the population outside the depot boundary) and workers (within the
depot boundary). Only accidental releases of agent large enough to cause adverse health
effects to the public or workers are included.

Both public and worker risk are calculated in terms of acute fatality risk, which is
the probability of fatality over a specified period of time as a result of a one-time
exposure to postulated releases of chemical agent. The risk of exposure-induced cancers
is also considered for potential releases of mustard agent (nerve agents have not shown
long-term effects such as cancer). Risk is not assessed for accidents involving workers
where there is no potential for agent releases (i.e., typical industrial accidents that do not
involve handling munitions or agent).

For all operations and storage activities, a full range of potential events that could
lead to an agent release is considered. Both releases that result from internal events
(originating inside the plant or directly from the activity being performed) and those
initiated by external events (such as earthquakes, tornadoes, and aircraft crashes) are
modelled.

Walkdowns of systems and structures are performed to support the analyses. Ina
walkdown, the analyst physically examines systems and structures in the actual facility
to determine whether it was built and is being maintained and operated according to
design, maintenance, and operations documentation. System walkdowns support
development of the system fault tree models. Seismic, lightning protection, tornado, and
fire analysis walkdowns are conducted to support the external event analyses. The
transportation analysis is based on actual road conditions and traffic patterns.
Discussions are held with plant staff regarding munitions handling and disposal
operations. This approach is preferred over obtaining information only from design
drawings and other reference documents.

Risks lie in a continuum between a definite outcome (for example, a 100% chance
that a worker would be injured) and very rare occurrences (for example, one chance in a
billion that the person would be injured). The estimated risks are uncertain because of
limitations in knowledge concerning both the likelihood and consequences of events.
They may also be uncertain because of randomness involved in the risk phenomena (for
example, lightning may strike someone at a golf course with a probability that may be
fairly well known, but there is an element of randomness as to which golfer might get
struck). These uncertainties must also be considered.

The QRA is comprehensive in that it estimates both public and worker risk, and also
includes an evaluation of uncertainties. Uncertainties in the parameters and models used
in the analysis are quantified to display the confidence in the results. In addition to the
uncertainty analysis, selected sensitivity analyses are conducted. The sensitivity
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analyses determine how the risk results vary based on changes to key assumptions
in the risk model.

8.1.6. Public Involvement

The risk management process also includes public involvement. Public involvement
occurs through a number of avenues, some of which are mandated by federal and state
law. The environmental permitting process includes provisions for notification of the
public regarding endeavours that could affect their communities. The public has specific
mechanisms for review and comment on permits and supporting analyses.

While the U.S. Army endorses and complies with these public involvement
activities, a more important effort is direct involvement of the public as an input to
decision making. An extensive effort is focused on providing the public an opportunity
to share the information concerning the projects. Recent public involvement efforts are
summarized in the Public Outreach and Information Office’s annual report[22]. In
addition to these public outreach efforts, specific activities to involve the public in risk
management decision making have been initiated. The most comprehensive effort is
public involvement in the change management process throughout the facility lifecycle.
The process includes public participation in decisions concerning major facility changes
that could impact risk, including procedural and equipment changes. This participation
process includes sharing with the public the risk inputs that form part of the basis for
decision making.

8.1.7. Uses of the QRA in Risk Management

The way that the QRA is used in risk management is a function of how site contractors
implement risk management requirements. The development of a risk management
workstation was a goal coupled to the completion of the QRA. To meet that goal, SAIC
has developed the Quantus risk management program. Quantus is an easy-to-use,
integrated suite of risk assessment and management tools. Quantus was developed for
two audiences. First, it meets the exacting needs of the risk engineers for accurate
development and solution of complex probabilistic models. Second, it provides decision
makers with access to results in usable and understandable formats. Decision makers
also have the power to do “what-if” analyses to investigate changes. Because all models
are developed and stored in Quantus, the program and the QRA are integrated.

The QRA uses will evolve, but there are a number of demonstrated areas where they
have proven their usefulness to decision makers.

e The QRA has been used to examine the design of the facilities. For example, the
Tooele facility QRA resulted in a redesign of a portion of the disposal facility
structure to reduce possible earthquake damage. The amount of liquefied petroleum
gas stored near the facility was also reduced based on risk findings.

e The QRA has been used to assess the scheduling of disposal operations. Along with
efficient plant operations, PMCD has a goal of eliminating the storage risk as
quickly as possible. Reducing equipment change-outs to accommodate different
types of munitions and reducing the need to clean the plant to switch between
different chemical agents are important considerations.
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e The QRA has been used to make other operational changes. Residence times
for metal parts in the furnace airlock at the Tooele facility were minimized based on
a QRA finding of a potential for an explosive build up of agent vapour. Disposal of
one type of munitions was delayed because of the potential for a munition-specific
risk that required additional study before processing. The QRAs even had broader
impact in that the U.S. Army-wide accident planning guidance for munitions
handling (called maximum-credible events) was redefined using the QRA models of
accident frequencies.

e The QRA was used to identify potential risk-reduction opportunities for storage of
chemical weapons and agents. This included lowering the VX rocket pallet stacks
to reduce earthquake damage potential at the Deseret Chemical Depot. All storage
structures housing rockets have had additional electrical bonding done to offer
increased protection against lightning based on QRA findings.

e The QRAs have also played a role in other management activities. The QRAs
provide information in support of regulatory and legal activities. The emergency
planning community uses the QRA accidents as a planning base to allow
preparations for probabilistically significant accidents. The QRA has proven useful
in accident investigations and in pre-operational surveys. Other related issues have
been addressed. For example, on-base land re-use proposals at Pine Bluff,
Arkansas, and Pueblo, Colorado, have been studied from a risk perspective.

In summary, the QRA has found many useful applications in responding to day-to-
day management needs, both internally and in response to Pentagon and other inquires.

8.2. Quantitative Risk Assessment Methodology Overview

Like most modern industrial facilities and processes, chemical disposal facilities and
demilitarisation activities have been designed with careful consideration of safety. A
QRA may be used to further enhance safety through development of models that enable
an integrated assessment of equipment and operations. The quantification of these
models provides insights concerning the frequencies of potential accidents and the
relative safety importance of different equipment and activities. Thus, a QRA is a good
adjunct to the engineering design and operation practices that ensure plant safety. The
quantitative results are used to understand risks to the public and facility workers,
allowing comparison to other risks for further perspective on the safety of the overall
process.

The methods used in this analysis were based on QRA approaches used on other
facilities and technologies. The methods have been customized and extended for
chemical disposal to reflect the specific nature of the activities and to ensure maximum
benefit in terms of insights and feedback that could be used to understand risks and
improve the processes. The QRA process is summarized in the following paragraphs
and illustrated in Figure 8.1.
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Figure 8.1 Steps in the Quantitative Risk Assessment process

8.2.1. Identification of Initiators

Accidents can be systematically examined as a progression of events, called an accident
sequence, which describes how a facility or operation moves from a normal, safe state to
an accident condition in which the public or workers are exposed to potential health
consequences. Given that risk is examined in terms of accident sequences, it is essential
that the identification and modelling of these sequences be as complete as possible. The
first step in the QRA, therefore, is an exhaustive consideration of the potential events
that could initiate an accident sequence.

Each accident sequence can be described as beginning with an initiating event, or
initiator, that starts an off-normal progression of events that could result in agent release.
For analytical convenience, events are usually categorized as either internal or external
events. Internal events occur within the process system, such as an operational error or
equipment failure. External events occur outside the process system or have widespread
effects. Thus, an operational error or a failure of a piece of equipment is an internal
event, while earthquakes, fires, floods, or aircraft impacts are external events.

Identification of possible initiators is generally based on past analyses. For
chemical disposal facilities, these analyses include the Tooele facility QRA[17],
analyses associated with operations at that facility and elsewhere, and technical
evaluations of operations and equipment. In addition, QRAs of other facilities have
developed lists of initiating events, which are used to ensure completeness[23-26].

Figure 8.2 illustrates the initiator identification process. Internal initiators are
identified through a systematic evaluation of the entire disposal process, from loading
munitions at the storage yard to final disposal of the munitions and their agent. The
evaluation is aided by the use of process operations diagrams (PODs), which delineate
the steps of a process and the possible deviations from normal processing that might
occur at each step. The thorough consideration of the process and past evaluations result
in a comprehensive assessment of potential initiating events.

After identification of the initiators, fault tree models are developed to quantify the
various combinations of failures that could lead to the initiator. A fault tree is a logic
structure that determines the possible combinations of events that can lead to a specific
outcome. In this case, the fault trees model the basic causes of various types of
initiators. For example, a POD might show that a munition could be dropped during
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Figure 8.2 ldentification of initiators

handling in the unpacking area of the facility. The fault tree then identifies the specific
combinations of equipment and/or human failures that could result in a munition drop.
Some events identified on a POD did not require detailed fault tree models because they
could be described in a single event. Other events, however, required detailed system
modelling along with support system models to fully identify all combinations of
failures that could cause the event.

The search for external initiating events began with an exhaustive list of potential
events and an initial evaluation to determine if each event is possible. As noted
previously, other sources provide extensive lists of possible external events. The initial
evaluation of an event is based on applicability to the site (e.g., a tidal wave is not
possible in the interior of the U.S.), frequency relative to cut-off criterion of the 1 x 10-8
per year accident sequence frequency, and susceptibility of the site and facility to the
postulated hazard.
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For events not screened, it is necessary to determine the frequency and
magnitude of the hazard. In general, historical records are used to estimate the
frequency and magnitude of the events of concern. The method for this part of the
analysis depends on the specific external event, but the basic steps are similar. For
example, weather records can be used to generate the frequency of events (such as
tornadoes) of different severities. Other events (such as earthquakes) require
combinations of historical information and analytical techniques to estimate the hazard
at the site. Estimation of some external events with no data relies primarily on analysis.
If an external event can occur, it is also necessary to understand the level of damage that
might be induced. For example, different structures and equipment will respond
differently to the same earthquake. The response of structures and equipment to wind
must also be analysed. This information, coupled with the frequency and magnitude
information, allows the identification of specific initiating events that could cause the
potential for agent release.

8.2.2. Modelling of Accident Progression

After the initiators are identified, it is necessary to describe the potential accident
sequences that could result in a release of agent and subsequent public or worker risk.
The initial concern is whether an initiator could progress to the point where agent is
released from its intended confinement. (Some initiators may be so severe that the initial
confinement is breached directly.) It is also important to consider the conditions
associated with the initial release (e.g., agent leak or spill, munition explosion, or fire
with agent involvement). Thus, the initiator analysis may identify the drop of a rocket
pallet from a forklift, and the accident progression analysis will identify the possible
outcomes (e.g., no agent release, agent leakage or spill, or rocket explosion). The
outcomes are most often probabilistic assessments of physical phenomena, such as a
rocket leak probability after a drop.

In some scenarios, the initial release may be compounded by further failures. Two
types of events are generally considered in modelling accident progression: mitigative
and propagative events. Mitigative events are those actions or systems that operate to
reduce or prevent an eventual release, such as filters, blast gates, and human actions.
Propagative events are those events that account for physical phenomena (e.g.,
explosive effects) that cause the accident to involve additional agent sources or to fail
barriers. Additional agent sources are generally other munitions in the area.

The analysis of potential accident progression is accomplished through the use of an
accident progression event tree (APET), shown schematically in Figure 8.3. The goals
of APET modelling are to delineate the full range of sequences that could result in agent
release and to characterize the sequence in sufficient detail to permit analysis of the
amount and characteristics of agent release. The APET is a probabilistic model for
postulated accidents that lead to agent release. The APET considers accident
progression from initiation to agent release and includes potential propagation to other
munitions. The APET also models the status of barriers to release (e.g., room
confinement) and mitigation systems (e.g., the filter system). The APET provides a
consistent framework for the accident progression analysis.
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Figure 8.3 Modelling of accident progression

The APET consists of a series of questions and potential answers (or outcomes) that
define how the accident might proceed. Frequencies are assigned to the initiating event
in each sequence. Probabilities are assigned to all subsequent outcomes based on their
relative likelihoods. The probabilities used in the APET are determined by several
different approaches, including fault tree analysis, mechanistic analysis, past experience
or experiment data, and engineering judgment. The APET logic specifically includes
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any dependencies among events so that each accident sequence is appropriately
quantified. For example, the potential occurrence of an explosion following an initiator
would influence the availability of the air ducting and filter system as a potential
mitigation of the accident. Each path through the tree (or accident sequence) has a
frequency of occurrence equal to the product of the initiating event frequency and the
probabilities assigned to each outcome.

8.2.3. Quantification of Accident Models

The goal of a QRA is to obtain a probabilistic estimate of risk by quantifying the events
in the models described previously. This quantification requires assigning probabilities
or frequencies to each event in the accident sequences. Data collection and model
development are closely coordinated because the extent to which a model can be
developed is governed, to some degree, by the availability of relevant data. Similarly,
the accident progression phenomena in the APET need to be modeled at the level of
detail matching available mechanistic calculations. Figure 8.4 is a schematic of this
analysis activity.

The fault tree and event tree models require three types of quantitative input:

1.  Equipment Reliability. The equipment (and the components making up the
equipment) are modeled in fault trees for initiators, mitigation systems, and support
systems. Quantification of the models requires assigning failure frequencies or
probabilities to each event in those models. For some components, past reliability
data are sufficient, while for others industrial data must be included. Industrial
reliability data are developed from a combination of generic data derived from
process industries and nuclear facilities, U.S. Department of Defense, U.S.
Department of Energy, and other sources. The equipment reliability database
developed for the Tooele facility QRA from the information collected during
operations at Johnston Atoll Chemical Agent Disposal System are also used.

2. Human Reliability. Human performance affects the potential for accidents. While
some data for equipment performance might include human failures, unique events
associated with process operations require an assessment of human reliability. QRA
techniques developed to assess human reliability can be used while considering
specific operations, procedures, and facilities. The human reliability events are
initially assigned conservative screening values to determine if the events, in
combination with the other events in the accident sequence, are important to public
or worker risk. Only the significant events are analysed in more detail.

3. Probabilities for Mechanistic Phenomena. The accident sequence models include
many events whose quantification depends on mechanistic analyses. For example,
the responses of furnaces to various perturbations are considered, as are explosive
propagation phenomena involving structural damage. Some values are developed
based on models drawing on basic chemical or physical principles. Other values
may draw on existing experiment or operational experience. The probabilities for
these events were assigned after mechanistic analyses had been performed, and
considered both available probabilistic data about the phenomena and engineering
judgment. Consistent with other data efforts and program goals, the probability
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Figure 8.4 Quantification of accident sequence models
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assignments frequently involve conservative assessments with refinements of

the values that were found to be important to risk.

The external event tasks also require data such as frequencies of the natural
phenomena that initiate the accident sequences. As described previously, the data are
derived from historical information or from models reflecting historical and analytical
data.

8.2.4. Characterizing Agent Releases

The goals of APET modelling are to define the types of sequences that could result in
agent release and to characterize the sequences in sufficient detail to permit analysis of
the agent release. The factors that significantly affect a release are therefore determined,
and the APET logic is designed to explicitly reflect these factors for every release
sequence. This information can then be used to develop a source term that characterizes
a release for evaluation of consequences. The expression source term refers to the
following information characterizing a release of agent: 1) the type(s) of agent released;
2) the quantity of each type; 3) the physical state of the released agents (vapor or liquid
aerosol); 4) the rate, timing, and duration of the release; 5) the elevation of release; and
6) the time of day at which the release is possible. (Because some operations are limited
to daylight hours and because weather patterns are different day to night, it is necessary
to consider when the accident could have occurred in order to develop a reasonable
estimate of health consequences.) Taken together, these characteristics define the source
term for agent release.

Figure 8.5 illustrates the source term task. Based on the description of the accident,
a source term is defined. A source term function uses the information defining an
accident progression sequence to estimate a source term for the sequence. The source
term function can be automated through development of a computer code function in
Quantus. For purposes of development and for use as a stand-alone source term
evaluator, the source term algorithm can be developed in Excel™ spreadsheets. The
source term algorithm defines a source term for each sequence by assembling the
information needed to estimate each of the source term parameters listed previously.
The source term algorithm includes modelling necessary to specify the actual release
expected from the accident sequences. For example, the model includes an evaporation
model that determines the amount of release based on evaporation rates for the agents
and the conditions of the accident. An explosive release model is included that is used
to determine the release associated with various types of explosions. The source term
function also considers the effect of mitigation systems such as carbon filters. The
release for an accident sequence is the sum of releases from all of the phenomena and all
of the agent sources involved in the accident.

The source terms developed for each accident progression sequence form the basis
for the next steps of the analysis, including atmospheric dispersion modelling, which can
be computer-resource intensive. Because many calculated source terms have nearly
identical consequences, it can be more efficient to calculate one set of consequences that
applies to a group of similar source terms. A function is available to allow grouping of
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Figure 8.5 Characterizing agent releases

like source terms, if necessary. These source term groups are the input required to assess
consequences.

8.2.5. Estimating Consequences

The final technical evaluation step in the QRA process is the assessment of potential
public or worker health consequences. As indicated in Figure 8.6, it is necessary to
estimate health consequences for each source term. The consequences of an accident are
estimated by evaluating the dispersion of agent in the environment, determining the
population exposure to agent (doses), and estimating the probable number of persons
who would experience the health consequence of interest (in this case, fatality from
agent exposure, or increased cancer risk from exposure to mustard agent). To obtain a
probabilistic evaluation of potential consequences, the evaluation considers the
variability in weather.

The U.S. Army has developed a dispersion model contained within the Army’s
D2PC computer program[27]. The model has been incorporated in a consequence
analysis code that was originally developed for QRA in the nuclear industry; the result is
a code specifically applicable to chemical agent risk assessment. This code,
CHEMMACCS, includes the appropriate D2PC models for chemical agent in a structure
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that is suited for QRA. The CHEMMACCS code permits input of the local
population distribution and an hourly set of site-specific weather data over 1 year.

Using CHEMMACCS, public and worker health consequences for the source term
groups are calculated. The consequences include estimates of acute fatality and excess
cancers.

As indicated in Figure 8.6, there is another consequence evaluation associated with
close-in effects. To comprehensively cover worker risks, it is necessary to consider the
effects of the accident on the workers close to the accident. An atmospheric dispersion
model is not applicable in this circumstance, because workers could be affected directly
through such mechanisms as splashing or explosion. Thus, another function is used,
similar to the source term function, that estimates close-in effects. Included in the
function are calculations of inhalation or skin contact, explosive effects, and possible
exposures during cleanup of an accident. Consequences are calculated for these close-in
risk effects and then added to the consequences calculated for other workers who might
be exposed to agent as it is dispersed from the immediate area, as calculated in
CHEMMACCS.

8.2.6. Assembling Risk Results

Figure 8.7 illustrates the overall risk assessment arranged as a process from initiator
identification through risk assembly. The process of assembling the risk from thousands
of individual accident sequences is complex, but is implemented in the Quantus risk
management workstation.

The risk assembly process combines inputs and outputs from the fault tree analysis,
the APET solution, the source term analysis, and the consequence analysis. The source
term production proceeds as previously described. A source term is estimated for each
accident progression sequence. Source terms that are similar enough to produce similar
consequences may be combined into source term groups. The relationship between the
individual accident progression sequence and the source term is tracked in a set of
computer files used in the final risk assembly.

Consequences from each source term are estimated using the CHEMMACCS
dispersion model and also using a separate algorithm for close-in risks. The results of
these calculations are the numbers of various types of consequences (fatalities or
cancers) that would be expected for each accident sequence. This is the second element
of the risk equation.

The frequency and consequences associated with each sequence are combined to
estimate risk. The risks of sequences are summed to arrive at the total risk.

This description of the risk assembly process is somewhat idealized. The
consequence values described in the previous paragraphs are actually produced as curves
of probability and consequence, and the frequencies of the accident progression have
probability distributions in the uncertainty analysis.

Once the risk is assembled, the relationships of the model inputs are carefully
evaluated for insights. Insights are derived from the quantitative assessment of the
importance of various plant features, operations, or individual failures. The release
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characterization process yields insights concerning mitigation features. The
consequence assessment will also help to identify the accidents with the most significant
potential for public or worker health consequences. The risks of different activities may
also be compared. For example, the risk of the disposal processes can be compared to
the risk of continued storage. Sensitivity analyses are used to investigate the most
important aspects of the facility and its operations and highlight important uncertainties.

The QRA process also provides qualitative insights. These insights are sometimes
derived from the quantitative results, such as ranking of the relative importance of events
in the models. Given a consideration of relative risks, it is possible to derive conclusions
about the system and its operations. The QRA process itself often yields engineering
insights that are not based on quantitative assessments, but instead result from the
assembly of an integrated model of the entire process and its operations. For example,
POD development can generate insights concerning operational steps and uncertainties
in the exact nature of the activities. The integrated assessment of support systems can
suggest means to reduce common dependencies. The investigation of the systems and
operations also often identifies procedures or support information that could be refined
or improved.

8.3. Presentation of Risk Results

The QRA produces a great deal of information concerning risk. The presentation and
communication of those risks is an entire field of endeavour.

8.3.1. Discussion of Numerical Estimates of Risks

The QRA provides the U.S. Army and systems contractors with a tool for evaluating the
relative importance of equipment and operations, as measured by the risk to the public
and workers. While decision making based on the relative importance of different
contributors is a primary objective, the QRA also produces risk estimates that can be
viewed on an absolute basis. This estimate includes many numerical values that may
represent new ways of expressing risk to some audiences.

One of the ways of representing risk is the product of the frequency of an accident
(an estimate of the ratio of the expected number of times that the accident would occur
in a set of repeated trials of the process) and the severity of the consequences (e.g., how
many fatalities could be expected). Risk can be expressed as either societal [the risk to a
population as a whole (a society)], or individual (the risk to a single person within a
population). Both measures are important to decision makers who need to minimize
impact to the population while also ensuring that no individuals are unduly exposed.

Table 8.1 lists a few examples of risks, and illustrates how risks seen in everyday
life translate to numerical estimates of risk, either societal or individual. The entries are
just examples of risks—there are obviously many other risks that could be included.
The discussion also highlights the need to carefully describe the desired risk measure.
For example, the individual risk from hurricanes over the entire U.S. population
provides little insight concerning risk to the individuals most exposed. Decisions
regarding the acceptability of the risk from hurricanes should be made by considering
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TABLE 8.1 Examples of risks

Average
Societal Average
Fatality Individual
Risk Fatality Risk
Cause (per year) (per year) Discussion

Motor 49,000 2x10* Individual risk assumes 200,000,000 population is

Vehicles® exposed to motor vehicle risk.

Hurricanes® 41 2x107 Individual risk for the U.S. population as a whole.

2x10% Individual risk for the approximate 10% of the
population that are more exposed to hurricanes. One
could also calculate individual risk to coastal residents in
hurricane-prone areas, which would indicate
considerably higher individual risks.

Lightning? 141 7x 107 Individual risk assumes 200,000,000 population is
exposed to lightning. Individual risks in specific areas
would vary substantially due to differences in exposure.

Canvey 1.3 4x10° Based on the revised assessment of the risks from

Island industrial activities on Canvey Island in the United

Industrial Kingdom. In this case, societal risk is associated with

Accidents® the 33,000 residents of the island, and the individual risk
is the average individual risk for all residents.

Notes: a = Societal risk data from Cohen, 1991; b = Canvey results from Safety and Reliability Directorate,

1981.

the individual risk near specific locations. The last entry in Table 8.1 is an estimated
risk value, based on a QRA of industrial activities on an island in the Thames River in
the United Kingdom. This is provided as an illustration of how QRA results can be used
to examine risks to a very specific population. In this case, the societal risk is limited to
the island’s residents.

Table 8.1 does not provide all the necessary insights on risk, however, because it
does not directly indicate the magnitude of the consequences associated with individual
accidents. Accidents that happen very infrequently but that yield large numbers of
casualties may have the same numerical average risk value as those that happen
relatively often with comparably fewer casualties. Average risk values combine all
accidents and, in the process, important insights may be lost. For example, although
hurricanes result in 41 deaths per year on the average (based on casualty data from the
recent past), a decision regarding the acceptability of hurricane risk might also focus on
the fact that about once every 100 years a hurricane could result in approximately 10,000
deaths. However, advances in storm tracking and emergency management make it
unlikely that 10,000 deaths would occur in any current U.S. hurricane. Risk is typically
illustrated on a complementary cumulative distribution function (CCDF) plot indicating
frequency of exceedance (i.e., frequency of exceeding a given level of consequence)
versus number of consequences. Figure 8.8 is such a plot, which shows how often a
given level of consequence might be expected for some common risks.
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Exceedance Frequency (Events per Year)

Interpretation of these curves must include consideration of the data used to produce
them. As discussed in the previous paragraphs, the hurricane curve shows that the
frequency of exceeding 10,000 deaths in the United States is approximately 1 in 100.
The upper end of the curve, however, is formed from events that occurred in the early
part of the 20th century, and it is likely that the current annual probability of exceeding
10,000 deaths is much lower than 1 in 100. Thus, while the average of the hurricane
curve in Figure 8.8 would indicate an expected number of several hundred deaths per
year, the recent statistical evidence supports a lower value. Note that a curve indicating
historical frequency of exceeding various sizes of hurricanes would probably be
reasonably accurate; it is prediction and evacuation capabilities that have changed
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8.3.2. Presentation of Risk Results for the Chemical Disposal
Facilities

Risks to the public and workers are presented for the chemical disposal facilities in
terms of acute fatalities for all agent types and exposure-induced cancers for mustard
agent. Acute fatality is death from agent exposure associated with an accidental release.
Acute refers to the fact that the death occurs soon (within days) after the exposure, as
opposed to any potential for effects, such as cancer, that could cause death a long time
after exposure. The risk of acute fatality is described as the frequency of fatalities over
the duration of interest. In risk studies of industries such as nuclear power, risk is
usually described as the frequency of fatalities per year. Per-year results are also
provided for the chemical disposal facilities, but the other emphasis is “frequency over
the facility or campaign lifetime.” (A campaign is a period of processing devoted to one
type of disposal activity. Because most sites have several types of munitions with
different agents, there are several campaigns.) This presentation allows an integrated
examination of risk on a campaign-by-campaign basis and also allows calculation of risk
for the entire disposal effort.

The public is defined as any member of the surrounding community that could be
affected by the accident. Although effects would only be expected close to the facility,
the calculations are conducted out to 100 km (60 miles) to ensure completeness. In
addition to public risk, risk is also calculated for workers. The worker risk is further
refined into risks for two groups: 1) Disposal-Related Workers, defined as workers
within (or just outside) the security fences surrounding the disposal facility and storage
yard and 2) Other Site Workers, defined as workers who are not within the previous
category. The risk measures used in QRA studies are summarized in Table 8.2.

As described previously, risk to the public is calculated and reported as either
societal or individual. Societal risk is calculated over an entire affected population as a
whole. Individual risk is societal risk divided by the number of persons in the
population at risk. Individual risk represents the risk to an individual in the population at
risk. The individual risks are calculated for groups residing within various distance
intervals from the facility.

These two different measures are provided because they can both be useful for
decision makers. For example, when making decisions regarding safety programs, it
may be useful to know that approximately 1,000 vehicle accident deaths occur each year
in some U.S. states (societal risk). It is also useful, however, to know how likely it is
that an average individual would die in a car accident—1,000 deaths per 4.3 million
people in that state or 0.00023 (2.3 x 10™) deaths per person per year. The per-person
death rate is generally used to compare to other causes of death and to gain an
understanding of how a specific risk is likely to affect a specific population.
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TABLE 8.2 Summary of risk measures and population types

Measure

Description

Societal Acute
Fatality Risk

Probability of death over a unit time? in the surrounding population from
one-time exposure associated with a postulated accidental release of
chemical agent. Any death would occur soon after the exposure.” Public
risk includes people who could be affected up to 100 km from the point of
release. Societal risks are also provided for specific subpopulations, such
as societal risk to those people residing within various distance intervals
from the site. When this measure is applied to workers, societal refers to
the total population of workers.

Individual Acute
Fatality Risk

Probability of death over a unit time® per individual in an affected
population. It is calculated as the appropriate societal acute fatality risk
divided by the population of interest. Individual risks are often calculated
for subpopulations residing within various distance intervals from the site
(e.g., individual risk for persons living between 5 and 10 km from the site).
Individual risks for the facility and site workers are also calculated.

Societal Latent
Cancer Risk

Probability over a unit time? of cancers occurring in the future in the
surrounding population from one-time exposure associated with a
postulated accidental release of mustard agent.” Public risk includes
people who could be affected up to 100 km from the point of release.
Societal risks are also provided for specific subpopulations, such as
societal risk to those people residing within various distance intervals from
the site. When this measure is applied to workers, societal refers to the
total population of workers.

Individual Latent

Probability over a unit time® per individual of cancers occurring in the

Cancer Risk future in the surrounding population from one-time exposure associated
with a postulated accidental release of mustard agent.® It is calculated as
the appropriate societal latent cancer risk divided by the population of
interest.

Population Description

Public Census-based population residing up to 100 km from the facility that

contains the chemical dipsosal and munitions storage area.

Disposal-related
workers

People working within the chemical disposal facility and storage area
security fences, plus those workers in offices just outside the fence. Also
included are those workers responsible for retrieving the munitions from
storage for delivery to the facility.

Other site workers

People working at the site who are not in the disposal worker category as
described above.

Notes: a = For this report, the unit time is the total duration of processing, unless otherwise noted; b =
There are no nonacute (latent) effects (such as cancer) for nerve agent that would cause death after an
extended duration from the postulated exposure.
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One value presented for societal risk is a statistical quantity called expected
fatalities. The annual expected fatality risk for automobiles would be approximately
1,000 in a state, because about 1,000 people die each year. Because accidents involving
chemical weapons are very unlikely, the QRA is used to estimate expected fatalities.

These examples illustrate the information that may be associated with a value
quoted as the risk. QRA studies typically present cumulative distribution functions,
because they provide more information concerning severity as a function of probability.

8.4. Application to Cold War Legacy Facilities

The chapter describes a full-scale QRA effort. As with most techniques, it is possible to
scale the assessment to satisfy budgetary or schedule constraints. Although Quantus
greatly facilitates the creation, maintenance, and use of a QRA model, most of the
analyses can be done using spreadsheets, especially for simple systems.

QRAs provide a structure to conduct integrated accident analyses of complex
processes. Their strength lies in the ability to assess situations and the associated
uncertainty for which little data exist. Additional benefits include:

e  An ability to assess the relative risks of multiple sites to determine a priority in
cleanup or disposal activities

e A basis for evaluating competing technologies and assessing their ability to meet
risk management requirements

e  An ability to evaluate details of a selected process and identify weaknesses

e Use as an integral tool in a comprehensive risk management program.
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9. Environmental Radiation Dose
Reconstruction for U.S. and Russian Weapons
Production Facilities: Hanford and Mayak

Another way to look at Cold War legacies is to examine the major environmental
releases that resulted from past operation of Cold War-related facilities for the
manufacture of nuclear weapons. Examining these historical releases and the resultant
radiation dose to individuals living near these facilities is called environmental dose
reconstruction. Dose reconstructions have been performed or are underway at most
large Cold War installations in the United States, such as the Hanford facility, several
are also underway in other countries, such as at the Mayak facility in Russia. The
efforts in the United States are mostly based on historical operating records and current
conditions, which are used to estimate environmental releases, transport, and human
exposure. The Russian efforts are largely based on environmental measurements and
measurements of human subjects, environmental transport modelling, when conducted,
is used to organize and validate the measurements.

Past operation of Cold War-related facilities for the manufacture of nuclear weapons has
resulted in major releases of radionuclides into the environment. Reconstruction of the
historical releases and the resultant radiation dose to individuals in the public living near
these facilities is called environmental dose reconstruction. Dose reconstructions have
been performed or are underway at most large Cold War installations in the United
States; several are also underway in other countries. The types of activity performed, the
operating histories, and the radionuclide releases vary widely across the different
facilities. The U.S. Hanford Site and the Russian Mayak Production Association are
used here to illustrate the nature of the assessed problems and the range of approaches
developed to solve them.

Different approaches to dose reconstruction have been taken at the Hanford Site and
at Mayak. The U.S. efforts are mostly based on historical operating records used to
estimate environmental releases, transport, and human exposure. Historical
environmental measurements have been used to validate the models. The Russian
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efforts are largely based on environmental measurements and measurements of
human subjects. Environmental transport modelling, when conducted, is used to
organize and validate the measurements.

Of the dose reconstruction projects that have been conducted in the United States,
the Hanford effort was by far the most expensive. This Hanford effort was the first
major dose reconstruction related to Cold War activities that was undertaken in the
United States. As such, the project had to define new processes for both scientific
analysis and public involvement in that scientific analysis. The approaches and computer
tools developed in the Hanford effort have been used in subsequent dose reconstruction
at other sites in the United States.

The following overview of these dose reconstruction projects includes a
comparative discussion. These approaches to defining dose and its uncertainty should be
carefully studied by those planning new reconstruction efforts. Also the references to
specific computer models will help define the types of such tools that may be needed.

9.1. U.S. and Russian Production Facilities

In 1943, the U.S. Army Corps of Engineers selected an area of nearly 1450 km?, in
semiarid southeastern Washington State, to produce plutonium and other nuclear
materials supporting the United States’ effort (known as the Manhattan Project) in
World War II. This area, called the Hanford Site, was used for uranium fuel preparation,
nuclear reactor operations, fuel reprocessing, plutonium recovery, and waste
management operations (Figure 9.1). Nine nuclear reactors for the production of
plutonium were eventually constructed. Reactor operations began in 1944; the last
production reactor was placed in cold standby in 1987. Additional support facilities
were constructed in the 1940s and 1950s; some of these facilities continue to operate.
There are 149 single-shell tanks and 28 double-shell tanks for the storage of high-level
radioactive wastes. Hanford Site operations developed and changed as U.S. defence
needs and the understanding of nuclear energy changed. The Hanford Site operated
from 1944 through 1988; releases were highest in the early years to the atmosphere and
during the late 1950s through mid-1960s to surface water, primarily the Columbia River,
which flows through the Site.

In what was then the Soviet Union, construction of the Mayak facility began north
of the city of Chelyabinsk in November 1945; the first reactor became operational in
June 1948 (Figure 9.2). The complex covers an area of about 90 km’ and currently
employs about 17,100 people. There used to be six reactors at Mayak for the production
of weapons-grade plutonium. Of these, five were graphite moderated while the sixth
was originally heavy-water moderated. The graphite-moderated reactors have now been
shut down; the heavy-water reactor was later modified to a light-water reactor and
remains in operation today. A seventh reactor is also operational for civilian isotope
production. Other facilities currently operating include a reprocessing facility, a
vitrification plant for liquid wastes, and about 100 storage tanks for high-level waste.

The designs of the main Russian plutonium production reactors are similar to the
U.S. reactors at the Hanford Site (Figure 9.3). Both U.S. and Russian reactors were
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Figure 9.1 Location of the Hanford Site and the Hanford Environmental Dose Reconstruction (HEDR) study
area in the Pacific Northwest of the United States
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Figure 9.3 B and C reactors in the early days of the Hanford Site in southeast Washington State

directly cooled with surface water that was returned to the water body from which it
came. However, the initial Mayak reprocessing facility differs in many respects from its
U.S. counterparts. The first U.S. plants used a bismuth phosphate process, which was
replaced later with the “REDOX” and then the “PUREX” processes. Plant “B,” the first
Russian reprocessing plant, used an acetate precipitation process to separate the
plutonium from the uranium, and then the plutonium was purified by precipitation out of
fluoride solutions (this plant ran from 1949 through 1960). A variant of this process was
used in the second plant (Plant “BB”) from 1959 through 1987. A third plant, RT-1,
which is still operational, began processing in 1972.

The procedures used for waste management also differed greatly between U.S. and
Russian facilities. The Hanford Site had more long-term waste storage whereas Mayak
had more direct releases to the environment. The plant processes and waste
management differences not withstanding, both facilities released radioactive and
chemical materials to their local environments.

Near the Mayak facility, water flows from a series of lakes at the foot of the Ural
Mountains through the Techa River to the Iset River, a distance of about 240 km. In the
late 1940s and early 1950s, the Techa River (Figure 9.2) was used as a discharge point
for low-level and intermediate-level liquid radioactive wastes. However, accidental
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releases of highly radioactive wastes also occurred, primarily between March 1950
and November 1951. Total releases were about 76 million m’, with a total activity of
about 1 x 10" Bq (3 million Ci), of which about 98% was released during that time
period[1]. Activity of the released waste was defined, mainly, by emissions from the
fission radionuclides, which possess half-lives of from some days to dozens of years.
The discharged material was inferred to have had an average age of fission products
(from cessation of irradiation to time of release) of roughly 1 year.

The actions to minimize spread of contamination were primarily implemented in the
region between Lake Kyzltash at the headwaters of the river and just below the
confluence of the Mishelyak River. The reactor operating areas are situated around
Lake Kyzltash. The reactor operations result in some release of primarily short-lived
radionuclides to the lake and thus to the upper river. Releases of low-level and
intermediate-level liquid wastes from the reprocessing plant occurred at the discharge
point at the indicated location. Discharges of waste tank cooling water also occurred at
this point, along with the accidental releases, which went with the cooling water.

In 1951, the magnitude of the accidental releases to the Techa River was discovered. At
this time, the bulk of the releases were shifted away from the Techa River into the Lake
Karachai, a closed lake with no surface water outlets. From 1951 through about 1953,
the villages of Metlino and Techa Brod, as well as several others further downstream,
were evacuated.

The continuing flow of water from the upstream lake system through the ponds on
the Techa River resulted in continuing transport of the contamination downstream.
Therefore, the river flow system was extensively modified in 1956. This modification
included construction of Reservoir 10 on the Techa River and a series of bypass canals
to reroute most of the water flow away from the contaminated ponds (see Figure 9.2).
The left bank canal routes most of the outflow from the upper lake system around the
Mayak area. This canal is also connected to Lake Bernadesh to the north, through which
water from the upper lake area was routed around Reservoir 10 to minimize the flow
through the upper portion of the left bank canal. These actions change the nature of the
upper Techa River, which complicates the analysis of the quantity and distribution of the
release[2].

A second major accident occurred at Mayak in 1957: the so-called “Kyshtym
explosion,” which occurred in a waste storage tank. This accident released an additional
7 x 10" Bq of radioactivity into the environment. A portion of this activity fell into the
Techa River drainage area, and, in particular, some fell into the catchment of Lake
Bernadesh, which had been incorporated into the hydraulic bypass canals around the
upper Techa.

An additional dam and reservoir, Number 11, were added to the lower system in
1963. The left and right bank canals were extended at this time. An additional dam was
added on the northernmost canal from Lake Bernadesh to prevent backflow into Lake
Irtyash; routine drainage from Lake Bernadesh into the left bank canal was stopped. The
intent of the entire upper Techa River reservoir system is to prevent flow of
contaminated water out of the area. Under high water conditions and with special
permission, releases from Lake Bernadesh were allowed to mix with associated releases
to the Techa River. Some leakage of water occurs from the lakes into the canals and
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through the foot of Dam 11, also resulting in releases to the Techa. Residual
contamination in the Azanov Marshes, caused by the initial releases, also continues to
leach into the river. Some radionuclides are also being transported through ground water
from the Mayak site to the Mishelyak River and canal.

9.2. Approaches to Dose Reconstruction: The Hanford
Environmental Dose Reconstruction Project

The Hanford Environmental Dose Reconstruction (HEDR) Project was initiated as a
result of public interest in the historical releases of radioactive materials from the
Hanford Site. Over 38,000 pages of environmental monitoring documentation from the
early years of Hanford operations had been released to the public during 1985 and 1986.
A special committee, the Hanford Historical Document Review Committee, was
convened to review the documents and assess the significance of the data contained.
This review was completed with a recommendation that potential health effects from
these releases should be assessed to determine what other actions might be deemed
appropriate. A second committee, the Hanford Health Effects Review Panel, was
convened and completed its work by proposing about three dozen recommendations.

Two of those recommendations were to initiate a thyroid disease epidemiological
study and to initiate a dose reconstruction study. The HEDR Project was initiated by the
U.S. Department of Energy (DOE) in October of 1987. The Pacific Northwest National
Laboratory, operated by Battelle Memorial Institute, was assigned the work. In early
1986, an 18-member, independent Technical Steering Panel (TSP) was formed to direct
the work. The Hanford Thyroid Disease Study was initiated shortly thereafter by the
Centers for Disease Control and Prevention (CDC) through a contract with the Fred
Hutchinson Cancer Research Center in Seattle, Washington. The management of the
HEDR Project was transferred to the CDC in 1992 under a memorandum of
understanding between the DOE and the Department of Health and Human Services.

All aspects of the work—planning, budgeting, performance, and review—were
conducted in a forum open to public participation and scrutiny. Communication of
plans, progress, and results of work was a key and significant objective of the project.
The scope of work included the search for and retrieval of historical operations and
monitoring information, and demographic, agricultural, and lifestyle information
necessary to 1) reconstruct source terms, 2) model environmental transport in the
atmosphere and the Columbia River, 3) model transport and accumulation of radioactive
materials in environmental media and food products, 4) determine food consumption and
lifestyle patterns, and 5) estimate doses to real and representative individuals who may
have lived near Hanford during its operation.

The key objective of the project was to estimate the radiation doses that real and
representative individuals may have received from releases of radioactive materials from
historical operations at the Hanford Site. Dose estimates include the uncertainties of
information, such as the lack of information, regarding facilities operations,
environmental monitoring, demography, food consumption and lifestyles, and the
variability of natural phenomena. Other objectives of the project included[3]:
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¢ Developing an integrated system of state-of-the-art computer codes with
databases that can be used to calculate doses from several radionuclides released to
the atmosphere and surface water to people of both sexes and different age groups,
at different times, in different locations, eating various foods, and living various
lifestyles.

e  Supporting the Hanford Thyroid Disease Study through calculation of cumulative
doses to the thyroid of about 1,200 individuals who were born in the mid-1940s in
the three immediately downwind counties.

e Searching for, retrieving, evaluating, and declassifying (if necessary) Hanford-
originated documents and information needed to reconstruct doses, and making this
information available to the public.

e  Performing high-quality, technically defensible, and credible science that would
instil confidence and trust in the public and was acceptable to the technical
community.

e Conducting the project in an open, public forum where individuals who have an
interest in the project can acquire the information they want and need and participate
in planning, conduct of work, and decision-making processes.

Meeting all project objectives required innovation, dedication, and persistence on
the part of management, technical contributors, and the public. Science in a fish bowl
takes on new meaning when the public and their representatives are invited to openly
and fully participate in all activities. The TSP was made up of technical experts,
representatives of state governments, a representative of Native American tribes, and a
representative of the public. For the first 5 years of the project, the TSP was literally
independent and exercised full responsibility for directing the study. The DOE
commissioned the formation of the panel because of the pubic outcry of conflict of
interest on their part. When the spectre of conflict of interest was not eliminated,
management of the project was transferred to the Department of Human and Health
Services. The TSP was maintained in the new contract, with Battelle as the Technical
Director of the contract.

Battelle also opened its doors to the public in an unprecedented way for the project.
Dr. William R. Wiley, then Laboratory Director, personally invited any person with
interest in the project to visit the laboratory and discuss the ongoing work with the
scientists and engineers performing the work. Workshops conducted to discuss technical
approaches and to resolve key issues were open to the public and questions and
comments were recorded and responded to. The public was invited to review draft
reports, and individual comments were responded to and included in the final reports.
Any working papers or other preliminary materials provided to the TSP, regardless of
state of development, were available to the public. No information or communication
between Battelle and the TSP was reserved from the public.

The initial phase of the project demonstrated the feasibility of dose estimation[4,5].
However, analysis of the initial dose estimates, based on available data and models,
revealed several weaknesses in the approach used for modelling[6,7]. As a result,
environmental dosimetry was substantially advanced. The final codes use a set of source
term, transport, environmental accumulation, and dose models that are intimately linked,
allowing transfer of information in such a way that spatial, temporal, and distributional
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characteristics of the data can be transferred across models. The following
subsections describe these codes in more detail.

9.2.1. HEDR Source Terms

Source terms for the HEDR Project came primarily from atmospheric releases and
releases to the Columbia River. Each type had unique codes associated with it.

Atmospheric Source Terms

Scoping studies indicated that the primary radionuclide of interest from the atmospheric
pathway was iodine-131[8]. The project relied on original records generated during the
time period under study. These records were supplemented with other reports and
summaries. Knowledge of the physical processes, monitoring techniques used, and
completeness of records allowed the uncertainty to be estimated for each value. The
project generated estimates of the iodine-131 releases on an hourly basis for 1944
through 1949; releases were estimated on a monthly basis for 1950 to1971.

The creation of iodine-131 in the reactors was calculated from reactor daily power
records and took into account the day-by-day changes in the amount of iodine-131
present in the fuel. When irradiated fuel is discharged from the reactors, iodine-131
decays with an 8-day half-life; the decay time, known as cooling, was inferred from
records showing when fuel was discharged from the reactor and when it may have
entered the dissolving process.

Dissolving the fuel in the separations plants was a two-step process. First, the
aluminium cladding was dissolved with a caustic solution of sodium hydroxide, then the
fuel was dissolved with nitric acid. The iodine-131 was released during this step and
also during processing steps after dissolving. Detailed plant records on the dissolution
of batches of fuel were correlated with reactor discharge records to determine the
amount of iodine-131 present during dissolving. The fraction of iodine that was released
directly to the stack as well as during subsequent processing was taken into account.
The estimated amount of iodine-131 along with other radionuclides of interest released
to the atmosphere between 1944 and 1947 are summarized in Table 9.1[9,10]. The
estimated total release of iodine-131 from 1944 to 1971 is 2.8 x 10'® Bq (760,000 Ci).
Because of the wealth of original documentation and redundant sources, there is a high
degree of confidence that the actual values fall within the computed ranges.

The source term release model[10] provides estimates of the hourly releases to the
HEDR computational system. Uncertainties in the actual amounts released are
addressed through use of multiple Monte Carlo simulations, each of which represents an
alternative release history that is consistent with existing knowledge. Together, these
alternative release histories represent the range of releases that could have occurred.
One hundred separate realizations of the complete hourly release history were prepared
with this source term code. Thus, the uncertainty in the amount of each hourly release is
represented by a distribution of possible released amounts.
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TABLE 9.1 Mean estimated monthly iodine-131 releases from Hanford separations plants,

1944-1947 (Ci/month)

Month 1944 1945 1946 1947
January 1,221 11,753 6,158
February 2,126 7,399 3,335
March 2,082 7,952 5,617
April 28,746 11,680 4,853
May 74,482 13,820 3,989
June 46,466 4,609 1,652
July 47,036 5,558 2,297
August 72,090 8,642 1,249
September 88,682 7,670 1,206
October 92,066 4,819 472
November 37,752 5,525 261
December 2,139 62,340 7,398 261
Total 2,139 555,089 96,284 31,848

Columbia River Source Terms

The Columbia River passes through the Hanford Site and served as the source of cooling
water for the original plutonium production reactors. The river water was drawn directly
through the reactor core and returned to the river after a short retention time. The
Columbia River is the major pathway for water-borne radionuclides. Radionuclide
composition and activity level in the discharged cooling water varied considerably as a
result of several factors[11], including the number of reactors and their power levels,
seasonal changes in the parent elements in the raw river water (i.e., the elements
activated as they passed through the reactor core), chemicals used in water treatment,
corrosion rates of piping and fuel element cladding, occasional purging of radioactive
film from reactor components, and the length of time effluent was retained in basins
before discharge. Another factor was radionuclide releases from episodic fuel element
failures. The wide variations in these factors, together with the hydrographic variables
of the Columbia River and dam construction, produced a complex combination of river
water and reactor effluent during the years of reactor operation. Scoping studies have
indicated that the radionuclides of greatest interest to the HEDR Project are zinc-65,
phosphorus-32, sodium-24, neptunium-239, and arsenic-76[12]. These radionuclides
provide about 94% of radiation doses to people using the river. Chromium-51
emissions, although insignificant to dose, were reconstructed to serve as information for
model validation purposes. Table 9.2[9,10] summarizes the releases of the radionuclides
of interest.

The source term river release model[ 10] provides estimates of the monthly releases
to the HEDR computational system. Uncertainties in the actual amounts released are
addressed through use of multiple Monte Carlo simulations, each of which represents an
alternative release history that is consistent with existing knowledge. Together, these
alternative release histories represent the range of releases that could have occurred.
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TABLE 9.2 Total releases of radionuclides to the Columbia River from Hanford reactors,

1944-1971
Radionuclide Curies released Half-life
Sodium-24 12,582,196 15 hours
Phosphorus-32 229,239 14.3 days
Zinc-65 409,993 245 days
Arsenic-76 2,519,734 26.3 hours
Neptunium-239 6,309,150 2.4 days

Approximately 100 separate realizations of the complete monthly release history was
prepared with this source term code. Thus, the uncertainty in the amount of each
monthly release is represented by a distribution of possible released amounts.

9.2.2. Environmental Transport Modelling

The environmental transport models are linked directly to the source term model outputs.
Each is designed to continue the stochastic simulation begun at the source term level.

Atmospheric Transport

The model developed for the HEDR atmospheric transport calculations is called the
Regional Atmospheric Transport Code for Hanford Emission Tracking (RATCHET)
[13,14]. The RATCHET computer code is a Lagrangian-trajectory, Gaussian-puff
dispersion model. Sequences of Gaussian puffs are used to represent plumes released
from ground level and elevated sources. Time-integrated air concentrations and surface
depositions are calculated at nodes in the model domain by summing the contributions
from puffs as they move past the nodes. Movement, diffusion, and deposition of
material in the puffs are controlled by wind, stability, precipitation, and mixing-layer
depth fields that vary in both time and space.

The current project model domain extends about 500 km from north to south and
400 km from east to west. Geographically, the area covered extends from central
Oregon State to northern Washington State, and from the crest of the Cascade Mountains
to the eastern boarder of northern Idaho State. The area includes essentially all of the
region known as the Columbia Basin and is bounded on all sides by mountains or other
highlands.

Atmospheric transport, diffusion, and deposition calculations are based on observed
meteorological data. Data are available for about 25 reporting stations in or near the
model domain. RATCHET prepares fields for the entire domain by interpolating the
observations from the stations to a gridded coordinate system. The model is capable of
treating four types of material-noble gasses, non-reactive gasses, particulates, and
reactive gasses. lodine is treated as a special type of material; it may be partitioned into
reactive gas, nonreactive gas, and particulate components. RATCHET treats uncertainty
in three ways. Uncertainties in wind direction, wind speed, atmospheric stability class,
Monin-Obukov length, precipitation rate, and mixing-layer height are treated explicitly
within the code. Uncertainties in surface roughness length, source terms, and
partitioning among physical and chemical forms are treated explicitly in the model input.
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The explicit treatment of uncertainty in the variables and parameters leads to
implicit treatment of uncertainty in all model calculations using these variables and
parameters.

Columbia River Transport

The model used for analysis of transport of radionuclides in the Columbia River is called
WSU-CHARIMA. The CHARIMA code[15] is a commercial surface water hydrology
and sediment transport model; WSU-CHARIMA is an adaptation created at Washington
State University. It uses daily river discharge and water surface elevation data to predict
dilution and travel time to downstream locations. The model is basically one-
dimensional, but the HEDR Project has added empirical corrections for lateral dispersion
at some locations near reactor outfalls.

The river source term release model prepared 100 realizations of the monthly time-
history of the Hanford Site releases. The project used the CHARIMA model in a
deterministic sense and prepared 100 realizations of the downstream concentrations of
radionuclides in water without varying the parameters of this transport model[16].

Terrestrial Environmental Transport

The environmental accumulation model provides Dynamic Estimates of Concentrations
and Accumulated Radionuclides in Terrestrial Environments (DESCARTES)[17]. The
DESCARTES model tracks and estimates the accumulation and transfer of radionuclides
from initial atmospheric deposition and interception through various soil, vegetation, and
animal products compartments. This model contains a set of four coupled linear
differential equations that give the model its dynamic nature, generating daily soil and
vegetation concentrations. Other portions of the model use these daily concentration
data and equilibrium-type equations to estimate time-dependent radionuclide
concentrations in animal products. The model also performs ancillary estimates required
by the core estimations. Environmental concentration data needed by the subsequent
individual dose model are stored in large binary files.

The model function may be visualized as a series of sequential operations. The
biomass submodel generates daily biomass values for each plant type modelled. These
values are then used in the soil and vegetation submodel to determine the daily
concentrations of radionuclides in soil and vegetation. Results are estimated for every
grid node, providing the concentration in vegetables, grains, and fruits directly
consumed by people and in plants (grass, alfalfa, silage, grain) used for animal feed.
Animal feed concentrations are then used to determine concentrations in animal products
(beef, venison, poultry, eggs, milk), also on a grid basis. Finally, the radionuclide
concentrations in commercially distributed vegetables and milk are estimated.

The commercial food distribution systems were reconstructed from records and
reports available from the U.S. Bureau of Census, the Washington State Dairy Herd
Improvement Association, the Washington State Dairy Products Commission, and other
governmental and dairy industry organizations[18]. These sources provide some
information on the amount of milk produced and sold in each county, the locations of
individual dairies and distributors, and dairy industry practices in the 1940s. Additional
information was obtained through discussions with dairymen, farmers, ranchers, and
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agricultural extension agents. These key contacts provided information that was
then supplemented and organized by local experts into a detailed source/distribution
network by project domain grid cell. A similar undertaking was needed for the
distribution system for fresh leafy vegetables[19].

Like the preceding source term and transport models, the DESCARTES code
creates 100 realizations of the environmental conditions at each node for each time step.
Values of radionuclide concentrations are stored for later use by the individual dose
model.

Aquatic Pathway Modelling
Aquatic organisms in the Columbia River were extensively monitored during the latter
years of Hanford Site operations. Many thousands of river water and fish samples were
collected. The HEDR Project has catalogued this information and used it to develop
location-, seasonal-, and species-dependent bioconcentration factors[20]. The
bioconcentration factors were developed for three types of resident freshwater fish;
omnivors, first-order predators, and second-order predators. Factors were also
developed for ducks and other birds that might have been contaminated via the
Columbia River pathway and hunted by sportsmen in the area. The Columbia River
supports major stocks of anadromous salmon and steelhead. These fish return to the
river to spawn. However, the limited monitoring data indicate that they do not eat while
returning upstream, and so their radionuclide concentrations are representative of the
portions of the Pacific Ocean where they lived before returning to the Columbia River.
Annual estimates of concentrations of radionuclides were assembled and used for
estimating doses for all locations along the river for people who caught and ate salmon
or steelhead. Because of the sparse data, an upper-bound concentration was assumed
based on the bioconcentration factors for fish near the top of the aquatic food chain.
Along the Columbia River downstream of the Hanford Site, only the three large
towns immediately adjacent to the Site (Richland, Kennewick, and Pasco) used
Columbia River water for domestic drinking water[21]. Drinking water, and potential
for removal of radionuclides by municipal water treatment plants, was also considered.

9.2.3. Individual Dose Modelling

The primary purpose of the HEDR modelling effort was to prepare a complete system by
which individuals may receive estimates of their doses from past Hanford Site
operations. The project estimated doses for representative individuals who lived in the
project domain. Doses have been estimated for real individuals included in the Hanford
Thyroid Disease Study. Doses for other real individuals who request them are being
calculated with the same models through a separate project run by the states of
Washington, Oregon, and Idaho called the Individual Dose Assessment project.

In the individual dose models, the human receptor is introduced into the estimations.
The terrestrial dose model CIDER[17] calculates dose for four pathways: submersion in
contaminated air, inhalation of contaminated air, irradiation from contaminated surfaces,
and ingestion of contaminated farm products and vegetation[22]. The CIDER code
treats people differently as they age, including during prenatal and nursing periods. The
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Columbia River Dosimetry[23] model calculates dose via water immersion,
drinking, and consumption of resident fish, game birds, salmon, and ocean shellfish.

9.2.4. Uncertainty and Sensitivity Analyses

The HEDR Project included concepts of uncertainty and sensitivity analysis from its
inception[24]. A definitive uncertainty and sensitivity analysis plan [25] was prepared
and peer reviewed to guide these analyses.

Uncertainty analyses have been conducted for essentially all dose estimates. These
analyses lead to the most appropriate interpretation of the estimated doses because they
provide a measure of the precision of the estimates. A Monte Carlo technique was used to
estimate all dose uncertainties because it can be applied consistently across all the HEDR
models, because it is cost effective and accurate, and because it is the appropriate
technique for such complex models. The sampling strategy used was Latin Hypercube
stratified random sampling for those model parameters that were infrequently sampled.

For those parameters that were frequently sampled, for instance on a daily basis, simple
random sampling was used.

Sensitivity analyses were performed on all HEDR estimating models. Sensitivity
analyses provided a method for 1) effectively interpreting the dose estimates, and 2)
prioritising individual parameters according to the uncertainty they contribute to the
estimated doses. The results of the sensitivity analyses allowed development of the most
cost-effective strategy for evaluating the uncertainties in the value of model parameters.
Sensitivity analyses were performed using measures from multiple regression
(coefficient of partial determination and the standardized regression coefficient).
Multiple regressions were performed on both the original parameter values and the rank
transformed values. Multiple regression was cost-effective because the software was
readily available and the approach was not labour intensive. The appropriateness of the
multiple regression approach was measured with the coefficient of determination. For
the HEDR codes, sensitivity analyses using multiple regression were successfully
demonstrated for DESCARTES and CIDER. When the coefficient of determination was
small, sensitivity analyses were performed by holding subsets of the parameters constant
and measuring the reduction in the uncertainty for each subset. For the complex set of
HEDR models, the sensitivity analyses were done hierarchically, starting with the dose
results and working backward through the various pathway, transport, and source term
models.

9.2.5. HEDR Model Validation

Validation can be said to consist of four steps: peer review of the models as they are
being developed, verification of the computer implementations as the codes are
developed, verification of the assumptions and parameters going into the codes, and
comparisons of the results to actual measurements. The HEDR models were subjected
to numerous reviews by the TSP and others (e.g., TSP/CDC review of the RATCHET
code, extensive discussions with the TSP during the development of the surface water
modelling effort). Independent testing of the various codes was completed and
documented to ensure correct implementation of the models. The assumptions and
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parameters were published separately and have continued to undergo review. A
pre-approved plan was developed and implemented for comparison of calculated
estimates with historical measurements.

The HEDR models are used to estimate the potential for radiation dose to
individuals living in a large spatial area, over long periods of time, by a number of
potentially important exposure pathways. It would be highly desirable to validate the
various models at points throughout the spatial domain, in areas of high deposition, light
deposition, and sporadic or minimal deposition. It would be desirable to observe the
variation in time of radionuclide concentrations in each of the pathways at these various
locations. A high level of coverage of the various space/time/pathway combinations
used in the primary dose calculations would lead to the most rigorously defensible
validation. Data are not available to support such an ambitious validation program.
Contemporaneous data do not address all the necessary pathways, over space or over
time, needed to provide a complete validation. The data sets that were selected for
validation were chosen to provide the best examples of coverage of the domain in time,
in space, and for as many pathways as possible. The tests defined provided a reasonable
set for the needs of the project, and sufficient coverage of the spatial, temporal, and
pathway variables was achieved for the demonstration of the adequacy of the HEDR
approach and implementation.

Evaluation of the results of the validation tests was a necessary component of the
validation[26,27]. The general HEDR philosophy was to compare the estimated values
of dose, or of the surrogate measurement closest to dose available (e.g., concentrations
of radioiodine in sagebrush), with measurements. The purpose was to understand the
differences between the estimated doses and the measurements. Thus, the statistical
methods used were aimed at describing these differences so that the causes could be
understood and recommendations for any improvements made.

9.3. Approaches to Dose Reconstruction: The Techa River
Dosimetry System 2000

There were 40 villages on the Techa River downstream from the Mayak Production
Association when the discharges occurred (see Figure 9.2). The population of the
contaminated territories was chronically exposed to external and internal irradiation.
Villagers were exposed through a variety of pathways; the more significant included
drinking water from the Techa River and external gamma exposure from proximity to
the Techa River bottom sediments and shoreline[28]. After the extent of the
contamination of the Techa River became known, all villages on the upper part of the
Techa River (<78 km from the site of release) were evacuated. Some villagers on the
lower part of the Techa have remained in their homes up through the present time
(Figure 9.4).

In 1968 the Techa River Registry was created with the goal of including residents of
the Techa riverside villages who lived there during the periods of high exposure from
1949 through 1952. Twenty-five thousand persons who lived in these 40 villages during
the period of the larger releases and for whom residence records were available were
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Figure 9.4 Techa River valley

enrolled in a fixed cohort known as the original Techa River Cohort (TRC). In addition,
5,000 persons who migrated to the villages after the main period of exposure, but before
1960, have been added to form the Extended Techa River Cohort (ETRC). This
extended cohort consists of 30,000 persons from whom subcohorts are being drawn for
epidemiological studies and for whom it is desirable to calculate individual internal and
external doses. Study of this population will likely provide a good opportunity to
determine whether a dose-rate-reduction factor exists for the induction of cancer in
human populations. The TRC is one of a few that represents an unselected population;
the presence of two distinct ethnic groups (Russians and Tartars-Bashkirs) also provides
the opportunity to examine the population variability of risk factors.

Historical evidence indicates that the main contributor to internal exposure among
the radionuclides released into the Techa River was strontium-90, which is accumulated
in bone tissues and retained for many years. In vivo beta-ray measurements, which have
been performed since 1959, on teeth and a large number of strontium-90 measurements
in whole body (based on the measurement of bremsstrahlung, a type of radiation
emission) have been the basis of internal dose reconstruction[29,30]. The reconstruction
of internal dose depends on both estimates of the intake and models for the metabolism
of ingested radionuclides. Beta-ray measurements on teeth are utilized to deduce the
annual levels of intake of strontium-90 in the different villages in different age cohorts.
The ingestion of other radionuclides (strontium-89 and cesium-137, predominantly)
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occurred mostly with water in the first 3 years of the river contamination. The

intake rates of these two radionuclides were therefore derived from estimates of the
ingestion of strontium-90 scaled in terms of the radionuclide composition of the river
water. These data were used to estimate age-dependent intake rates for all Techa River
villages[31]. Calculation of absorbed doses in tissues as a result of radionuclide
incorporation was based on age-dependent metabolic and dosimetric models and the
corresponding ingestion rates. A large number of measurements of strontium-90 body
content made with a whole-body counter (WBC) were used to validate the metabolic
model for strontium retention in human bone[32]. Absorbed doses in red bone marrow
and bone surfaces have been calculated for all age cohorts; these absorbed doses are
substantially higher than those in other tissues because strontium-90 is a bone-seeking
radionuclide.

The absorbed doses from external exposure were estimated on the basis of
systematic measurements of gamma-exposure rate along the banks of the river and the
typical lifestyle patterns of the inhabitants of the riverside villages. This approach has
given the average annual absorbed doses from external sources for different age groups
in each village.

Russian and U.S. scientists have been involved in collaborative research programs
since 1995. As part of studies under the sponsorship of the Russia—U.S. Joint
Coordinating Committee on Radiation Effects Research, the authors are currently
engaged in a comprehensive program to develop improvements in the existing dosimetry
system for the members of the TRC by providing more in-depth analysis of existing
data, further search of existing records for useful data, model development and testing,
evaluation of uncertainties, verification of procedures, and validation of current and
planned results. This work is the result of a first year’s pilot study[31] and extensive
meetings and discussion among the participants in the dosimetric and epidemiological
studies. The specific aim of this project is to enhance the reconstruction of external and
internal radiation doses for individuals in the ETRC. The purpose of the enhanced dose
reconstruction is to support companion epidemiological studies of radiogenic leukaemia
and solid cancers.

The details of the methods that are being used in this enhanced dose-reconstruction
effort are described below.

9.3.1. Techa River Dosimetry System

The Techa River Dosimetry System (TRDS) is a modular database processor. That is,
depending on the input data for an individual, various elements of several databases are
combined to provide the dosimetric variables requested by the user. The TRDS
databases consist of three modules. The first module is an environmental module that
contains, for each of the Techa Riverside settlements, age-dependent mean annual-intake
levels of radionuclides and mean annual external doses in air near the shoreline,
outdoors in the residence areas, and indoors.

The second module is a metabolic module that contains the results of age-dependent
model calculations of doses in different organs per unit intake for all radionuclides
ingested (dose-conversion factors). The third module is an individual-data module that
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contains the following information for each of the ETRC members: identification
code, year of birth, year of entry to the epidemiological catchment area, year of
migration from the catchment area, vital status, year of vital status determination, and
residence history within the contaminated areas. This third module is prepared and
updated by epidemiologists working on companion studies.

The method being used for the TRDS basic dose calculations is relatively simple
and can be written as a single equation:
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where

D,y = Absorbed dose (Gy) in organ o accumulated to calendar year ¥

Y = The calculational endpoint for a particular individual (can vary within the
range 1950-2005)

y = Year of environmental exposure (external irradiation and intake of
radionuclides)

P = The endpoint of external exposure and intake of radionuclides for a
particular individual (can vary within the range 1950-1959)

L = River location (village) identifier

M, = Months in year y spent in location L (relative to 12 months)

r = Identifier of ingested radionuclide (strontium-89, strontium-90, zirconium-
95, niobium-95, ruthenium-105, ruthenium-106, cesium-137, cerium-141,
or cerium-144)

L1 = Intake function (Bq/y) for year y, radionuclide r, and location L (function
of age, related to y)

DF,,y, = Dose-conversion factor (Gy/Bq) for organ o in year }-y from intake of
radionuclide 7 in year y (function of age, related to y)

A, = Conversion factor from absorbed dose in air to absorbed dose in organ o
(function of age, related to y)

Dpivy = Dose rate in air near river shoreline at location L in year y (Gy/y)

Dowy = Dose rate in outdoor air within residence area at location L in year y (Gy/y)

Dy,1y = Dose rate in indoor air at location L in year y (Gy/y)

T, = Time spent on river bank (relative to whole year) (function of age,
related to y)

T, = Time spent outdoors (relative to whole year) (function of age, related to y)

T3 = Time spent indoors (relative to whole year) (function of age, related to y).

In this formulation, the term M,,; comes from individual-life-history information and
is a series of constants. The calculation’s endpoint, ¥, can vary according to the
analyst’s wishes; for a particular individual it might be the year of death, the year of exit
from the cohort because of migration, the year of vital status determination, or the date
of “fixing” the cohort for analysis. Y could also be any or all of the above minus some
presumed latent period for cancer induction. All of the other parameter values are either
calculated or approximated and have associated uncertainty.
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Parameters for Internal Dose Calculations
The basic data sets and models used to calculate internal doses for the Techa River
residents were presented in a professional journal[33]. As described there, assessments
of internal dose are based firmly on strontium-90 body burdens and tooth-beta counts
that have been measured for about half of the ETRC members (including all age groups,
all villages, and long periods after the onset of contamination).
Intake function. As indicated in Equation 9.1, a key parameter in determining
internal dose is the annual average-intake function, /,,,;, of radionuclide r in year y at
- location L. The most important radionuclide from a dosimetric standpoint for the
affected population is strontium-90; this radionuclide has received special attention for
the determination of the intake function[30]. Data from beta-ray measurements of teeth
surfaces for the residents of Muslyumovo Village are used as a reference, as this village
has a significant population of 3,000 persons and has been investigated in most detail
because it is the most contaminated of the unevacuated villages. Beta-ray measurements
of permanent front tooth enamel have been very useful, as the formation of this enamel
occurs within a short age interval in childhood, and the subsequent rate of metabolism is
extremely slow. The principle of computation was to express the average values of the
observations for different age cohorts in terms of a comparatively simple model that
contained unknown dietary contents of strontium-90 for each year and unknown age-
dependent uptake factors; the unknown parameters were then determined by a least
squares fit of the model to the data. The ratios of strontium-90 intake in children to that
of adults for different years were derived by analysing age-dependent contributions of
different dietary components (water, milk, fish, etc.) to the total diet[30]. Table 9.3
exemplifies resulting values of annual strontium-90 intake for different age cohorts of
Muslyumovo residents.
To reconstruct strontium-90 intake for other settlements, it was assumed that the
ratio of average intake to the average intake at Muslyumovo is equal to the ratio of the
mean age-standardized strontium-90 contents in the skeleton (by statistical analysis of

TABLE 9.3 Example values of annual strontium-90 intakes for different age cohorts of residents of the
reference settlement Muslyumovo on the Techa River

Year Intake of Strontium-90 for Cohort Members (by calendar year of birth), Bq/y
<1940 1945 1946 1947 1948 1949

1950 2.08 x 10° 1.37 x 10° 1.19 x 10° 9.78 x 10° 7.50 x 10° 4.99 x 10
1951 4.70 x 10° 3.76 x 10° 3.41 x 10° 3.07 x 10° 2.68 x 10° 221 % 10°
1952 4.62 x 10° 4.15x 10° 3.93 x 10° 3.66 x 10° 3.39 x 10° 3.10 x 10°
1953 8.61 x 10* 8.30 x 10* 8.02 x 10* 7.75 x 10* 7.39 x 10* 7.11 x 10*
1954 1.92 x 10* 1.91 x 10* 1.89 x 10 1.85 x 10* 1.82 x 10* 1.77 x 10*
1955 1.38 x 10* 1.38 x 10* 1.38 x 10* 1.38 x 10* 1.38 x 10* 1.38 x 10*
1956 6.90 x 10° 6.90 x 10° 6.90 x 10° 6.90 x 10° 6.90 x 10° 6.90 x 10°
1957 5.88 x 10° 5.88 x 10° 5.88 x 10° 5.88 x 10° 5.88 x 10° 5.88 x 10°
1958 4.93 x 10° 493 x10° 493 x10° 4.93 x 10° 4.93 x 10° 4.93 x 10°
1959 3.39 x 10° 3.39 x 10° 3.39 x 10° 3.39x10° 3.39x 10° 3.39 x 10°
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WBC data) for the relevant settlement relative to Muslyumovo. Representative
values are shown in Table 9.4; as can be noted, the relative levels of intake depend on
the distance from the site of release and the main sources of drinking water.

TABLE 9.4 Relative annual strontium-90 intake (relative to Muslyumovo) for several settlements

Distance from the Main Sources of Location
Settlement Site of Release, km Drinking Water Factor, f;
Metlino 7 ) Techa River and wells 0.57
Asanovo 33 Techa River and wells 0.56
Nadyrov Most 48 Wells and Techa River 0.19
Ibragimovo 54 Techa River 1.39
[saevo 60 Techa River and wells 0.56
Muslyumovo 78 Techa River 1.0
Kurmanovo 88 Techa River 0.65
Brodokalmak 109 Wells and Techa River 0.16
Russkaya Techa 138 Wells and Techa River 0.22
N. Petropavlovskoye 148 Techa River and wells 0.50
Lobanovo 163 Techa River and wells 0.35
Anchugovo 174 Techa River and wells 0.34
V. Techa 176 Techa River and wells 0.46
Pershinskoye 212 Wells and Techa River 0.16
Klyuchevskoye 223 Wells and Techa River 0.13
Zatechenskoye 237 Techa River and wells 0.27

Age-dependent mean-annual-intake levels for cesium-137 and short-lived
radionuclides were calculated on the basis of the following assumptions. As most of the
ingestion of radionuclides occurred with the consumption of river water in 1950-1952,
intakes of cesium-137 and short-lived radionuclides were derived from estimates of age-
dependent intakes of strontium-90 scaled in terms of radionuclide composition of the
river water. The ratios of radionuclide concentrations to strontium-90 as functions of
calendar year and distance downstream from the site of release were calculated using the
Techa River Model[34].

Dose-conversion factors. Organ doses, DF,,y.,, for different periods of time
following radionuclide intake were calculated using age-dependent biokinetic and
dosimetric models. For strontium-90 (and strontium-89), the biokinetic model
developed on the basis of measured strontium-90 contents of residents living on the
Techa River was used, and dose coefficients to target tissues were derived on the basis
of published data[35,36].

For radionuclides other than strontium, the age-dependent biokinetic models from
ICRP Publication 67[37] were used. As this publication contains data for only six age
groups, dose-conversion factors on a year-by-year basis for these radionuclides were
calculated using the special software IDSS[38]. The latest version of the TRDS (TRDS-
2000) contains dose-conversion factors for red bone marrow, bone surface, walls of the
upper and lower parts of the large intestine, wall of the small intestine, stomach wall,
ovaries, testes, and uterus.
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Dose Rates Near the Shoreline

To evaluate external doses near the shoreline all available results of exposure-rate
measurements on the shoreline were retrieved from the archives and databases[1,31].
Such measurements were carried out since 1952 during summer on the river bank near
the water. To reconstruct external dose rates in air in 1949-1951 the model[38§]
describing radionuclide transport from the site of release along the river and the
accumulation of radionuclides by bottom sediments was used. Dose rates in air were
calculated on the basis of modelled radionuclide concentrations in bottom sediments and
conversion coefficients obtained by Monte Carlo simulations of air for contaminated
s0il[39] with a dose-reduction factor for river shorelines. Figure 9.5 illustrates modelled
and measured dose rates in air used for external dose calculations near the Techa River
shoreline.
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Figure 9.5 Absorbed dose rates in air along the shoreline of the Techa River. The top plot has modelled
results, and the bottom plot has monitored data.

Indoor and Outdoor Dose Rates Within the Residence Areas

Typical locations of residence areas for the Techa Riverside settlements were on streets
parallel to the shoreline. Schematic maps for the majority of villages were collected[40].
The decrease of dose rate with distance from the shore depended on the topology of the
bank and was specific for each location. Dimensions and configuration of each
residence area also influenced the distribution of doses. Gamma-exposure rates as a
function of distance from the shoreline and within residence areas (streets, yards,
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vegetable gardens, etc.) of several Techa Riverside villages were measured in
1952-1956[1]. Later, detailed surveys and maps of exposure-rate distributions were
made for the upper Techa locations[41]. Figure 9.6 illustrates early and late
measurements of dose rate in air for several locations within one example village. On
the basis of these types of data, weighted ratios of shoreline dose rate to residence area
dose rate were calculated for each settlement; weighting was determined by the number
of houses located at different distances from the water’s edge within a given settlement.
Weighted ratios for the 40 settlements vary from 4 to 200[42].
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Figure 9.6 Measured absorbed dose rates in air as a function of distance from the shoreline. Data are for the
example village of Nadyrov Most.
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The ratio of dose rate indoors to dose rate outdoors was evaluated from
measurements carried out in 1954 of indoor and outdoor dose rates for several dwellings
in Metlino and Muslyumovo. The value for this average ratio is 0.45[42].

Model Behavioural Factors

As discussed above, the distributions of external exposure rates varied within residence
areas and adjacent flood plains. To calculate doses for individuals, it is necessary to
know the amounts of time spent by inhabitants at each location of differing dose rate. It
is impossible to reconstruct accurately the behavioural patterns of the Techa Riverside
residents 45 years after the fact; rather a simplified model was developed of typical life
patterns for three types of specified locations within riverside settlements. The first
location was the river shore, where people drew water, bathed, fished, rinsed linen,
bathed horses, and bred waterfowl in summer time. The second location was the streets,
yards, vegetable gardens, and other outdoor areas in the residence areas. The final
location was inside the dwellings. Such a model was suggested based on questionnaires
to evaluate periods spent on the Techa River shore[43]. Questions included what kinds
of work and pastimes were conducted near the river, their duration, and their frequency.
The study was conducted in the 1950s, and parameters were evaluated (conservatively)
first for a critical group of subjects for radiation protection purposes[43]. Later, the
author repeated the evaluation on the basis of the same data but for the purposes of
average dose reconstruction; different estimates were obtained[2].

Typical life patterns for Techa riverside residents[2] include four age groups: young
children, schoolchildren, agricultural workers, and pensioners. Agricultural workers and
schoolchildren spent some time in fields, meadows, and forests outside of the
contaminated areas. Young children and pensioners spent most of their time in
residence areas and more time inside houses. Schoolchildren spent considerable time in
school. Of course, such a model of life patterns is designed to represent the more
conventional lifestyles; some kinds of workers (millers, teachers, physicians, etc.) would
spend at least some of their working time within the residence area. However, for the
current dose assessments, these generic life patterns have been used. It has been
assumed that the variation of these estimates is about 20% to 35%[44].

Conversion Factors from Absorbed Dose in Air to Absorbed Dose in Organs
Age-dependent conversion factors for the organs of interest (as noted in the above
section on internal dose calculations) were taken from the literature[39,45]. While such
factors are a function of photon energy, there is a large plateau of values between about
0.08 and 1.3 MeV where the conversion factors can be considered to be essentially
constant. This is the range that applies to most of the spectra of photons emitted by
radionuclides absorbed by the Techa River sediments and flood-plain soils. Therefore, it
has been assumed that dose-conversion factors are independent of energy and
correspond to Monte Carlo simulations for a 500-keV monoenergetic source.

9.3.2. Uncertainty Assessment

Examination of the sources and magnitudes of uncertainty in radiation doses to
individuals in the ETRC is important. The analysis of uncertainty in the TRDS is
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incomplete, although the source of information for each term in the TRDS has been
evaluated. The terms 7 and 75, while ideally coming from individual data, are currently
assigned generic values, depending on the age of the individual in year y. The external
dose rates Dy, 1.y» Dou1y» and Dy, 1, are derived from measurements, or alternatively,
from the radionuclide contents of sediment calculated from a model[34] multiplied by
external dose-rate factors (such as those in Ekerman and Ryman[39]). The key term /v,
is derived from information in the literature[30]; it has a very complex uncertainty
structure. The variation of intake levels within the same village and age cohort depends
mainly on the source of drinking water. Dose-conversion factors,

DF,,y,, are calculated using biokinetic models and their uncertainties are determined
mainly by the variability of metabolic parameters. To estimate the uncertainty of the
dose estimates calculated using the TRDS, a Monte Carlo version of the TRDS is under
development.

9.4. Representative Doses to Members of the Public

Both dose reconstruction projects estimated doses to members of their respective
publics.

9.4.1. Hanford

The largest doses resulting from Hanford operations occurred in the mid-1940s[46]. The
most important radionuclide was iodine-131 released to the atmosphere. The most
important exposure pathway was consumption of milk produced by cows on pasture
downwind of Hanford. The iodine-131 releases were essentially routine and continuous
during the first period of site operation. Infants and young children who drank milk
from cows that ate fresh pasture are likely to have received the highest doses. Median
doses for individuals in this group ranged from about 0.02 to 2.4 Gy to the thyroid. The
uncertainty on the initial dose estimates is fairly large; for example, the 95th percentile
reported for Ringold, the location for which the median dose was 2.4 Gy, was 8.7 Gy.

Recent work has given a better estimate of the overall pattern of iodine-131
deposition. An estimate of the extent of the deposition, scaled to thyroid dose to a
reference infant drinking milk from a domestic cow on fresh pasture, is given in Figure
9.7[47]. This figure indicates that thyroid doses in excess of 0.085 Gy to infants with
backyard cows could have extended to the Washington/Canada border.

Table 9.5 summarizes doses and their uncertainties to maximally exposed
individuals at several locations throughout the study area. Cumulative radiation doses to
maximally exposed individuals from releases to the Columbia River range from about 4.6
to 14.2 mSv for the period 1950 through 1970, which is the period of highest releases
(Table 9.6). The major radionuclides contributing to doses from the river pathway are
zinc-65, phosphorus-32, arsenic-76, and sodium-24. The range of doses largely depends
on the amount of fresh, resident fish consumed. Drinking water contributes only a small
dose, although nearly all residents of the local downstream communities received one.
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Figure 9.7 lodine-131 thyroid dose from all exposure pathways--milk cows on fresh pasture
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TABLE 9.5 Median and ranges of thyroid doses to infants in the study area drinking milk from
backyard cows on fresh pasture (Gy)

Location Median Range
Ringold 2.40 0.54-8.70
Richland 0.93 0.24-3.50
Eltopia 0.73 0.19-3.00
Ritzville 0.28 0.074-1.20
Spokane 0.11 0.03-0.44
Walla Walla 0.13 0.04-0.44
Pendleton 0.09 0.02-0.30
Lewiston 0.04 0.01-0.15
Yakima 0.03 0.007-0.10
Ellensburg 0.02 0.005-0.07

TABLE 9.6 Cumulative doses to the maximally exposed individual from the river pathways,
1950-1970 (uSv EDE)

Location Maximum Typical
Ringold 14,200 510
Richland 13,900 290
Kennewick/Pasco 13,000 630
Snake/Wall Walla Rivers 8,800 440
Umatilla/Boardman 7,100 260
Arlington 6,800 240
John Day Danm/Biggs 6,700 230
Deschutes River 6,300 220
The Dalles/Celilo 6,200 200
Klickitat River 6,000 200
White Salmon/Cascade Locks 5,700 190
Bonneville Dam to River Mouth 4,600 150

9.4.2. Mayak

As described above, internal doses for members of the ETRC are calculated on the
basis of age- and location-specific mean-annual-intake levels of radionuclides, age-
dependent biokinetic models for radionuclides, and individual-residence histories for
each subject. Figure 9.8 presents the distribution of internal dose in red bone marrow
among the ETRC members. As seen, more than half of the people have internal red
bone marrow doses between 0.1 and 0.5 Gy. Absorbed doses in cells on bone surfaces
have the same distributions as do the bone marrow doses, but the values are about two
times higher.

Example Case Histories
The process of dose calculation from initial data through TRDS results can be illustrated
for two cases in the ETRC. A summary of pertinent information for these cases is
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Figure 9.8 Distribution of dose to the red bone marrow from ingestion of radionuclides for members of the
Extended Techa River Cohort

shown in Table 9.7[48]. As seen, both persons lived on the Techa River during their
entire lives. Calculations of lifetime dose to the red bone marrow are presented in
Tables 9.8 and 9.9.

Table 9.8 illustrates the calculation of external dose for Case 1. This person was
exposed in Metlino during 5 years (1950-1954) plus 2 months before death in 1955.
According to his age at exposure, his behavioural factors (T1, T2, and T3) correspond to
that of a pensioner. Because the range of attained age for this case belongs to a single
category (>60 years) during 1950-1955, these behavioural factors don’t change during
the period of exposure. Annual and cumulative doses to the red bone marrow from
external sources are shown in the last column.

Table 9.9 illustrates the calculation of internal dose from strontium-90 intake for
Case 2. The individual calculational endpoint for this case is 1994. This person changed
his place of residence in 1953; his levels of intake are calculated by multiplying f;, M, ;
and reference annual intake for his age group. Dose-conversion factors corresponding to
the age at intake and time interval between the year of intake and the calculational
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endpoint are shown in column 9; annual and total doses to the red bone marrow
from strontium-90 intake are shown in the last column.

TABLE 9.7 Case history data for the two example cases; results are presented in Tables 9.8 and 9.9

Information Case 1 Case 2
Identification code | 611 65737
Date of birth 1881 4 June 1928
Sex Male Male

Residence history | Metlino: 1881-Feb. 1955 | Ibragimovo: June 1928-June 1953
Muslyumovo: June 1953-Dec. 1994
Vital status Died Died

Date of vital status | 7 February 1955 4 December 1994

Validation of TRDS-2000 Doses

As mentioned, the calculation of internal doses is based strongly upon the direct
measurements of strontium-90 body burdens by a special WBC designed to measure
bremsstrahlung from yttrium-90; such measurements have been made for half of the
members of the ETRC. Strontium-90 body burdens have also been measured in samples
collected at autopsy, and the two sets of data compare well[49]. Thus, a large body of
data is available that can be used to verify the calculated body burdens (and, by
extension, doses). Doses from the short-lived radionuclides have not been validated, and
it seems unlikely that a direct method can be found for validation for the organs
(gastrointestinal tract) of larger dose. The doses are being indirectly validated through
measurements of concentrations of radionuclides in water and comparisons to
strontium-90.

The validation of the new assessments of external dose is now an issue of major
importance. The applicability of the use of “natural” dosimeters has been investigated
within the framework of several international projects. Bricks from abandoned buildings
located near the Techa shoreline were sampled, the quartz was extracted from the bricks,
and doses were assessed by using the quartz as a thermoluminescent dosimeter[50].

This study has demonstrated the potential of the method in combination with Monte
Carlo simulations of radiation transport at sampling sites for the validation of
environmental doses in the upper and middle Techa region.

A pilot study[51] measured dose received by teeth as determined by electron
paramagnetic resonance analysis. This study confirmed the applicability of that method
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for retrospective individual-dose evaluation. This method, based upon
measurements of samples collected for dental health reasons, could also validate
estimates of uncertainty in assessment of external dose.

9.5. Conclusions

The HEDR Project was based extensively on computer simulations. HEDR prepared a
state-of-the-art set of computational tools for estimating historical doses to
representative and real individuals. The tools incorporate significant advances in
tracking spatial and temporal relationships of environmental dosimetry and in the
application of uncertainty analysis. The models and computer codes were extensively
peer reviewed, tested, verified, and validated for use in estimating the doses to
representative individuals who lived in the Columbia Basin from 1944 through 1992.
They also have been used to estimate doses that real individuals included in the Hanford
Thyroid Disease Study may have received because of their locations, lifestyles, and food
consumption patterns. The complete set of configured codes, parameter values, data
files, and pertinent documentation have been turned over to the CDC, the local States,
and other interested parties.

Specific conclusions of the HEDR Project are that:

o  The largest doses were from iodine-131 released to the atmosphere between
December 1944 and December 1947. The highest were in 1945.

e  The most important radiation exposure pathway for iodine-131 was from drinking
milk from cows on irrigated pasture close-in and downwind of the site.

e  The median dose for a child at the maximum exposure location is about 2.40 Gy
(with a range of 0.54 to 8.70 Gy). At the lowest exposure location, the estimated
dose is 0.0007 Gy (with a range of 0.00012 to 0.0034 Gy).

e  There is a 90% chance that a similar individual’s dose would be within a range of
one-fifth to five times the median values stated.

e Radiation doses from the release of radionuclides to the Columbia River were
highest in the years 1956 to 1965. The peak was 1960.

e  The most important means of exposure from the river pathway was the consumption
of resident fish.

e A person who consumed 40 kg of fish per year (about three fish meals per week) at
Richland would have received a dose of about 1,400 uSv EDE in 1960. Consuming
the same amount of fish in the lower river below Bonneville Dam would have
produced a dose of about 410 pSv EDE in 1960.

e A typical adult who ate no Columbia River resident fish would have received a dose
of about 53 pSv in 1960 at Pasco, primarily from drinking water. The dose to a
person not eating resident fish below Bonneville Dam would have received a dose
of about 13 pSv in 1960.

For the Techa River study, the following important tasks were performed to develop
the TRDS-2000:

e Development of a source term for releases to the Techa River and a river model that
describes radionuclide concentrations in water and sediments. This combination
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allowed more realistic calculation of absorbed dose in air near the river shore
during the 1950-1951 period of massive releases.

e  Reconstruction of intake of short-lived radionuclides and reassessment of organ-
specific doses for ETRC members from internal exposure from all radionuclides
ingested.

e  Study of the variations in gamma-exposure rate within residence areas of riverside
settlements according to distance from the river. This study allowed calculation of
more realistic weighted-average values of external dose within residence areas.

e Study of the effects of location and time spent in streets, gardens, and homes. Study
of the first, third, and fourth factors has led to more realistic assessment of organ-
specific doses for ETRC members from external gamma exposure.

e Development of a system to describe accurately the uncertainties (systematic bias
and random errors) in all models and measurements and to propagate such
uncertainties through to the final results with proper allowance for correlation
structures within the data.

e  Calculation of new individual organ doses for all ETRC members using the updated
TRDS-2000 approach.

Studies of the possible effects of radiation on those exposed to the releases to the Techa

River were started in Russia in the 1950s. The basis of the past dose-reconstruction

efforts for the TRC has been summarized in several publications [30,31,32,48,50,51]. A

preliminary report on the status of the follow-up of the TRC has also been

published[53]. It is reported that, despite a number of limitations, there does appear to
be a dose-related increase in risk of mortality from leukaemia and other cancers.
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10. Quantitative Risk Assessment Methods of
Accounting for Probabilistic and Deterministic
Data Applied to Complex Systems

Another aspect of understanding the risks of Cold War legacies is through the
application of probabilistic safety assessments and probabilistic risk assessments,
largely aimed at calculating and mitigating the risk and severity of accidents. This
chapter provides a tutorial on accident risk assessment, which has been applied to a
wide range of legacy weapons and weapon delivery systems. It discusses scenario
development, merging of deterministic and probabilistic calculations, uncertainty, and
facility risk management techniques.

Standard event tree quantification can be used to produce risk estimates and subsequent
risk importance measures. These risk importance measures identify which component
failures contribute most significantly to the overall risk for a system. Therefore, risks
can be reduced or mitigated most effectively by controlling the failures of these
components. However, this standard approach gives only a static, time-invariant picture
of risk, which significantly limits the utility to a decision maker. Predictive analyses that
identify risks over time are very difficult to build into this process. Moreover, in many
cases, no information is available regarding the physical conditions that actually caused
the failure to occur.

The methods presented in this chapter resolve these issues by taking the assessment
down to the physical parameter level. The strict probabilistic treatment of event tree
methodology is replaced with a hybridized method containing both deterministic and
probabilistic components. One requirement for the application of these methods is
availability of existing deterministic models that characterize the physical response to
perturbations imposed by initiators. The availability of high-speed computational
resources along with advances in the understanding of complex physical phenomena
have allowed the approach presented in this chapter to become a realistic alternative to
standard event tree methodologies.
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10.1. Background

The objectives of a quantitative risk assessment (QRA) are to determine and quantify the
risks associated with a given system. A system may be any facility or piece of
equipment that presents a concern as a result of hazards inherent in its operation. The
concern is often focused on potential system failures as well as on the effects of system
failures on the environment and the general public. Examples of systems are:

e  Nuclear power plants

e  Coal-fired power plants

Civilian aircraft

Military aircraft

Water treatment facilities

Manufacturing facilities that use or produce hazardous materials

Military equipment such as missiles, tanks, ammunition, etc.

The greatest benefit in using QRA is gained when the assessment is performed
proactively, i.e., before an event occurs that leads to a system failure and a subsequent
adverse consequence. It is important to note that QRA can also be applied in response to
events that have already occurred. In either case, the resulting prioritised list of
significant risk contributors allows analysts to propose measures to reduce or eliminate
dominant risks. This, in turn, allows decision makers to focus limited funds on those
areas that will most help to prevent or respond to a system failure. The results of a QRA
can serve as input to a consequence analysis, which in turn can assess human health and
environment effects.

10.2. Assessment Methodology

Risk assessment methodology for any complex system involves several steps and
various levels of analysis to quantify the risk. A general flow diagram of the major risk
assessment steps is shown in Figure 10.1, and a detailed flow diagram of selected steps
is shown in Figure 10.2. These steps are discussed in the following subsections.

10.2.1. Data Collection

The objective of data collection is to compile the knowledge base necessary to conduct
the study. Some of the data collected are used for various calculations, e.g., bounding
cases for selected initiators and application of screening values. Some data are used to
develop detailed phenomenological models. These data included drawings, finite
element models, and existing test data for verification and validation. Other data are
used to assess the frequencies of events and conditional likelihoods based on those
events. Data specific to the system and its operations are used, if available. Applicable
surrogate data are used when the specific data are limited.

The collection of system-specific data usually requires visits to the site(s) where the
system operates. The primary tasks performed during the visits are to observe all aspects
of system operations, obtain necessary and available information relative to the system,
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Figure 10.1 Flow diagram of the risk assessment methodology and outputs at each step

speak with key personnel about their activities in support of the system, and identify
hazards that could possibly lead to adverse environments.

10.2.2. System Description

Before hazard identification can begin, it is necessary to understand the system
operations so that the risk analysis covers all activities of interest. This understanding is
achieved by reviewing applicable documents and drawings. The operations are grouped
into System States. A System State is a logical grouping of activities and operations,
such as transportation, storage, or maintenance. These System States are used to
organize the risk analysis.

10.2.3. Hazard Identification and Hazard Scenarios

Hazard scenarios are defined based on the list of hazards identified during site visits.
These scenarios describe how a hazard may lead to possibly adverse system
consequences. Examples of hazards include mechanical events (vehicle collision,
system drop), thermal events (fuel leak ignition), and electrical events (lightning).
Hazard scenarios are developed for all identified hazards and combinations thereof. For
example, a combined hazard scenario might be an aircraft crashing into the system,
which presents a mechanical as well as a thermal event.

The hazard scenarios are organized into sets for each System State. Each hazard
scenario includes information on the hazard, the system location and/or activity, a
description of how an event is initiated and how it could lead to an adverse system
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consequence, and a listing of any mitigation systems or procedures that could minimize
the likelihood or severity.

The initial event that may subsequently cause a hazard to impact a system is called
an initiating event, or initiator. Based on the identified hazards, observations made
during site visits, knowledge of operations, and hazard scenarios, a full set of initiators is
developed for each System State.

10.2.4. Preliminary Risk Model

Scenario progression diagrams (SPDs) are developed based on the identified hazards and
the hazard scenarios. These SPDs are used to improve the understanding of the possible
sequence of events following the occurrence of an accident for a system in a given
System State. The SPD is a multi-branch tree, the purpose of which is to convey the
accident progression in a brief, succinct manner. It is important to note that, unlike an
event tree, the SPD is not used to quantify the frequency of the accident. SPDs are used
to streamline the modelling process by identifying similar scenario environments,
provide a structured approach to apply screening values, and identify what types of
models are necessary for a given initiator. The hazard scenarios and SPDs together form
the preliminary risk model, which guides the subsequent modelling effort.

10.2.5. Screening Values and Bounding Calculations

Once the hazards are identified, scenarios are developed, and SPDs are built, the level of
analysis required to compute the risk is determined. This determination is a staged
process that uses screening values, bounding calculations, and progressively more
detailed models to understand the scenario environment.

Certain hazard environments to which the system may be exposed do not present a
risk. This information is provided in the form of screening values. For example, there
may exist a known velocity below which an impact to the system poses no concern, and
by using this velocity, many scenarios may be eliminated from further analysis. Other
screens may be based on the ability of a system to withstand a fire or a lightning strike.

In some instances, the worst-case scenario that can result from an initiator,
regardless of the frequency of the event, is analysed for its impact on the system. If it
can be shown that the worst, or bounding, case scenario does not cause an adverse
consequence, then the initiator is fully or partially screened (depending on the
calculation) from further analysis. The bounding calculation may focus on mechanical
energy, thermal energy, electrical energy, or any other hazard source.

10.2.6. Phenomenological Modelling

For those initiators that cannot be screened out based on bounding calculations, it is
necessary to conduct detailed modelling of the environments that may impact the
system. Because of the complex nature of the environments, the use of sophisticated
codes and finite element models is required to predict the environment to which the
system is exposed. Throughout the modelling effort, engineering judgment is applied to
modelling assumptions and results interpretation. To the extent possible, results should
be benchmarked against test data.
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For example, a fire exhibits complex behaviour that can only be predicted using
two- or three-dimensional fire analysis codes which model parameters including fuel
volume, pool size, fire duration, and heat flux. By understanding this behaviour, and
knowing the proximity of the fire to the system, the impact on the system can be
determined. For mechanical environments, detailed structural finite element models of
the system and associated items such as buildings or aircraft may be needed. These
models are used to assess various impact scenarios, including objects impacting the
system directly or impacting nearby equipment, as well as the effects of a seismic event
on the system.

These models are deterministic in nature rather than probabilistic. This means that
each analysis focuses on a single environment, providing a point-value result. However,
the time required to run a detailed phenomenological model is prohibitively long when
quantifying the risk of numerous accident scenarios. Thus, based on the detailed
modelling, simplified (i.e., risk-compatible) models are developed that can predict the
response to an environment. These simplified models are used to generalize the results
of the detailed calculations to all other scenarios in a form that is compatible with the
risk model.

Two general approaches are taken for the development of these risk-compatible
models. The first approach involves constructing a physical response model based
directly upon the output of the detailed models and any existing test data. This
regression approach yields a surface, which is then used to predict the system
environment for those accidents that are not contained within the existing detailed model
results and test results. The ability of the response surface to give reasonable results
depends upon the choice and number of calculations performed with the detailed model
and the extent of existing test data.

The second approach used in the development of risk-compatible models involves
using the detailed models and test data to get an understanding of under what conditions
certain portions of the physics of the problem dominate the result. This approach
requires sufficient detailed modelling results to get a firm understanding of the
sensitivities. Once the dominant physics are identified, they are written directly into the
models. Therefore, those portions of the detailed models whose contribution only
weakly impacts the results are dropped from the risk-compatible models.

10.2.7. Risk Analysis

The actual risk analysis process includes several substeps, including accident
scenario description, accident matrix development, risk matrix development, accident
scenario generation, risk quantification, and risk visualization. These methods are
applied to each initiator that is not previously screened or that required detailed
phenomenological modelling. They are the basis for performing the point estimate, or
base case, analysis as well as the uncertainty analysis described later.

Accident Scenario Description
Accident scenarios are developed for those initiators that

e Remained after applying screening values
e Remained after performing bounding calculations
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e Required detailed phenomenological modelling to understand the accident.

Accident scenarios consist of parameters that characterize the accident environment
and the system environment. A large number of accident scenarios are required to
adequately cover the parameter space of all possible accident and system environments
that may result from a particular initiator.

The scenario development process results in a set of accident and system
environments that cover the accident parameter space. The complete characterization of
these accidents for a given initiator is referred to as an accident matrix. To quantify the
risk, a corresponding risk matrix is defined. A description of the components of accident
and risk matrices follows; Figure 10.3 illustrates how the components interface.

Figure 10.3 Integration tool structure for scenario development

Accident Matrix: Accident Environment Description
An accident environment is a set of parameters that completely defines the initial
conditions of the accident. It contains all the necessary system-independent input data
for modelling the accident progression. The accident environment parameters are
developed using modelling input data and risk-assessment-specific input data. Figure
10.4 depicts the structure of the accident matrix with additional information provided
below.

Modelling input data are used to represent the accident progression. These data are
primarily developed through an examination of historical data, which are used to build



190

distributions on the parameter variability as well as uncertainty. Also, modelling inputs
can be provided through a combination of regression modelling and historical data.
Regardless of the technique used, distributions on the variability and uncertainty for all
applicable modelling inputs are developed.

Risk-assessment-specific data are used to organize the accident scenarios for risk
quantification and presentation. Therefore, such data do not directly impact the accident
progression, but they do have an impact on the display of the final risk results.

Accident Matrix: System Environment Description

System environment parameters are developed using system input data,
phenomenological data, and consequence values. System input data indicate the state of
the system just before an accident occurs.

For each of the accident scenarios used to characterize a complete accident initiator,
more than one type of phenomenological data may apply (e.g., one collision and two
fires). Additionally, multiple phenomenological data are often represented within a
single system environment description (e.g., collision followed by fire).

The final parameters required to describe a system environment are the consequence
values. A consequence value generally represents the conditional probability that an
adverse system consequence will occur given the defined environment. Therefore, as
defined in the accident matrix, the system consequence vector contains the probabilities
for each outcome possibility, including the case of no impact to the system.

Risk Matrix

To perform risk quantification, a risk matrix must be developed for each accident
initiator from the corresponding accident matrix. Two key differences exist between an
accident matrix and a risk matrix: the presence in the risk matrix of the scenario
frequency and scenario consequence. Figure 10.5 depicts the structure of a risk matrix.

Accident Scenario Generation
The complexity of the accident progression requires a tightly integrated framework to
produce the many accident scenarios that compose accident and risk matrices. A risk
integration tool is developed for each initiator to automate the construction of the
matrices. An integral part of the computer tools is the use of Latin-Hypercube sampling
to account for parametric variation, parameter dependency, and uncertainty replication.
Referring to Figure 10.3, inputs for the integration tools are accident environment
data, system environment data, and risk assessment data, as previously described.
Initiator frequencies, represented by probability distributions, are also inputs to the
integration tools. In addition, the integration tools interface with the risk-compatible
phenomenological models. With these data, the accident matrix for a given initiator is
constructed by running its specific integration tool. The risk matrix is then generated by
adding a system consequence vector and scenario frequency for each system
environment. The scenario frequency is computed by dividing the initiator frequency by
the number of accident scenarios developed for the initiator, given that each accident
scenario is equally likely to occur.
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Where

Ay Accident Matrix where n is a unique accident initiator identifier and n is sequenced from 1
to the number of accident initiators.

Sox Scenario indicator where n is a unique accident initiator identifier and x is the number of
accident scenarios for a given accident initiator.

Inxa Accident environment modeling or risk assessment specific input where n is a unique
accident initiator identifier, x is the number of accident scenarios for a given accident
initiator and d is the number of required input parameters. The value of d varies across
accident initiators.

Snxy System identifier where n is a unique accident initiator identifier, x is the number of
accident scenarios for a given accident initiator and y is the number of systems involved in
the specific accident scenario. The value of y varies across accident scenarios.

ineye  System environment input where n is a unique accident initiator identifier, x is the number
of accident scenarios for a given accident initiator, y is the number of systems involved in
the accident scenario and e is the number of input parameters. The value of e varies across
accident initiators.

Pnxyf Phenomenon (mechanical, electrical, thermal, chemical, etc.) environment parameter
where n is a unique accident initiator identifier, x is the number of accident scenarios for a
given accident initiator, y is the number of systems involved in the accident scenario and f
is the number of phenomenon environment parameters. The value of f varies across
accident initiators.

Caxyn Consequence value where n is a unique accident initiator identifier, x is the number of
scenarios for a given accident initiator, y is the number of systems involved in the accident
scenario and h is the number of consequence parameters. Therefore, a given system may
potentially contribute to multiple outcomes.

Figure 10.4 Accident matrix structure
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R, Risk Matrix n is a unique accident initiator identifier and n is sequenced from 1 to
the number of accident initiators.

Sux Scenario indicator where n is a unique accident initiator identifier and x is the
number of accident scenarios for a given accident initiator.

Loxd Accident environment modeling or risk assessment specific input where n is a
unique accident initiator identifier, x is the number of accident scenarios for a given
accident initiator and d is the number of required input parameters. The value of d
varies across accident initiators.

Cuxn Scenario consequence value where n is a unique accident initiator identifier, x is the
number of scenarios for a given accident initiator and h is the number of
consequence parameters. The equation for determining the values for independent
systems is:

Comn=1-TI(=c...1)

where y is the number of systems involved in accident scenario n

Fux Scenario annual frequency where n is a unique accident initiator identifier, x is the
number of accident scenarios for a given accident initiator.

Figure 10.5 Risk matrix structure

Risk Quantification

In addition to quantifying a numerical value for risk, which is the product of the scenario
frequency and the scenario consequence, the contribution to risk from various sources is
identified. This risk importance computation is essential to providing the decision
maker with recommendations on how the quantified risk estimates can be reduced. This
quantification is accomplished through the development of a ranked list of risk
importance estimates. The parameters within the risk matrices are used directly and in
combination to determine their importance to risk. As previously discussed, these
parameters are grouped into accident environment parameters and system environment
parameters. Contributors to risk from each grouping are identified, and their risk
importance is computed.

Accident environment parameters that contribute to risk are identified using a risk
quantification computer tool. The process to identify these risk contributors is outlined
in Figure 10.6. This diagram shows, for the accident environment parameter of fire
mitigation time, the calculation for computing the importance to risk. This calculation
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Figure 10.6 Risk importance calculation for accident environment contributors, fire mitigation example

begins by accessing the risk matrix for the accident initiator. The logic that breaks the
parameter space into mutually exclusive and collectively exhaustive bins is then defined.
These bins act as filters in the process of importance evaluation. The filtering process
then divides the risk matrix into smaller sub-matrices, and risk estimates are produced
for these sub-matrices. Risk importance for each logic filter is then computed by
dividing through by the total initiator risk. The resulting set of importance values is
presented back to the user, at which time the user can determine if the logic filters (i.e.,
bins) identify a prominent parameter range that is key to influencing the risk for that
parameter. If the bin definitions do not produce insights into the key risk influences, the
user can redefine the logic filters and compute new importance measures. Through this
iterative process, risk trends within the parameters can be identified.

System environment parameters that contribute to risk are also identified using the
risk quantification computer tool. This process for identification of system environment
risk contributors as outlined in Figure 10.7 is slightly different from than the process for
accident environment risk contributors shown in Figure 10.6. Because the risk matrix
does not contain system-specific data, the accident matrix rather than the risk matrix is
used as input to the risk quantification computer tool for system environment
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Accident

Figure 10.7 Risk importance calculation for system environment contributors, distance to fire example

parameters. As such, risk sub-matrices are developed from the corresponding accident
sub-matrices with the addition of the scenario frequencies. This process begins by
accessing the accident matrix for the accident initiator. The user defines the logic that
breaks the parameter space into mutually exclusive and collectively exhaustive bins.
The filtering process then divides the accident matrix into smaller sub-matrices. Risk
sub-matrices are then developed from each corresponding accident sub-matrix, and risk
estimates are produced for these sub-matrices. The remaining steps are the same as
those presented for generating the importance measures for accident environment
parameters.

The risk quantification computer tool allows not only for risk computations and
importance evaluation for each initiator but also across multiple accident initiators. For
any parameter across a single initiator or across multiple initiators, the importance
computation is the same.

Risk Visualization
Up to this point, the discussion has focused on the mechanics of analysing and
quantifying the risks. However, an equally important consideration is how these risk
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estimates are presented to the decision maker. This process is referred to as risk
visualization.

The goal of risk visualization is not to present an exhaustive accounting of all risk
estimates that could possibly be derived from the data. Indeed, this approach would
produce voluminous output with limited utility. Risk visualization presents only those
risk results that can be used directly in the decision-making process. Generally, this
includes providing both the current level of operational risk as well as indicators
regarding which controllable factors impact this risk. Both graphical and tabular
representations of risk data are valuable to a decision maker.

A commonly used tool is an event tree, which is defined as an inductive logic model
that graphically shows the progression of an accident. The detailed structure of the risk
assessment data for the type of analysis described thus far does not lend itself to standard
event tree quantification. However, there are benefits in using the graphical aspect of an
event tree in the visualization and communication of risk. In combination with a tabular
presentation of the importance measures, an understanding of the risk is presented to the
decision maker.

10.2.8. Uncertainty Analysis

The uncertainty analysis is based on a practical approach that considers uncertainties in

all areas of the risk assessment at a level that is consistent with their overall importance.

It uses information generated along the way to increase the level of detail in some areas

and decrease it in others.

The process is outlined in Figure 10.8. It begins with a base case calculation of risk.

It continues with two bounding calculations of risk (upper bound and lower bound),

which are obtained by propagating bounding assumptions for a number of uncertainty

issues through the analysis. The combination of base case and bounding risk analyses is
used to identify regions of the parameter space where uncertainties have little effect on
the results. For those regions, the base case risk results are considered to be satisfactory
representations of the risk. In other regions, a more thorough analysis is performed to

account explicitly for the effects of uncertainties on the risk. The end result is a 90%

confidence interval (sometimes referred to as a “degree-of-belief” interval) for each

important measure of risk. A brief description of each box in Figure 10.8 is presented
below.

e Calculate base case risk estimate. It is assumed that most of the base case risk
analysis has been completed before beginning the uncertainty analysis. It is not
assumed that the base case estimate is equivalent to a best estimate, although every
attempt is made to use best estimate assumptions.
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Figure 10.8 Uncertainty analysis process

Choose uncertainty issues and establish associated bounds. A set of uncertainty
issues is selected based on expert opinion of the parameters and assumptions in the
analysis of the base case estimate that contains significant uncertainties. The
uncertainty issues are defined at broad levels, such as the uncertainty in which of
several competing models describes a particular set of phenomena or a particular set
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of statistical observations. A number of issues are selected from each phase of the
analysis: initiator frequency modelling, event input modelling, environment
modelling, etc. Using expert judgment, a range of plausible realizations is defined
for each issue by specifying two bounding representations of the issue.

Calculate bounding risk estimates. An upper bound point estimate of the risk is
generated by propagating the upper bounds of the uncertainty issues through the risk
calculation. Similarly, a lower bound estimate of the risk is generated by
propagating the lower bounds of the uncertainty issues. The steps involved in
determining the upper and lower bound risk estimates are the same as those for the
base case estimate.

Establish screening values for initiating events and initial conditions,
uncertainty issues, and scenario parameter ranges. By examining the results
obtained from the base case risk estimate and the two bounding estimates, it is
possible to identify the events and conditions in the risk matrix that do not have any
significant effect on the risk or on the uncertainty in risk. Hence, it is possible to
identify combinations of initiating events and System States, specific uncertainty
issues, and ranges of scenario parameters that should not require detailed evaluation.
Specify sampling distributions. For each of the uncertainty issues, a sampling
distribution is specified. The distribution is built around the base case and bounding
representations of the uncertainty issue in question. The form to be selected for
each distribution depends upon the strength of belief that the experts have regarding
where, within the range of plausibility, the truth is likely to lie.

Take random draws for stochastic variables and modelling uncertainties. Two
separate matrices of randomly selected probability levels are developed. The first
matrix contains levels for the parameters with stochastic variability. The second
contains levels for the issues with modelling uncertainty.

Begin modelling uncertainty loop, and begin risk calculation loop. The outer
loop of the risk analysis corresponds to the variation of uncertainty levels. The
inner loop represents the variation of scenarios.

Determine whether initiating events and initial conditions, uncertainty issues,
and scenario parameters survive screens. In a particular pass-through, the
initiating event, initial conditions, uncertainty levels, and scenario parameters have
specific values that are determined by the corresponding probability levels in the
matrices of draws for stochastic variables and modelling uncertainties. The
determination evaluates whether these values place the scenario within the more-
important or less-important category for purposes of further evaluation.

Set risk realization to base case value. If the scenario at hand is in the less-
important category, there is no further development of the scenario. The risk
associated with the scenario is set equal to the value obtained in the base case risk
calculation, as though there were no uncertainties for this scenario.

Calculate risk realization. If the scenario is in the more-important category, then
the scenario is developed further by performing calculations to determine the
phenomenological environments and the system response. The risk associated with
the scenario is derived from these calculations.

End risk calculation loop, end modelling uncertainty loop, and determine 5%
and 95% bounds. The risk calculation loop completes the evaluation of a set of
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risk measures for a particular level of uncertainty. The modelling uncertainty loop
calculates a separate set of risk results for each uncertainty level. The results from
the outer loop are used to obtain the 90% confidence interval for each measure of
risk. The 90% confidence interval implies that the experts who participated in the
study have a 90% degree of belief that the risk lies between the lower and upper
bounds, a 5% degree of belief that it lies below the 5% bound, and a 5% degree of
belief that it lies above the 95% bound.
When the uncertainty analysis has been completed, the final step (not shown on the
chart) is to use the results to determine whether there are ways to reduce the risk that
would be effective in light of the uncertainties.

10.2.9. Major Risk Contributors and Recommendations for Risk Reduction
and Risk Mitigation

Once the risks are determined, the accident scenarios are ranked based on their
contribution to the risk. This ordering provides a process by which the major
contributors to the risk are identified both in terms of their initiating event as well as the
sequence of events that make up the accident scenario.

With this information, the major contributors to the risk are identified as well as
potential steps that may be taken to reduce or mitigate the risk. The possible options for
risk reduction and/or mitigation are as follows:

e Eliminate the accident initiator (i.e., prevent the accident from occurring)

e  Reduce the frequency of the accident initiator (i.e., make the accident less likely to
happen)

e  Reduce the likelihood of the negative events involved in the accident progression
(i.e., make the major consequences less likely to occur)

e  Reduce the severity of the environments given an accident occurs (i.e., eliminate an
accident from resulting in unacceptable consequences or mitigate the potential
consequences of an accident).

Processes are recommended whereby the major contributors to the risk may be reduced

or mitigated by considering cost-effective, practical procedural or system changes.

Suggested measures to reduce the potential of an event or minimize the effect of an

event on a system are considered in three categories: operation-specific, environment-

specific, and initiator-specific.

10.3. Conclusion

QRA methods help to ensure a complete analysis. The process discussed in this chapter
focuses first on identifying all possible hazards, then describing potential hazard
scenarios, followed by developing a preliminary risk model. The process continues in
stages by applying screening values and performing bounding calculations to eliminate
some initiating events from further analysis. Finally, for the remaining initiating events,
it is necessary to conduct phenomenological modelling, the results of which then serve
as input to a probabilistic model. The methods also allow the analyst to account for data
voids and modelling assumptions by performing an uncertainty analysis.
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As previously discussed, this analytical tool can be applied proactively or in
response to events that have occurred. In either case, the resulting prioritised list of
significant risk contributors can be used to propose measures for reducing or eliminating
dominant risks. Thus, decision makers can focus limited funds on those areas that will
most help to prevent or respond to a system failure. The results of a QRA can serve as
input to a consequence analysis, which in turn can assess human health and
environmental effects.



PART Ill. ANALYSES AND PROGRAMS
APPLICABLE TO LEGACIES

We dance round in a ring and suppose
And the Secret sits in the middle and knows.
Robert Frost

“A skilful commander?” replied Pierre. “Why, one who foresees all
contingencies . . and foresees the adversary’s intentions.”’

“But that’s impossible,” said Prince Andrew as if it were a matter settled
long ago.

Pierre looked at him in surprise. “And yet they say that war is like a game
of chess?”

“Yes,” replied Prince Andrew. “But with this little difference, that in chess
you may think over each move as long as you please and are not limited for
time and with this difference too, that a knight is always stronger than a
pawn. . . . Success never depends, and will never depend, on position, or
equipment, or even on numbers, and least of all on position . . . [but] on the
feeling that is in me and in . . . each soldier. . . those . . . gentlemen won’t
win the battle tomorrow but will only make all the mess they can, because
they have nothing in their. . . heads but theories not worth an empty
eggshell and haven't in their hearts the one thing needed tomorrow [which
is the feeling in each soldier].”

Leo Tolstoy, War and Peace

This literature from the East and West warns of the danger of being overly
confident. Details of the problem to be solved, not just the risk to be analysed, must
guide model and methodology selection. And the problem always includes issues of risk
perception and societal values, factors often ignored in technical analyses.
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11. Environmental Risk Assessment of Installations
and Sites Inherited from the Cold War Period
in Bulgaria

Managing legacy waste risks often starts with effective use of resources. This chapter
explains how one Eastern European country reorganized its resources to address issues
of risk associated with new and existing facilities and contaminated sites. For example,
they have moved chemical hazard expertise from military organizations to civilian
authority. The chapter describes how they are analysing various types of risk and how
they plan risk management efforts. The chapter further looks at how more democratic
institutions are empowering the public to challenge government decisions and how
information can be provided to the public in a way that allows them to join in its
evaluation. A new national system of emergency response is also described.

Europe and the world have witnessed significant change over recent years. The world
has entered a new era of international relations. The fall of the Berlin wall and the
collapse of the Warsaw Pact started a period of warming of the relations between
countries of the North Atlantic Treaty Organization (NATO) and central and eastern
Europe. Within the framework of the United Nations (UN), a number of conventions
were signed in the hopes of reducing environmental pollution:

Convention prohibiting the development and use of chemical weapons
Convention protecting waters and environment in a transboundary context
Convention confirming the transboundary impact of industrial accidents

Basel Convention for controlling transboundary movement of hazardous waste
European Agreement delineating transport of hazardous loads

Convention limiting long-distance transboundary air pollution

Conventions describing peaceful uses of nuclear energy.

Through agreements such as these, humankind is trying to reduce deterioration of
the environment and secure a clean and safe planet for future generations. The issue of
assessing environmental risks of installations and sites inherited from the Cold War
period falls within the scope of these objectives.

Nk wbd e

203

D. C. Bley et al. (eds.), Risk Methodologies for Technological Legacies

© Kluwer Academic Publishers 2003



204

This chapter focuses on the types of facilities left in Bulgaria as a result of Cold War
activities, the environmental issues associated with the facilities, and the approaches that
have been used to assess risks for these facilities. The chapter describes the differences
between the group approach and the differentiated approach, as well as details some of
the information necessary for conducting a risk assessment under either approach.

11.1. Types of Installations and Sites

Numerous sites have been left in Bulgaria as a result of Cold War activities. These sites
are both industrial and military in nature. Some are still active. The sites can be divided
into several main groups to better differentiate between the environmental problems and
the respective approach to them:

1. Privatised military complex sites serve as sources of environmental pollution.
Difficulties have arisen in liquidating old pollution from the reduction of their
output or movement from military to civilian products.

2. Military sites still existing and closed down include those with environmental
problems related to the existence of the armed forces or the operation of certain
installations.

3. Industrial sites outside the military complex have become a source of pollution
with lasting consequences because they served as a source of supply to the armed
forces.

4. Active military sites can also have pollutants. These sites include those that house
active units of the armed forces, sites for processing and storage of military stock,
naval bases, polygons, airfields, missile sites, and others.

It is important to note that, as a result of certain circumstances, no troops of other
Warsaw Pact countries have been deployed in Bulgaria. Because military activities were
on a smaller scale, Bulgaria’s position is more favourable than the position of other
countries in central and eastern Europe.

11.2. Environmental Issues and Organisations to Deal
With Them

If environmental problems in Bulgaria are viewed from their date of origin, it becomes
evident that they come mainly from the Cold War period. The Republic of Bulgaria
started industrialization after 19435, and this is precisely the time when the environmental
problems started appearing. Unfortunately, the leadership of the country during that time
allowed Bulgarian industry to develop imperfect energy practices and waste-intensive
technology. Over a period of 45 years, with no environmental legislation in line with
international standards, serious environmental problems have accumulated. Research in
this area shows that 3% to 4% of the enterprises account for 96% of the hazardous waste
in Bulgaria. The environmental programmes that were designed then resolved only some
of the issues, then only in part, and the funds allocated for introduction of
environmentally sound technology were extremely scarce. In addition, the coordination
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between the local structures and the industrial units was very poor in terms of
environmental and health risk reduction.

Today in Bulgaria, environmental issues with the potential for catastrophic
consequences or resulting from accidents or disasters are the province of Civil
Protection. This organisation carries out a system of humanitarian activities of a social,
economic, and techno-scientific character aimed at protecting the population. Activities
include disallowing dangerous enterprises, mitigating harmful consequences of other
enterprises, conducting relief and humanitarian operations, providing the necessary
conditions for survival following a devastating emergency, and assisting when
emergencies arise.

Over recent years, Civil Protection has proactively participated in a significant
number of risk reduction initiatives for various industries in Bulgaria in the aspects of
technology, environment, and health. These initiatives were jointly organized with the
Ministry of Environment, Ministry of Health, Ministry of Agriculture and Forestry,
Ministry of Labour and Social Policies, Ministry of Industry, and other organisations.

Many programmes were financed and carried out for surveying pollution and, on
that basis, a number of environmental issues were resolved. For example, Bulgaria had a
significant problem in the disposal of pesticides that are banned or beyond their safe use
date. Bulgarian currently holds more than 300 tons of such substances. Currently staff
from Civil Protection serve on local projects to collect and safely store pesticides until
conditions are created for their disposal. Bulgaria also launched a joint project with the
Netherlands to dispose of the first 50 tons of pesticides of the DDT and Lindan type.
More broadly speaking, the actions related to reduction of risk to the population and the
environment fall under the scope of two national documents of paramount importance:
1. National Programme for Prevention and Mitigation of consequences of natural

disasters and industrial accidents
2. National Programme Environment and Health.

These problems were all treated in the Safe and Healthy Working Conditions Act.

11.3. Approaches to Risk Assessment

Many of the environmental issues required the use of risk assessment to mitigate or

eliminate. After Bulgaria’s 1987 accession to the Partnership for Peace Programme, and

subsequently after the country’s application for NATO membership, the Bulgarian

Armed Forces adopted a new approach toward environmental problems:

1. Establish environmental bodies within the Ministry of Defence, Civil Protection,
and the structures of the Bulgarian Armed Forces

2. Introduce ecological training into military higher education curricula

Reorient some experts (chemical) to environmental issues

4. Provide conditions for access to military sites for representatives of the Committee
on the Use of Atomic Energy for Peaceful Purposes and of the Ministry of
Environment and Waters, as well as abandon maintaining an anonymity of their
environmental problems

w
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National System of Emergency Response in the Republic of Bulgaria

Civil Protection, a specialized structure for emergency response, has been established in the
Republic of Bulgaria. It carries out a system of humanitarian activities of a social, economic,
and techno-scientific character aimed at protecting the population, by refusing to permit
dangerous enterprises and mitigating harmful consequences of other enterprises, conducting
relief and humanitarian operations, providing the necessary conditions of survival, and assisting
when emergencies arise.

The following list defines the specific tasks of Civil Protection:

1. The Council of Ministers, led directly by the Defence Minister and permanently by the
Head of Civil Protection, carries out the general guidance of the Civil Protection Service.

2. National authorities, local governing authorities, and local administrations carry out
activities on population and property protection in emergencies.

3. The Standing Committee for protection of the population in disasters, accidents, and
catastrophes, with the Council of Ministers, carries out and coordinates the relief and
emergency activities between the ministries, departments, and regional governing
authorities as well as the preventive work for not permitting activities that would lead to
negative consequences in emergencies.

4. The activity of the Standing Committee is assisted by a headquarters, the members of
which are representatives of Civil Protection, ministries, departments, and
nongovernmental organizations.

5. Standing departmental committees for response in emergencies have also been established
at the ministries and departments. The respective chiefs organize and are responsible for
the implementation of protection activities.

6. Standing committees for response in emergencies are established in regions and
municipalities. Chairpersons of the committees are governors of regions and mayors.

7. Trading companies, enterprises, and firms also establish departmental standing committees
for response in emergencies.

Management authorities and groups of Civil Protection, the forces and facilities of the
ministries and departments, and volunteer groups carry out direct tasks to protect the population
in emergencies.

As regards organisation, a National Crisis Management Centre has been established with
Civil Protection. This centre is connected with the ministries, departments, territorial
administrations, and groups of Civil Protection. Through it, coordination and interaction is
effected with the local authorities and the management bodies and forces when an emergency
arises. The centre incorporates an informational and analytical centre that collects, processes,
analyses, and classifies the complete information on occurrence of an emergency situation and
informs the national management authorities.

The system of Civil Protection maintains groups of regularly appointed professional search
parties, available around the clock, with areas of operation proportionally positioned on the
territory of the country. The Republic of Bulgaria has also developed a national plan to protect
the population during disasters, accidents, and catastrophes; and to establish an organisation for
timely prediction, management, and implementation of relief and emergency operations in
extreme situations. The plan also defines the ensuing obligations and tasks for the preparedness
and participation of the management authorities and the resources, the rules of provision, and its
implementation. Adequate plans for protection of the population have been worked out in the
ministries, departments, regions, municipalities, and projects of the national economy.

5. Allow participation of environmentalists from the Ministry of Defence
interdepartmental commissions established for resolving certain environmental
problems
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Relief and emergency operations carried out by management authorities and forces of
Civil Protection, ministries, departments, and local administrative structures are provided for
by funds allotted for that activity pursuant to the State budget law. The activity to protect
the population is largely financed in a centralized way by the state budget and a small part in
a decentralized way by the municipalities. A standing committee with the Council of
Ministers allocates and exerts control over the expenditure of the funds.

The national authorities responsible for protection of the population monitor the
observance of the regulatory acts in the following basic directions: planning, maintaining,
and implementing the plans for civil protection; organizing the activity of the management
authorities and resources; organizing the protection activities and carrying out prevention
activity; keeping the population informed; and providing logistical support of the
management authorities and forces and interaction between the authorities, forces, and
institutions.

Coordination between single institutions and Civil Protection is based on bilateral and
multilateral contractual agreements for joint work. Many agreements are made at the
regional level, where managers cooperatively solve emergency problems.

The practice of carrying out annual joint exercises and training enables the education
and training of the management authorities of institutions and local authorities and forces
that participate in the elimination or mitigation of accidents and emergencies.

The regulatory documents of participation and response in overcoming and eliminating
the aftermaths of emergencies provide for the attraction of mass volunteer groups from
nongovernmental organizations. These groups are used to protect the population and the
environment, and for assistance in relief operations. Civil Protection in its activities
cooperates with nongovernmental organizations such as the Bulgarian Red Cross, students’
rescue parties, the ecological organization “Blue Flag,” the children’s Scout movement, and
others. Civil Protection bears responsibility for elaborating and maintaining the National
Plan and the database therein. All specialists who work on various protection problems
have access to the plan in the part that concerns them. The database is computerized and
stored at Civil Protection. It is updated at regular intervals when there are changes. The data
are introduced into the plan with the participation of specialists from all concerned ministries
and departments. The resources for response in emergencies are also computerized in
certain ministries and departments.

6. Develop and implement programmes for reducing risks to the population and
environment posed by liquidation of Armed Forces-related old pollution.
For this last item, Bulgaria then adopted the following approaches for environmental
risk assessment for installations and sites from the Cold War period:
1. Group approach for certain types of sites and problems
2. Differentiated approach toward certain sites, production lines, installations, etc.
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11.3.1. The Group Approach

The group approach makes it possible to assess the problem as a whole. This holistic
approach also allows risk assessors to prioritise matters within the main problem, to
determine the risk components and to decide on their order of priority, and to develop a
list for resolving the problems. This approach is used when the problems are nationwide
in scope and relate to entire sectors and branches of the national economy, for example
problems in the following areas:

e Pesticides

e Ferrous and non-ferrous metallurgy

e Related enterprises of the chemical industry

e  Waste water treatment

e Coal-based power generation

e  Closure of sites with ionising irradiation sources

e  Military polygons (within the Ministry of Defence)

e Military areas and bases of dissolved Armed Forces units.

11.3.2. The Differentiated Approach

The differentiated approach can be an element and a result of the group approach but in
most cases it is completely independent, in view of the peculiarity of each site and its
environmental problems. Examples of situations in which this approach was used
include the Kozlodui Nuclear Power Plant, the National Radioactive Waste Depot, and
the arsenic pollution in the area of Pirdop from the copper plant there.

11.4. Commonalities of the Two Approaches

Both the group and the differentiated approach require complex assessment, including
adherence to the procedures for Environmental Impact Assessment, as per Ordinance
No. 4 of the Ministry of Environment and Waters. This ordinance broadly considers the
risk to the environment and the population, in all its aspects. This approach was accepted
in the European Union member states and is regulated by a law in Bulgaria. Other
commonalities include the fact that the two approaches are part of a decision-making
process, and both approaches utilize a set of topics for evaluation and criteria by which
they are evaluated.

11.4.1. Risk Assessment as Part of a Decision-Making Process

Of particular importance to the Bulgarian approach to risk assessment is the fact that
Environmental Impact Assessments are part of a decision-making process. For new
facilities, the Environmental Impact Assessments are widely discussed in the
community, the benefits and the possible damage from a certain type of activity are
carefully weighed, and, finally, the fate of a certain industrial site is decided upon. The
process is a bit more specific for the Environmental Impact Assessment of an already
existing site. Then the involvement of the environmental bodies and the community goes
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more toward reducing the technological, environmental, and health risk. Demands are
often raised for introduction of state-of-the-art waste-free technology, for guarantees for
safe operations by means of rehabilitation and modernisation programmes, and for
closure of particularly hazardous and high-risk lines of production. In addition, when
concluding privatisation contracts, one of the tools for reducing risk to the environment
and people is to introduce clauses for compulsory investment on the part of the new
owners to liquidate old pollution (if any) and to implement environmental programmes
in the future.

11.4.2. Topics for Evaluation

Environmental Impact Assessments focus on identifying areas in which a particular
enterprise can reduce risk to people and the environment. In this context, people can
include workers as well as the public outside the boundaries of the facility. Risk can
occur through the system operating as usual or abnormally.
Assessment of the abilities of an enterprise to reduce risk can be carried out on a
number of topics, for example, the following:
Capability to harness risks
Preventive policies
Movement
Protection of the machinery
Noise and vibrations
Temperature and ambient air treatment
[lumination
Fire, explosion, and electricity-related risks
9. Hazardous substances — health risk
10. Collective and personal protection means
11. Heavy loads transportation
12. Maintenance
13. First aid
14. Interaction of the employees.

e ARl e

11.4.3. Criteria for Evaluation

Each item to be evaluated carries with it a set of criteria, which makes it possible for the

enterprise to be given an evaluation score on each risk individually. For example, criteria

for the first item in the list in Section 11.4.2 , capability to harness risks, could be:

e  Quality of information available to management with respect to risks related to the
operations of the enterprise

o  General attitude toward detected risks (i.e., have efficient preventive measures been

put in place)

Quality of the documentation regarding protective measures against various risks

Attitude toward existing or potential risk in the enterprise

Level of organisation of operations and selected production procedures

Safety of raw material used and effectiveness of training of personnel regarding that

material
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e  Priority of collective or personal protection means and possibility to reduce risk
before their introduction

e  Availability of safety techniques briefing

e  Possibilities to monitor all measures on the above matters

e  Availability of consultations for the personnel or their representatives on all safety-
and health-related issues.

The second item on the list, prevention policies, can be assessed according to the

following criteria:

e  Quality of division of responsibilities in the enterprise (competence, interaction)

e Level of compliance to the procedures and safety regulations in the enterprise

e  Effectiveness of introduced changes following an occupational accident

e  Effectiveness of disseminating initial information and providing update on accidents
or calamities at the work place

e Effectiveness of safety control in the enterprise

e Effectiveness of operations procedure in the enterprise.

Similarly, based on a set of criteria, the other assessment items can be checked for the

enterprise’s capability to reduce the likelihood of serious consequences.

11.5. Conclusion

This chapter demonstrates that the Republic of Bulgaria has established a reliable system
of risk assessment for all types of facilities remaining from Cold War activities. The
system is flexible, in that topics and criteria can be tailored to meet the needs of a wide
variety of situations, in both group and differentiated approaches. In addition, the
system meets the international standards set for the European Union. This system is
seen as a major step in fostering environmental decision making in Bulgaria and
ensuring a prosperous economic future for the country.



12. Radiation Factors Risk Assessment Within the
Chornobyl Nuclear Power Plant Exclusion Zone

One of the most challenging risk management cases recently is the management of risks
associated with the 1986 accident at the Chornobyl Nuclear Power Plant. This chapter
describes the application of risk modelling techniques to provide decision makers with
information on managing radiation risks within the Exclusion Zone. The chapter also
provides insight into the development of the nuclear power industry in the former Soviet
Union, an industry closely related to the development of nuclear weapons production in
terms of technology and lasting legacies.

At approximately 50 years old, the history of world nuclear energy development is very
short when compared with other sources of energy. Nuclear energy, however, went
through the stigma of association with the nuclear bomb as well as depression periods.
Now, with the coming of the third millennium, this form of energy still has unsolved
problems. Nations continue to seek the answer to the unbelievably complicated question
of whether nuclear energy should be allowed to exist at all. This chapter provides a brief
history of world nuclear power development and how it was affected by the Chornobyl
nuclear catastrophe, information about the contamination spread by the catastrophe and
the pathways along which it spread, and specific pathway modelling results of
strontium-90. The discussion and calculations show how radioecological factors must
be considered in effectively predicting and monitoring risks from Cold War legacies.

12.1. Background

The former Soviet Union was the first to use nuclear energy for peaceful purposes.
Starting on June 27, 1954, when the first nuclear power plant (NPP) was opened at
Obninsk, nuclear energy continued to expand. Reactor power increased to 5 MW, a
variety of types was developed, and capacity increased.

A significant stage in nuclear energy development is connected with the Cold War.
During this period, the former Soviet Union operated a series of nuclear reactors not
only for peaceful purposes but for the production of weapons-grade plutonium as well.
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Thus, in the former Soviet Union and other countries, the questions of nuclear power
operation and development were the province of military authority and classified as
secret until the end of the 1980s.

The catastrophe at the Chornobyl NPP in 1986 effectively divided development of
nuclear power into two great stages: before and after the catastrophe. Before the
accident, nuclear energy made a considerable contribution to electric and thermal energy
production. Figure 12.1 shows the potential of nuclear facilities in 1986. Around the
world, 26 countries contained 26 nuclear units for a total of 259 GW capacity; in
addition, 157 units with a total of 142 GW of capacity were under construction.

The most intensive nuclear energy development took place from 1970 to 1980;
during this time NPP capacity grew about 25% per year. However, after a series of
accidents at NPP around the world, most visibly at Chornobyl, the rate of growth in NPP
capacity considerably decreased to an average of 6% between 1980 and 1990.

After the Chornobyl accident, many countries reviewed the safety of their nuclear
energy development. As a result, a number of NPP were closed, and less new plants
were built. Thus, NPP capacity grew just less than 1% between 1990 and 1999.

Figure 12.1 Countries with wide use of nuclear power, 1986
(% indicates portion of electricity production, number under the line indicates total terrawatt-hours)

According to data from the International Atomic Energy Agency (IAEA), world
nuclear energy produces more than 17% of the total amount of energy consumed.
Around the world, 440 nuclear energy units with a total capacity of 351.5 million kW are
operated. In addition, 43 units (for a total capacity of 35.3 million kW) are under
construction, and 51 units with a total capacity of more than 39 million kW are planned
to be built. Table 12.1 presents information on the current status of nuclear energy use
in different countries (according to IAEA data).



TABLE 12.1 World use of nuclear energy, 1997

# Operating # Reactors 1997 Electricity Part in National

Country Nuclear Under Production, Electricity
Reactors Construction terrawatt/year Production, %

Argentina 2 1 7.45 11.40
Armenia 1 - 1.43 25.67
Belgium 7 - 45.10 60.05
Brazil 1 1 3.16 1.09
Bulgaria 6 - 16.44 45.38
Canada 16 - 77.86 14.16
China® 3 4 11.35 0.70
Czech Republic 4 2 12.49 19.34
Finland 4 - 20.00 30.40
France 59 1 376.00 78.17
Germany 20 - 161.40 31.76
Great Britain 35 - 89.30 27.45
Hungary 4 - 13.97 39.88
India 10 4 8.72 2.32
Iran - 2 - -
Japan 54 1 318.10 35.22
Kazakhstan 1 - 0.731 0.583
South Korea 12 930 4.08
Lithuania 2 - 10.85 81.47
Mexico 2 - 10.46 6.48
Netherlands 1 - 2.30 2.77
Pakistan 1 1 0.37 0.65
Rumania 1 1 5.40 9.67
Russia 29 4 99.68 13.63
Slovakia 4 4 10.80 43.99
Slovenia 1 - 4.79 39.91
South Africa 2 - 12.63 6.51
Spain 9 - 53.10 29.34
Sweden 12 - 67.00 46.24
Switzerland 5 - 23.97 40.57
Ukraine 16 4 74.61 46.84
USA 107 - 629.42 20.14
Total 437 36 2276.49

Note: a = Taiwan is included in total amount: 6 nuclear plants, providing 26.35% of energy

production.
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12.2. The Chornobyl Catastrophe

On May 6, 1986, an accident occurred at the Chornobyl NPP, in what was then part
of the Soviet Union (present day Ukraine). According to the last official data from
Ukrainian scientists[1], the sum activity of radioactive material released during the
accident consisted of 1.2 x 10'° Bq, including about 7 x 10'® Bq of inert gas. Releases
included more than 3% of the fuel concentrated inside the reactor at the time of accident,
up to 100% of the inert gas, and 20% to 60% of volatile radionuclides. This
retrospective assessment of the activity at the moment of the accident was performed by
recalculating the state of the plant before stopping the release process from the
emergency reactor. The amount calculated exceeds the activity assessment officially
presented by authorities of the former Soviet Union to the IAEA in 1986[1].

Meteorology conditions at the time of the accident led to a wide spread of
radionuclides across the North Hemisphere. The most contaminated areas were in
Belarus, Russia, and the Ukraine (46,500 km?, 57,000 km?, and 41,800 km?,
respectively), with concentrations of greater than 1 Ci/km’ (37 kBq/m®) of cesium-137.
Areas of contamination were also found in Sweden, Finland, Germany, Australia,
Switzerland, Rumania, Georgia, and other countries[2]. Figure 12.2 depicts data
showing European radioactive contamination after the Chornobyl accident.

The most dangerous area with regards to the environment and human health is
considered to be the Chornobyl Exclusion Zone (ChEZ) within the administrative part of
the Ukraine. The ChEZ is shown in Figures 12.3 and 12.4. In 1986, all economic
activity was stopped there, and the population was evacuated. The Ukrainian part of the
ChEZ is made up of 2,044 km’[1]. Currently, the most dangerous radionuclides that
determine risk within the ChEZ are cesium-137, strontium-90, and alpha transuranium
elements plutonium-238, 239, 240, and americium-241. Their levels within the ChEZ
consist of 20 x10"° Bq.

The following densities of radioactive contamination for cesium, strontium, and
plutonium were accepted as criteria for the population evacuation from the contaminated
area (~1,800 km?)[3]:

e cesium-137 more than 555 kBg/m? (15 Ci/km?)
e strontium-90 more than 111 kBg/m? (3 Ci/km?)
e plutonium more than 3.7 kBg/m”* (0.1 Ci/km®).

Specialists from the Ministry of Emergencies summarized data on radionuclides
distribution in different ChEZ objects[4], as shown in Table 12.2. Most radionuclides
are concentrated in the “Shelter” object, which contains 180 tons of nuclear fuel with a
total activity of 740 PBq (20 MCi). About 8.2 PBq (0.22 MCi) were released out of the
destroyed unit.

Within the ChEZ, about 800 radioactive waste disposal sites and temporary
radioactive waste storage sites contain about a total activity of 8.1 PBq (0.21 MCi).

Table 12.3 shows approximate amounts of radioactive waste that must be moved to
special storage.
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Figure 12.2 Radioactive contamination of Europe after the Chornoby] catastrophe

12.3. Transport of Contaminants Through the Environment

Radionuclides contained in the Chornobyl release penetrated into the environment
and are now represented in all nature sub-systems. Figure 12.5 schematically depicts
their migration in the environment and intake into the human body.

The pathways shown in Figure 12.5 are considered to be the risk factors and should
be taken into account when developing risk assessment scenarios. These risk factors can
be studied using radioecological monitoring data, which are often used to model
radionuclides migration and to predict risk to the population and environment.
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Figure 12.3 Contamination of Ukraine with "*’Cs

A multipurpose system for calculating these factors is the Multimedia
Environmental Pollutant Assessment System (MEPAS), developed by the Pacific
Northwest National Laboratory, operated by Battelle for the U.S. Department of Energy.
MEPAS models radioactive and chemical contamination processes in different natural
environments and, using different scenarios of radionuclide uptake, predicts risk to the
health of the population. The calculations described below were, for the most part,
performed using MEPAS[S,6].

The question on which radionuclide transfer pathways may result in contamination
moving out of the ChEZ is of high importance. Figure 12.6 and Table 12.4 show
potential pathways.

The data in Figure 12.6 and Table 12.4 show that the main potential source of
radiation risk within the ChEZ is through surface waters. Radionuclides migrate from
the ChEZ as a result of their wash-out from water catchments. Through the Prypyat and
Uzh river basins, radionuclides migrate with surface and underground drainage. Indeed,
water-borne contamination is the most dangerous radiation factor for the whole River
Dnieper basin system, to which the River Prypyat estuary drains. Water from these
sources is used as potable water for 35 million people in the Ukraine.



Figure 12.4 Zoning of the territory of Ukraine according to radioactive contamination rate

TABLE 12.2 Radionuclide distribution in Chornobyl Exclusion Zone objects
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Object Activity, Bq 10®° (PBq)

> Cesium-137 Strontium-90 Trans-U elements
Exclusion Zone land 8.13 5.5 2.5 0.13
Cooling pond 0.27 0.16 0.1 0.005
Radioactive waste disposal sites 6.35 3.4 2.8 0.15
Radioactive waste temporary 1.84 1 0.7 0.04
storage locations
Total 16.6 10.2 6.1 0.33
“Shelter” Object 740 480 260 10

Note: “Shelter” is the name of the fourth destroyed unit of the Chornobyl NPP, so called after activities on the

sarcophagus building[7].

TABLE 12.3 Radioactive waste volumes in Chornobyl Exclusion Zone objects

Radioactive waste volumes, km’

Source Minimum Maximum
“Shelter” 120 400
“Shelter” territory 11 280
Radioactive waste disposal sites 21 37
Radioactive waste temporary localization sites 3 15

NPP operated and out of operation

Treatment of used nuclear fuel of VVEP reactors ?

Total 160 730
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Figure 12.6 Potential radionuclide (mainly cesium and strontium) transfer pathways

«

out of the Chornoby! Exclusion Zone (percent contribution, *,” indicates decimal point)

The intensity of radionuclide migration with this water pathway depends on hydro-
meteorological conditions and primarily on the water level in the river drainage (e.g.,
during flood conditions, radionuclide outflow considerably increases).

The second most dangerous potential pathway for radionuclide transfer out of the
ChEZ is wind transfer. This factor has a tendency to decrease with time because



TABLE 12.4 Radionuclide transport from different sources within the

Chornobyl Exclusion Zone[4]
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Source Activity, MBq/year
Z ]J"Cs | QUSr
Chornobyl Exclusion Zone (flowing out of zone)
River Prypyat (margins of fluctuation), 1990-1997 4.4-17.6 1.2-4.6 2.7-14.4
River Prypyat 1997 44 1.7 2.7
Underground filtration from cooling pool 0.37 7.4 2.96
(return 0.02-0.04)
Wind transfer 0.7 0.2 0.5
Biogenic transfer 0.07 0.055 0.015
Technogenic migration 0.029 0.021 0.08
“Shelter” (radionuclides released into environment)

Planning release 0.011
Non-organized release through cracks 0. 0006 0. 0005

Chornobyl Nuclear Power Plant (radionuclides released into environment)
Gas aerosol release 0.048 0. 047 0. 001
Release into cooling pool with waste water 0.035 0.026 0. 009

Note: all flows are constant except wind transfer, which is occasional.

of radionuclides fixed in environmental objects at the expense of biological and

geochemical processes in soil and biota.

Biogenic transfer is the third most important radionuclide transfer pathway. Figure
12.7 shows how different biological objects contribute to radionuclide transfer out of the

ChEZ.

Figure 12.7 Radionuclide transfer out of the Chornoby] Exclusion Zone via biological objects
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Figure 12.8 Technogenic radionuclide transfer out of the Chornobyl Exclusion Zone

Technogenic factors also allowed radionuclide transfer out of the ChEZ. In order of

contribution, these factors include auto transport, cargo transport, and personnel
transport (Figure 12.8).

A consideration of the contribution of various factors to radionuclide transfer out of

the ChEZ, must emphasized that total potential risk to the health of the population and
the environment from radionuclides concentrated in different objects within the ChEZ is
higher than the possible risk posed by a serious accident at the “Shelter.” Analysis of
these data on potential pathway migration (shown in Figure 12.9) yields the following
conclusions:

When the “Shelter” is properly operating, the contribution to total dose made from
the total radionuclide transfer out of the ChEZ via natural and technogenic pathways
exceeds by 1 to 2 times the contribution to total dose from the “Shelter.” The
pathway of least importance proved to be imperfect emergency construction for
high-activity radioactive waste storage, which requires further improvement to
ensure safety.

In case of an accident at the “Shelter,” radionuclide transfer into the environment
could lead to dose to the population of Ukraine at a level comparable to the sum of
doses from all others sources of ChEZ radioactive contamination. At that level,
these doses would be less than those already received from radionuclides flowing
out during the 10 years following the Chornobyl catastrophe.
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Figure 12.9 Approximate data on dose assessment for the population of Ukraine
for different scenarios of radionuclide transfer out of the Chornoby! Exclusion Zone

12.4. Modelling Strontium-90 Transport Through Exclusion
Zone Water Systems

The results predicted above can be validated through use of computer modelling. An
example of such modelling can be seen below to predict strontium-90 transport into
surface reservoirs through the aeration zone and with underground waters. The results
shown below were calculated using a Russian version of MEPAS (3.11RV, 1996-1998).
This version was developed as a result of an agreement between the Pacific Northwest
National Laboratory in the United States, Computer Technologies Association of the
Kurchatov Istitute in Russia, and the State Scientific Center of Environmental
Radiogeochemistry in the Ukraine. This version was used in the Ukraine to model and
predict long-term radionuclide migration in different sub-systems of the ChEZ
environment[8]. Whelan et al.[6] describe methods of modelling and prediction in
MEPAS in detail.
The modelling considered two types of migration[9]:
¢ Radionuclide migration from the ChEZ-contaminated catchments through the
aeration zone and underground waters (area model of contamination)
e Radionuclide migration from radioactive waste disposal sites and temporary storage
sites (point-source contamination)
Strontium-90 migration in the aeration zone and underground water is described by
the following equation:
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oC u oC D 0’ C D, & . 0°C
—t—— -AC (12.1)
ot R, Ox R ox’? Rf1 oy’ , 0z°
where R, =1+~% ’B" (12.2)
ne
and D=au+D,, (12.3)
and where
R, = factor of delay (non-dimensional)
B = volume density (g/sm’)
Ky = distribution coefficient (mL/g)
o = dispersity into x-, y-, or z- direction (sm)
D, = molecular diffusion.

Factor of delay was used as a measure of contaminant mobility in a porous
environment. It represents the ratio of average velocity of porous water to average
velocity of contaminated material transformation and could be represented several ways
(for example, with agraph). In reference literature on underground water, the following
equations for delay factor assessment are recommended:

Ba
Rp=nmn,+ K& (12.4)
B
R, :1+7"Kd (12.5)
B
Rf4 = +—éI—Kd
(12.6)

where O = moisture in the aeration zone (non-dimensional) .
Equations 12.2 and 12.6 are used in MEPAS, the former for saturated zones and the
latter for partially saturated zone. After some combinations:

u =2 (12.7)
R,
. D

and D =— (12.8)
R,

Equation 12.1 could be modified into simplified type:

2 2 2
£+u*a—C=D;a (2:+D + 0 (2:+Dz*8 (2,‘
Ot Ox Ox Y ox Oz

-AC (12.9)
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To solve Equation 12.9 taking into account certain boundary and initial conditions,
the set of semi-analytical equations was used in MEPAS. These equations allow
predictive assessments of contaminant migration in saturated and non-saturated
environments.

An exponential source model was used to describe radionuclide intake into the
aeration zone:

Q(t) = Qo * exp(-a * t) (12.10)
where
Qo = K]*Ao* S, a=7»+K,, K|=1n2/TnB
Q(t) = integral for the source velocity of radionuclide intake into the aeration zone
(Cilyr)
Ao = density of surface contamination (Ci/m?)
S = site area (m°)
A¢*S = radionuclide reserve in source (Ci)
A = constant of radioactive decay (year™)
Tas = period of semi-decay (years).

Figure 12.10 shows contaminated catchments isolines of underground water levels
and directions of strontium-90 migration with underground water currents into water
systems of the ChEZ (Azbuchin Lake, Prypyat Creek, Semikhodovskiy Creek). From
these locations, contaminated water flows into the River Dnieper, making it doubtless
that the population of Ukraine consumed this water.

Tables 12.5 and 12.6, as well as Figure 12.10, show parameters for strontium-90
migration calculations as well as data on its reserve in these catchments, radioactive
water disposal sites, and temporary waste storage sites.

Figures 12.11 to 12.17 show the results of predictive modelling. Here one can see
the peculiar features of how strontium might be transported from groundwater to surface
water of the ChEZ.

12.5. Conclusions

The catastrophe at the Chornobyl NPP showed the world that the “peaceful atom”
can in reality be less than peaceful. However, through the use of predictive modelling,
risk can be assessed to various ecological factors. This type of modelling allowed
planning of a budget for radioecological monitoring within the ChEZ.
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Figure 12.10 River Prypyat right bank catchments and radionuclide transfer pathways



TABLE 12.5 Hydrogeological and radiological parameters used for modelling with the

Multimedia Environmental Pollutant Assessment System
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Source Loading Catchment Distance from | Average | Aeration *ISr
Site Dimensions, Catchment Flow Zone Activity
km x km Center to Gradient Thick- Reserve,
Unloading for ness, m Ci
Site, m Ground-
water

Prypyat Creek Prypyat 2x1 500 0.03 5 1000
catchment Site 1 Creek
Prypyat Creek Prypyat 2x0.5 1,250 0.03 3 600
catchment Site 2 Creek
Prypyat Creek Prypyat 2x2 2,500 0.03 1 1400
catchment Site 3 Creek
Azbuchin Lake Azbuchin 1x1 500 0.043 1 300
catchment Site 1 Lake
Azbuchin Lake Azbuchin 1x0.2 1,100 0.043 3 200
catchment Lake
Site 2
Azbuchin Lake Azbuchin 1x0.6 1,500 0.043 5 500
catchment Lake
Site 3
ChNPP industrial site Azbuchin 0.5x0.5 1,500 0.043 S 1600

Lake
Semikhodovskiy Creek | Semikho- 2x1.5 750 0.003 5 150
catchment Site ] dovskiy

Creek
Semikhodovskiy Creek | Semikho- 2x0.5 1,750 0.003 3 50
catchment dovskiy
Site 2 Creek
Semikhodovskiy Creek | Semikho- 2x2 3,000 0.003 1 300
catchment dovskiy
Site 3 Creek
Radioactive waste Prypyat Ix1 2,500 0.003 0 2000
temporary storage site Creek
“Red Forest”
Radioactive waste Prypyat 2x2 2,000 0.003 2 400
temporary storage site Creek
“Yanov”
Radioactive waste Prypyat 1.5x1.2 1,500 0.003 2 6000
temporary storage site Creek
“Prombasa”
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TABLE 12.6 Filtration-migration parameters used in models

Parameter l Units Value
Aeration Zone
Infiltration feeding mm/year 200
Volumetric moisture content in soils doesn’t matter 0.1
Kq °Sr mL/g 1
Soil density kg/dm® 1.65
Aquifer

Thickness m 20
Filtration coefficient m/cyT 10
Efficient porosity doesn’t matter 0.2
Kq 7St ml/g 0.5
Soil density kg/dm’ 1.65
Porosity doesn’t matter 0.3
|

8 —— Sr-90 flowing-

5 Jﬂu out from the 1-

1,6
ﬂbo' T st site
1.4

—&— Sr-90 flowing-

A
X out from the 2-

s N
;g' ! p nd sit
© o0s
a .
~—»—Sr-90 flowing-
06 out from the 3-
d site
0,4
;10,2472
0,2

0,7583

o IV VIV VRS
AN - FEIIIEIEIEIIEOE

450 500 550 600 650 700 750

0 50 100 150 200 250 300 350 400
t, years

Figure 12.11 Maximum strontrium-90 transport from three sites into Prypyat Creek
(1.71 Ci/yr in 66.5 yr according to predictive modelling)
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Figure 12.12 Maximum strontium-90 transport from three sites to Azbuchin Lake

(1.73 Ci/yr in 28.7 yr according to predictive modelling)

0,14
77,2;0,1333
A 2 —e—5r-90
0,12 flowing-out
from the 1-st
site
0,1 1
= —&—Sr-90
& 0,08 flowing-out
5 from the 2-
G 0.06 \ nd sit
0,04 —&— Sr-90
I \ flowing-out
from the 3-d
0,02 125,10;01622 h
3 a ok site
18, 0,00831
0 3-3-0/0-6 6 QOB 4 —
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

t, years

Figure 12.13 Maximum strontium-90 transport from three sites into Semikhodovskiy Creek

(0.14 Ci/yr in 77.2 yr according to predictive modelling)
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Figure 12.14 Maximum strontium-90 transport from radioactive waste storage site “Red Forest” into Prypyat
Creek (0.2 Ci/yrin 110.7 yr according to predictive modeling)
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Figure 12.15 Maximum strontium-90 transport from radioactive waste storage site “Yanov” into
Prypyat Creek (0.207 Ci/yr in 98.5 yr according to predictive modelling)
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Figure 12.16 Maximum strontium-90 transport from radioactive waste storage site “Prombasa” into Prypyat
Creek (2.15 Ci/yr in 96.4 yr according to predictive modelling)
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Figure 12.17 Maximum strontium-90 transport from the industrial zone of the Chornoby! Nuclear Power Plant
into Azbuchin Lake (0.6 Ci/yr in 119.2 yr according to predictive modelling)
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13. Psychological Aspects of Risk Assessment and
Management

Another major challenge to decision makers is communicating risk information to the
lay public. Key to this communication is the set of perceptions held by the public
regarding the particular risk. This chapter describes two studies concerning
psychological aspects of risk perception, which provide insight into developing an
information strategy that could be more effective in relaying risk information. The first
study compares two groups of people—experts and lay people. This study can help risk
managers understand the best ways to communicate with affected populations. The
second study looked at the attitudes of three groups of residents in areas contaminated
by the Chornobyl accident. Psychological attitudes are shown to create a motivation for
relationships and actions. This study can help decision makers understand what
motivates people.

The psychological problems related to radioactive contamination markedly intensify
adverse radiation impacts on human health. To counter these problems, organizations
and authorities often attempt to provide information to workers and the potentially
affected population. Such was the case concerning the Chernobyl accident. Information
prepared by experts on state measures to mitigate accident consequences was initially
intended to create an attitude of cooperation within the population to overcome the
accident impacts and normalise the social and psychological climate. However, when
the population sees such information as inadequate, the results may be unexpected or
even opposite to those intended. Research in the regions adjacent to Chernobyl, and
later in the city of Slavutich, showed that psychological support is needed not only for
power plant personnel but, to a greater extent, for lay people without professional
knowledge of radiation but at risk from its effects. This chapter describes two studies
concerning psychological aspects of risk perception and provides insight into developing
an information strategy that could be more effective in relaying risk information.
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13.1. Differences in Risk Perception Between Experts and
Lay People

The first study involved a comparison of two different groups of people—experts,
represented by personnel of the Chernobyl Nuclear Power Plant (CNPP), and lay people,
represented by the residents of a radiation-contaminated area in the Kaluga District of
the Russian Federation, located a considerable distance from the CNPP (further referred
to as KA). A theoretical basis for the study was a risk perception concept by Rowe[1],
which involved subjective assessment of an event possibility and hazardous
consequences and evaluation of the scale of those consequences. This basis was
supplemented by defining the constituents of the perceived risk according to the
classification of Covello[2].

Objectively, risk is a non-linear multidimensional function of interrelated factors
attributed to various sources. Practically, under specific circumstances, any social
condition or process can be perceived by a poorly informed person as a risk factor. It is
therefore important to evaluate a variety of factors to determine risk perception.

Data were gathered from the following two groups:

1. Personnel of the CNPP (720 persons), men and women age 23 to 55. They are
informed on radiation impacts to the organism and experienced in handling
radioactive materials. They have also experienced operating in an accident setting
and high dosage loads. The group was studied from May to October 1986.

2. Population of three subregions in KA totaling 234, 148, and 120 residents,
respectively (men and women age 17 to 64). With few exceptions, the population
had no professional knowledge of radiation impacts to the organism. However, they
live under low dosage loads for a considerable time. The group was studied from
November 1990 to April 1991.

Both groups were studied using targeted interviews and questionnaires, standard
techniques for evaluating personal qualities and psychological status of an individual.
Table 13.1 shows some results of the study. Results are expressed in terms of a
deviation indicator that represents the tendencies of the risk perceptions to be higher or
lower than expected. The subtotal deviation indicator for each risk factor characteristic
category is given in bold. Selected deviation indicators for subcategories of special
interest are also included. The reader is referred to the source references for a more
rigorous definition of the risk indicators and measures that are used in this chapter.

For both groups, risk perception is the more acute with less specific data on general
features of the hazard. The results agree with the findings of Lee[3] on psychological
mechanisms of exposure to risk: a person adapts to situations related to risk and repeated
regularly; a cognitive rearrangement of information is oriented to the dissonance effect.
Psychological protective mechanisms are activated that allow a person to balance the
nervous system and psyche. The subconscious plays a leading role in ameliorating the
effect of protective mechanisms.

In addition, the results show that the risk perception of professionals and other
persons interested in facility operation has a sophisticated structure and is differently
expressed before and after an accident. On the other hand, the psychological aspects of



TABLE 13.1 Comparison of risk factor characteristics between experts (CNNP workers) and lay
people (KA residents) regarding the risks from the accident at Chernobyl (after V.T. Covello)

Risk Factor Characteristic

Deviation
Indicator

CNPP

KA
Residents

1. Awareness of the risk—Subtotal

1.5>

CNPP personnel were worried about lack of precise information. KA residents
were worried about possible distortion or muffling of information on hazards.

—
N}

>

2. Understanding—Subtotal

2.0>

For CNPP personnel, ignorance of mechanisms of radiation impacts intensifies
aneed for scientifically based information. For the population, difficulty in
understanding the situation (hazardous or not?) results in either in diligent
action in search of explanation or apathy, and, in acute cases, depression.

(=]

3. Indefiniteness—Subtotal

1.7>

When CNPP personnel personally assessed the situation as indefinite, their
feelings of dissatisfaction were increased and they were more likely to become
afraid. The population acutely reacts to an indefinite situation, particularly
when assisting the accident victims is delayed.

(=]

4. Voluntary actions—Subtotal

CNPP personnel preferred perceived and voluntary risk. However, the
rescue workers from other locations had an acute feeling of humiliation and
fear when working in extremely dirty areas in the CNPP. The population
was worried because it was impossible for them to independently resolve
problems related to higher radiation impacts in their residential areas.

5. Personal involvement—Subtotal

0.5<

1.5>

CNPP personnel expressed guilt for threatening the health of their families
and children. The population was more worried about clean food and aware
of their desolate fate.

+>

6. Possibility of control—Subtotal

1.5>

Rescue workers were indignant at the lack of adequate dosimeter equipment
and the impossibility of calculating the risks related to rescue activities.
Residents mistrusted official information on the dosimeter situation and
diseases in residential areas.

7. Disastrous potential—Subtotal

2.0

Acute radiation impacts to the personnel at Unit 4 of the CNPP during the
night of the accident aggravated the perception that the situation was
extremely risky. Before the accident, the population feared possible
consequences of such an event, yet large-scale impacts of the actual event
ameliorated fears and added a self-reassurance shade to risk perception.

2.0

8. Accident potential—Subtotal

2.5>

1.5>

Memories of the experience at Unit 4 aggravated risk perception among
personnel; unpredictable nature of future events contributed to an anticipated
recurrence of the situation. The population was depressed by fears that the
radiation situation would remain negative for several years and that the
accident might be repeated.

9. Immediate hazardous effect—Subtotal

2.0

Because of high dose loads, CNPP personnel and rescue workers were
convinced of the actual danger of radiation impacts. Awareness of
irreversible negative impacts is increasing. For residents, radiation impacts
are not explicitly evident. However health problems were often associated
with radiation impacts.

2.0>
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TABLE 13.1 (continued)

Risk Factor Characteristic Deviation Indicator
CNPP KA
Residents
10. Reversibility—Subtotal 1.1 0
Most CNPP personnel in late 1986 were concerned about personal problems|1.1 0

(for example, should they continue working at the plant or retire).
Meanwhile reversibility, in the form of possible irreversible physiological
problems for young people, was crucial in corporate decision making. For
residents, the problems of hazardous impacts of radiation are sophisticated
and do not play a noticeable role in personal decision making.

11. Fear—Subtotal 0.5< |2.0

Professionals were relieved from fear when they acquired experience in 0.5<  [++>
handling radiation. On the other hand, habituating and ignoring a hazard
were reported. Some residents (primarily physicians and teachers) left their
dwellings at the first opportunity upon being informed of radioactive fallout.
They were guided by fear and mistrust of official information.

12-13. Impact on children and future generations—Subtotal 15> |2.0>

The CNPP personnel felt extreme guilt for the environment (plants and +> ++>
animals) in the accident zone. For residents, the decision to leave the
contaminated area was largely influenced by a fear for children, including
unborn babies.

14. Specific nature of victims—Subtotal 2.0>  [2.0>

CNPP personnel expressed by acute distress at news of the death of their  [+>2.0 [++>
friends. Perception by the population was rather abstract: they associated
fatalities among the CNPP personnel with radiation contamination, which
aggravated negative attitudes.

15. Justice—Subtotal 1.5 1.5

CNPP personnel reacted emotionally to a biased mass media coverage of [1.5 1.5
their activity and fault for the accident. The population was more concerned
by conflicts between themselves and authorities on unjust (in the population
view) distribution of bonuses among the accident victims.

16. Profits—Subtotal 1.3> 125>

Problems of status and future prospects among the CNPP personnel were  {1.3>  [+++>
considered priorities in May 1986. A month later, when the accident
situation continued, the priorities markedly shifted. In the months to follow
the profits from continuing work were evaluated by the professionals as a
choice between health and welfare. The problems of residents were mostly
confined to obtaining government compensation.

17. Trust in organizations—Subtotal 1.5> [1.5>

CNPP personnel had no trust in the organizations responsible for 1.5>  [1.5>
technological safety at the NPP. The population felt organizations were
muffling information on the radiation level in residential areas and extent of]
hazard to people’s life and health.

18. Interest of mass media—Subtotal 1.5 0

Any information supporting personnel fault in the CNPP accident was 1.5> |0
considered personal assault and aroused a feeling of bitterness and despair.
Note: The deviation indicator shows the tendency for the risk perception to be less than (<) or greater
than (>) the indicated risk levels; a value of 0 indicates agreement The non-zero numbers, when given,
indicate the factor by which the risk perception is greater or less than indicated risks.
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the health of the population in the Kaluga region are largely related to social problems
typical of the entire country’s population. In other words, it is often difficult to
differentiate influence from the radiation factors from influence of background social
concerns.

It is also important to note that the constituents that make up perceived risk for
professionals and lay people are significantly different. Subsequently, risk controls their
behavior in a different manner, modifying their attitudes and motivations. The most
important factors for creating distress (in different content aspects) in both groups were
the following:

e Ambiguity

e  Voluntary nature

e Personal involvement

e  Possibility-impossibility to control

e Impacts on children and future generations

e Justice.

The perception of risk is related to the extent the situation is seen as ambiguous. This
perception is particularly true when the threat has unknown boundaries.

Intensifying ambiguity simultaneously aggravates the perception of a situation as a
dangerous one. As these perceptions expand in an avalanche-like pattern, the process
could result in psychological tension and panic-like behavior patterns. Adequate and
timely awareness could stop this process.

13.2. External Factors and Motivation in Risk Perception
Among the Population

The second study looked at the motivations and attitudes of three groups of residents in
areas contaminated by the Chernobyl accident. Motifs are directly related to
psychological attitudes of people and create a motivation for their relationships and
actions. Attitudes imply a person’s readiness to act in a particular way. An attitude also
expresses a person’s position relative to a risk source. For instance, a need to earn
money may be pressing, particularly in the general population, but when there are no
conditions to realize this need, its utilitarian motivation cannot be met. Likewise, when
there are conditions to earn money, but a person does not need money, the utilitarian
motivation is absent.

The study identified five principle motivations: cognitive (M1), evading problems
(M2), acquisition (M3), prestige (M4), and utilitarian (MS5). Residents were evaluated
through interviews with specialists and special methodology designed by the Prognosis
Research Center (Obninsk) for this particular study. This methodology on the level of
satisfying motivation was based on an integration of indicators in replies to questions
concerning a specific motivation. When results were greater than 60%, the motivation
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was considered active and a determinant of a person’s actions. Results less than 40%

indicated that satisfaction of the motivation was hampered or the motivation was absent.

The study was carried out in three districts of the Russian Federation with
contamination levels from 1 to 5 Ci/km®. The total population in the Bryansk District
(BD) was 236,400 people, with 140,900 in the Kursk District (KD), and 820,200 in the
Kaluga District (KA). Population sampling in contaminated areas was based on multi-
stage random selection. Sampling in clean areas was based on quota distribution related
to gender and age of the recipients.

Table 13.2 summarizes the results of studying the motivational structure of this
population. A range of the appropriate indicator expresses the average degree of
realization of each motivation. The indicator is an “average degree of interest
realization” expressed in percentage. Several conclusions can be drawn from the results:
e  The most realized motivations are evading problems and demand for interesting

activity. In other words, contrary to common opinion, the population feels

adequately protected.

e  Age played an important part in perception. For each indicator, data increasingly
deviated up to the age range of 20 to 24 years. There was a further stable decreasing
trend after that point.

e Unexpectedly high was the extent of realization of the cognitive motivation. This
rating testifies that the population is confident in their awareness of risks. The most
trustworthy sources of reliable information were usually gossip, retelling the stories
heard from acquaintances, etc. While developing information for the population in
the studied areas, one should take into account a relatively low level of interest and
confidence in government sources of information.

e  Extremely important, and the least expressed motivation, is the utilitarian one, i.e.,
satisfying a demand for personal welfare. This information suggests to decision
makers that, without due account for attitudes related to difficulties in realizing a
utilitarian motivation, any initiatives to inform the public may only yield negative
results.

e  Another infrequently realized motivation is that of prestige. The population in the
studied areas is not satisfied with its social status. Hence, motivation of prestige
may be the mechanism to compensate an unsatisfied utility motivation.

Of course, a motivational structure is heterogeneous for population groups of
different sexes, ages, and residences; therefore, these motivation features should be
taken into account when developing social protection measures and presenting
information. Overall, the study found that a balanced system of motivations for personal
activity that is relatively fully realized allows a person the flexibility to adapt to
environmental transformations (both natural and social), including risk-related critical
transformations.
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TABLE 13.2 Range of motivation realization in three districts of the Russian Federation
contaminated by the Chernoby! accident

Motivation Category BD KD KA Clean |All Study|Deviation

Areas |Regions [Indicator
Cognitive motivation (M1) 3 2 2 2 2 0
Evading problems motivation (M2) 1 1 1 1 1 >2.5
Acquisition motivation (M3) 2 3 3 3 3 >1.5
Prestige motivation (M4) 4 4 4 4 4 <2
Utilitarian motivation (MS5) 5 5 5 5 5 <3
Average degree of interest realization 38.55 [54.24 |53.81 |44.20 |49.12 <1.7
Standard deviation of motivation realization 14.27 [13.21 |11.02 |12.41 |14.89

Note: The indicator for the first five data columns is an “average degree of interest realization” expressed in
%. The deviation indicator in the sixth column shows increased (>) or decreased (<) tendencies relative to a
risk indicator; 0 indicates agreement with the indicator. The numbers are the factors for the indicated tendency
(which is a slightly different definition than in Table 13.1).

13.3. Developing an Information Strategy Based on
Psychological Aspects of Risk Perception

Providing information is an important aspect of effective decision making on socio-
economic rehabilitation and psychological support of the population. Information on
events in the surrounding world create an information medium shaping an individual’s
outlook, opinions, system of values, and readiness to act. Thoroughly planned and
adequately presented information is a tool in a system of measures to reduce
psychological and emotional stress. Three parts of that tool include using dialogue,
providing for independent review of population characteristics, and developing an
effective information strategy.

13.3.1. Using a Process of Dialogue

An information strategy should be based on an active dialog between authorities and

the population. This dialog consists of two units:

1. Direct flow of information from authorities in the form of instructions, programs,
and publications

2. Feedback from the population to authorities.

The latter comprises the following information:

e  Socio-psychological climate, demands, and necessities of target groups

e  Thoughts on current decision making, possible consequences, and implementation
of specific programs

e  Expected effects of planned instructions, programs, and publications.

Thoughts on decision making are particularly important (Figure 13.1). Analysis of the

current status of the problem is the core and starting point in decision making as well as

in developing information.
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Analysis of the current Vision of optimum desirable Evaluation of information
status of the problem solution to the problem on problem solution
Population

Figure 13.1 Simplified diagram of population feedback

Perception of the optimum desirable solution to the problem predetermines the program
of actions to attain the desirable target as well as the format to present information to the
population. This format will be more precise if a thorough and comprehensive account
is made of the psychological factors of information perception (i.e., people’s attitudes
and interests, socio-demographic features, and psychology of perception).

Transition from the current to desirable state requires a series of practical actions to
shape adequate information in terms of preciseness, timeliness, and ease of
understanding. When the population perceives the information as adequate, tension is
relieved. Information adequacy can be achieved by:

e  Precisely presenting information (Figure 13.2)

e Taking into account general psychological regularities of information perception by
an individual and differences in information perception by various population strata

e  Addressing the nature of information to a person’s individual features (e.g., social
status, intellectual level, occupation)

e  Taking into account social and psychological climate and making information
content correspond to population expectations and needs

e Presenting information in a timely manner.

e  Using expert sources on actuality and importance of the problem when preparing

information.
. Scientific
Fantasies, — Theoretical
delusions substantiation
Information
accuracy - Empirical
Intentionally Approximate
distorted, [Si s
precision Scientific
alsified data ;
Jalsifi Opinion of f hypothesis
common Errors
Expert
person
opinion

Figure 13.2 Criteria for evaluating information precision
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Criteria for information precision are related to the information’s correspondence to
the objective reality (e.g., absence of errors, fantasies and delusions, and particularly
distortion of risk factor data). The data supported by scientific research are considered
the most precise. The more adequate the scientific substantiation of information (the
more profound the theoretical study of the problem, the greater the number of empirical
data that confirm the theory), the more precise the data are suspected to be. When
information delivery is critical, criteria for information precision could be tested and
confirmed by experts. Great danger lies in erroneous judgments based on everyday
experience or even on specialists’ practical work.

It is important to note that people make decisions based on how adequately their
expectations have been met (Figure 13.3). A personal decision unexpected by decision
makers rarely gives rise to positive emotions among the population because people do
not believe decision makers consider their concerns in the process.

It is also important to note that timeliness of information plays a key role in
determining its adequacy. Figure 13.4 shows two situations—stable and unstable or
critical. The same information may cause different reactions in a particular situation. A
stable situation allows time for contemplating, and a delayed reaction is possible. A
critical situation characterized by a time deficit aggravates such psychological effects as
attitude to the perceived information, neurotic reaction, negativism, and nihilism.
Information is timely if it arrives the moment when it is most effective. If information
arrives too early, people are unprepared for it. If it arrives too late, people are tired of
waiting.

Precise correspondence
> to attitudes and
expectations
Adequacy of
’ Dissonance
people’s >
expectations decision
Confronting
decision
Positive
Consensus
P decision — emotional
flavour
Unexpected
L P Negative
decision
— emotional
flavour

Figure 13.3 Criteria for evaluating the adequacy to meet people’s expectations
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Hence, a dialogue technique that includes direct information flows and feedback is
necessary to communicate risk. Mutual understanding can be achieved through dialogue
when a source is aware, through constant and timely communication, of the actual status,
demands, and problems of target groups and others who contribute to psychological and
emotional climate.

Stability of situation
v 4
Stable Critical
Vital, Nobody is Acute demand for Information
burning issue interested information considered
superfluous

Figure 13.4 Criteria for evaluating timely submission of information
13.3.2. Gaining a Psychological Perspective

Socio-psychological expertise is an indispensable component of practically all
activities related to development and implementation of an information strategy. To
ensure an appropriate program of information provision, officials can implement an
independent psychological review of messages. This review requires competence in
economics, knowledge of actual specific features of the risk, and status in specific
regions. It is necessary to obtain data on standard of living, people’s attitude toward the
problem, and public opinion on the problem. Based on results of this review, officials
can then correct information, if necessary, in content, method of delivery, and, possibly
most importantly, time of provision.

Such a review starts with the classification of the population to whom the
information is addressed. Expert assessment is aimed at evaluating the information
against age, gender, education, professional skills, and social status of the addressed
individuals (Figure 13.5).

Personal factors influencing
evaluation

Criteria for Information Clarity

Clarity

Age

Gender
Education
Occupation
Social Status

Psychological aspects of
perception
Socio-psychological climate
Confusion, false scientific
nature, incoherence
Interesting presentation

Easy to understand
Addition to previous information
Links to previous information

Figure 13.5 Factors used to evaluate clarity of information
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The Figures 13.4 and 13.5 show logical links between criteria-like features of timely
and actual information. Individual decisions to adopt or reject government decisions
concerning actions are related to a personal comprehension of the received information.

13.3.3. Developing an information Strategy

Information from authorities addressed directly to the population is transmitted
through mass media or regional authorities, staff at industrial facilities, and/or experts at
scientific institutions fulfilling state contracts for preparing regulatory and information
documents, statutes, and analytical materials on expected effects of planned programs.
These methods can be grouped into an information strategy, based on principles of
organizational psychology.

Within this strategy, information for the population should:

e Be easy to understand (expressed in plain language)

o Complement a comprehensive idea of a stress source (otherwise a person would
develop his or her own, usually incorporating one’s personal and generally
inadequate meaning of the information)

e Incorporate the existing information in the context of a new information block so
that the new will be easy to understand (simple absorbs complex)

e  Carry additional information expanding the old information

e  Meet population expectations

e Be presented within a period of time not exceeding the threshold of interest and the
threshold beyond which psychological and emotional tension could reach its peak
following a delay.

Hence, an information strategy should be:

o  Oriented at actual demands of the population

e  Supported by timely and reliable information on population readiness to perceive
social decisions

e  Attract broad population strata to discussing and solving social problems on the
regional level through mass media and creating feedback from the population to
regional authorities.

An effective information strategy should also take into account social features and

psychological aspects of people’s perception of information.

Throughout the implementation of the strategy, psychological expertise as well as
risk-specific expertise should be used to evaluate the timeliness and effectiveness of
draft information messages. Based on the evaluation results, experts should decide on
the message expedience and recommend amendments to content or format. If the
population is unprepared for innovations, negative results will ensue. In this case, it is
essential to create adequate public opinion.
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13.4. Conclusions

Research into psychological aspects of risk assessment and management[4-11] has

resulted in the following conclusions:

e Atacomplete absence of knowledge on sources of hazards, people have no
perception of risk. The most general indication of a hazard induces various patterns
of consciousness and perception of risk among people with varying educational
levels and awareness in risk factors. These patterns are manifested by various
behaviors: from random action hoping for a lucky chance, to target-oriented search,
to specific actions to reduce ambiguity, evaluate the hazard extent, and work out a
program for behavior with minimum risk.

e In a situation when only an approximate evaluation of the known hazard is possible,
risk was identified as a method of action with unpredictable consequences. In such
cases, a distress reaction is inevitable (e.g., fear, negative emotions). When it is
possible to precisely calculate consequences of activities and phenomena, people do
not perceive a situation as risky. Emotions are smoothed, and people are aware of
the advantage of their position and the importance of an individual. In such cases, a
person is capable of acting reasonably and productively.

An informed person has a sense of self respect and confidence, and his or her
actions are target-oriented and productive. One can say that an informed person is
psychologically prepared for a potential hazard and modifies his or her behavior
according to a plan in agreement with a person’s information status. It is therefore
important to clearly inform people in a timely manner of specific features of living in
areas near Cold War legacy facilities and hazards so that people can live a life of full
value while enduring stress. One positive trend in scientific research of the impacts of
the Chernobyl accident is an increased attention to psychological and social aspects of
these consequences. When making important social decisions it is essential to carry out
a preliminary operational psychological study of population motivation dynamics.
International cooperation is needed to search for adequate methods of working with
populations, administrations, and mass media to relieve the serious psychological
consequences of the Cold War.
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14. Utilizing a Multimedia Approach for Risk
Analysis of Environmental Systems

The environmental legacies of the Cold War have raised concerns over impacts to air,
water, and soil. In the past, most countries, including the United States, have
considered each of these media as separate, relatively unconnected, issues. Nature,
however, does not recognize this artificial compartmentalization. In the 1980s and
1990s, multimedia modeling developed as a means to obtain a complete picture of risk
across these media. This chapter describes the need for and the current status of
computer-based frameworks for conducting integrated multimedia modelling.

The Cold War environmental legacies include risk-based concerns related to air, water,
soil, and biomass contamination. Past practice in most countries including the United
States has been to consider each of these media as separate relatively unconnected
issues. Nature, however, does not recognise this artificial compartilization. In the 1980s
and 1990s, integrated models were developed to allow multimedia analysis of the total
risk accounted for processes within and between these media.

To adequately address risk issues posed by technological legacies, scientists and
decision makers need input from environmental systems modelling that can address both
increasing technical scope and complexity. This modelling requires the integration of
existing tools and the development of new databases and models, based on a
comprehensive and holistic view of risk assessments. To meet these needs, scientists
have developed multiple-media-based modelling systems using advanced computer
hardware and software to view and assess risks from a comprehensive environmental
systems perspective, crossing the boundaries of several scientific disciplines.

The need to perform an integrated multimedia approach to fully understand the
potential ramifications of complex systems of environmental contamination/releases is
gaining widespread recognition. The results of some of the early integrated risk
applications utilizing multimedia models are described in Chapter 6.

This chapter describes the history and need for integrating risk modelling
capabilities across disciplines. An example of a holistic framework for assessing risks is
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the Framework for Risk Analysis in Multimedia Environmental Systems (FRAMES).
FRAMES was developed by the Pacific Northwest National Laboratory with support
from the U.S. Department of Energy (DOE), U.S. Environmental Protection Agency
(EPA), and U.S. Nuclear Regulatory Commission (NRC). Versions of this FRAMES
software have been used for regulatory and risk analysis applications.

14.1. Initial Development of Risk Modelling Capabilities

For over 40 years, medium-specific models were developed in an effort to understand
and predict environmental phenomena, including contaminant release, fate, and
transport. In the past, government agencies like DOE and EPA simulated contaminant
release and subsequent fate and transport, exposure, and risk for a single chemical within
a single environmental medium. Most recently, these kinds of models were combined
for either sequential or concurrent assessments [1-5].

In 1994, the NRC [6] recommended a three-tiered approach to risk modelling,
ranging from screening-level assessments to detailed characterization to estimation of
costs of remediation, alternatives, and risk reduction. EPA is also moving toward a
multiple-tiered approach, as illustrated by the use of Risk-Based Corrective Action for
managing contaminated release sites. This approach compares alternatives related to
resource allocation, urgency of response, target clean-up levels, and remedial measures
based on reasonable potential risks to human health and environmental resources.

The tiered approach represents a step-wise protocol for establishing validity of the
potential risks posed, quantifying the risks by collecting additional data, and applying
more science-based tools to assess the risks. As the NRC noted in 1998 [7], however, in
many instances the tiered levels in the assessment are disconnected and therefore results
are not as useful. Therefore, DOE and EPA are moving toward a more comprehensive
phased approach by integrating more simplified analyses (e.g., using analytical models),
which efficiently use fewer resources and help to focus assessments, with the more
resource-intensive complex analyses (e.g., using numerical models and extensive
databases).

14.2. Need for More Complex Systems

Increasing complexity in risk assessment has led U.S. government agencies to develop
and implement computer-based tools that view the environment from multiple
dimensions, accounting for various waste forms, environmental media, and relationships
between the waste sites and the surrounding sensitive receptors. These tools are
integrated methodologies based on principles of physics and utilizing latest computer
advances to view the environment from a more holistic, systematic point [1,2]. Table
14.1 illustrates the dimensionality involved in simulating environmental systems and the
evolving increase in complexity associated with risk assessment.

A number of motivating factors led to the design of more comprehensive risk-based
frameworks, which can account for increasingly complex modelling systems. First,



TABLE 14.1 Dimensionality involved in simulating environmental systems[8]

Dimension Attributes

Spatial Local, regional, global

Temporal Short-term/acute, seasonal, long-term/chronic

Chemical Organics (pesticides, dioxins, furans, HCH, PAHs, PCBs, etc.)

inorganics (organo-metals, lead, cadmium, mercury, tin, etc.)

Environmental media

Air, water (precipitation, ground water, surface water), soil, sediment,
biota (food chain)

Environmental settings

Agricultural, industrial, residential

Chemical/biological
fate characteristics

Speciation, reactivity, degradability, volatility, phase equilibrium
constants, complexation, bioaccumulation, biomagnification

Environmental transport
and transfer

Advection, dispersion, deposition, washout, degradation, partitioning,
erosion, runoff, volatilization, resuspension, sedimentation

Receptors

Human (children, occupation sensitive, general population), wildlife
(fish, birds, reptiles, mammals)

Exposure routes

Inhalation (gases, particulates), ingestion (plant, meat, milk, aquatic
food, water, soil), dermal contact, external dose (radionuclides)

Risk endpoints

Human (cancer, non-cancer), ecological (individual, species,
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communities, habitats)

there is a need to assess risks in an increasingly complex and “realistic” manner,
involving multiple disciplines. Second, there is a need to be consistent across levels of
assessments (i.e., screening to detailed). These two needs spawned the concept of a
modelling platform, which allows for both screening and complex models to be
developed and applied within a single system. In such a system, the logical link between
first-step screening analyses and more complex assessments is clear. In addition, there is
a need for efficient collection and use of data. The systematic approach associated with
a tiered assessment ensures that data collected and used in a screening-level analysis are
consistent with those utilized in the more detailed assessment.

Another primary need for a framework to incorporate multiple disciplines stems
from the need to have verifiable modelling protocols. In all of the approaches mentioned
so far, individual components (or models) are “hard-wired” into the systems, and to a
certain degree, the scientific and quality legacy of the original model that has to be
forced into the system is compromised. Any changes to the components will invariably
result in changes to the system, because these systems were not designed to
accommodate change. If significant modifications are required in these existing
systems, the changes tend to be cumbersome, as these models are usually linked to each
other in the typical “spider-web” arrangement (i.e., spaghetti code). Experience has
clearly demonstrated that modifications within the “spider-web” construct result many
times in unnecessary and unexpected changes in other components.

14.3. An Integrated Risk-Assessment Software System

A “cleaner” approach for incorporating new models is to reduce the number of variations
in the connections so that existing and new attributes maintain their original legacy,



248

realizing that some relatively minor modifications may be necessary. If the interaction
and connection of components are focused at the interface between the components, then
adding new components or modifying existing ones would not impact the system as a
whole. By specifying interface specifications, models can now effectively communicate,
as each one will know a priori the connection requirements for communication.

A software-based framework for performing environmental risk assessments allows
for efficient development and implementation of future environmental simulation
software. A framework-based design also allows for individual components (e.g., air
transport model) to be developed and inserted directly into a working system that
includes all other necessary components. The benefits of this framework-based design
include 1) development and testing of new algorithms in the context of a full risk
assessment, 2) direct comparison with other algorithms simulating the component
processes, and 3) access to standard tools for manipulating and presenting data (e.g.,
statistical sampling, graphical plotting, and user interfaces).

To allow a suite of users the flexibility and versatility to construct, combine, and
couple attributes that meet their specific needs without unnecessarily burdening the user
with extraneous capabilities, the development of a computer-based methodology to
implement a framework for risk analysis in multiple environmental media was begun in
1994. FRAMES represents a platform that links elements together and yet does not
represent the models that are linked to or within it; therefore, changes to elements that
are linked to or within FRAMES do not change the framework [9].

FRAMES is an open-architecture, object-oriented framework that
e Interacts with environmental databases
e Helps the user construct a conceptual site model that is real-world based
e Allows the user to choose the most appropriate models to solve simulation

requirements
e  Presents graphical packages for analysing results.

FRAMES is intended to 1) provide a forum from which various models can interact with
each other and 2) facilitate a “plug-and-play” atmosphere for site assessments [9].
FRAMES contains “sockets” for a collection of computer codes that will simulate
elements of the transport, exposure, risk assessment, and risk management process,
including

e Contaminant source and release to and through overland soils, vadose and saturated
zones, air, surface water, and the food supply

Intake for human health impacts

Sensitivity/uncertainty analyses

Ecological impacts

Geographical Information System (GIS) graphing

Remediation technology evaluation

Cost analysis

e  Process life-cycle management.

Each of these modules 1) is object oriented, 2) imports the data required for
execution, 3) executes the model correctly, 4) correctly exports data to FRAMES data
files, and 5) does not have data redundancy. To meet these needs and constraints,
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FRAMES structures its data linkages to allow for data files that 1) are used to transfer
information between modules; 2) house all user input information, including input from
the overall framework user interface (e.g., framework database); and 3) house other
information, including output from model simulations, imported data, boundary
conditions, and maintained databases.

Figure 14.1 presents a simplified picture of the structure of FRAMES and illustrates
file specifications to describe how all information is stored within the framework and
passed between modules. Input data are saved to, stored in, and accessed from Global
Input Files, which contain all the data required to run the sequence of modules (e.g.,
source to vadose zone, to saturated zone, to river, to cropland, to exposure, to risk). Only
required data are extracted and used by each module. Output data are stored in Global
Output Files. These data specifications allow the different modules to communicate and
transfer information.

The system helps the user conceptualise the problem by visually expressing the
assessment and indicating sources of contamination, contaminant travel pathways
through the environment, linkages between contamination and people or wildlife, and
impacts associated with the contamination. The framework user interface graphically
illustrates this conceptual model and allows the user to see the flow of information and
contaminant routing from a source term to releases into the air and subsurface. The
interface also illustrates contaminant deposition from the air to agricultural areas as well
as contaminated water leaching through vadose zones and local saturated zone to and in
nearby rivers. Under this design, a user can choose from a list of models representing
different levels of scale and resolution. Scale refers to the physical size and attributes of
the problem (e.g., waste unit, watershed, region, or global), and resolution refers to the
temporal and spatial resolution of the assessment (for example numerical models have
different requirements than analytical models). The appropriate models can be chosen,
and the assessment direction can be visually presented, which describes the models and
their linkages from source through receptor to the decision-making endpoint. Modules
are linked as the direct result of user selection.

14.4. Using an Integrated System for a Complex Analysis

The FRAMES modelling framework was applied by the EPA to a national risk
assessment methodology for hazardous waste sites. Typically, screening-level tools
(models, databases, methodologies) are used to perform national-scale assessments for
the purpose of establishing regulatory thresholds, representing “safe” levels of potential
contaminant release to the environment. Screening tools are primarily used because
sufficient data on a national scale do not exist, and the computational burden of
executing complex models on a national scale is too great, even with advancing
technological capabilities.

The assessment associated with the Hazardous Waste Identification Rule (HWIR)
[10], however, required a comprehensive environmental transport, exposure, and risk
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Figure 14.1 Design for an integrated risk analysis system

analysis software system for site-specific, regional, and national application. The
geographic scales associated with most applications range from local (e.g., associated
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with a single waste management unit) to urban to watershed. Within an urban area or a
watershed there may exist multiple point and nonpoint sources. Regional and national
applications reflect scales of regulatory concerns, as opposed to fundamental geographic
scales of analysis. For example, a national assessment must include the simulation of
exposure and risk at numerous sites located throughout the nation, the intent being to
characterize the distribution of exposures and risks as a function of the national
collection of individual sources.

Figure 14.2 presents an overall structure of the software framework, which consists
of a user interface and a series of data processors. The software structure outlined in this
figure is designed to allow for the processing of thousands of individual sites for a
national assessment. The framework contains sophisticated screening-level tools/models
and allows performance of deterministic and Monte-Carlo-based assessments.
Processors (represented by circles in the figure) process information accessed from
databases and stored in data files. Some data files (represented by vertically elongated
rectangles) are used by succeeding processors. Others (represented by rectangular
boxes) are populated externally to supply data to the system.

Each database may contain any or all of the parameters that are needed to conduct a
risk assessment and are thus designed to be structurally similar. The distinguishing
characteristic of the databases is the source of information and applicability of the data.
The collection of databases is utilized in a hierarchical manner. The objective is to build
the necessary data files reflecting an individual site by scanning and extracting all
available data from the Site-Specific Database. It is typically the case, however, that a
complete set of data for a site does not exist. To fill the missing data gaps, the regional
database, which is part of the Regional and National Variability Statistics Database, is
scanned with a value randomly selected for each parameter missing from the Site-
Specific Database. Finally, when regional data do not exist, the national database is
scanned with values again randomly selected for data missing from both the site-specific
and regional databases. Although Figure 14.2 may imply that the databases and data
files might be associated with one processor or another, they actually represent linkages
between these processors.

Final risk values are calculated in the Exit Level Processor. This processor actually
has two components, as shown in Figure 14.3 (i.e., ELP I and II). The first component
retrieves information from the Global Output Files and processes it to produce a Risk
Summary Output File. The y axis associated with the table matrix in Figure 14.3 refers
to the number of randomly selected sites, indexing from one to “N.” The columns (as
indexed across the top of the matrix) refer to the number of statistical sampling
iterations, implementing a discrete deterministic input file (as extracted from the Global
Input Files), indexed from one to “M.” Each deterministic run produces a risk that is
arrayed to the site and sampling iteration. For each column, the percentages of the risk
values that are below a predetermined safe limit (e.g., risk of 10°°) are summed and
stored along the bottom of the matrix. This summation at the bottom of each column
represents a level of protection. For example, 80% means that 80% of the randomly
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Figure 14.2 Design for a national risk assessment software system

selected sites (i.e., “N”’ number of sites), which do not have to be similar, contain risks
that are below a predetermined safe limit.

The second component of the Exit Level Processor takes the Risk Summary Output
File and generates the Protective Summary Output Figure, a series of curves representing
percentiles for the percent protection with a given regulatory waste concentration. The
percentiles, as indicated in Figure 14.3, include the 95th, 50th, and 5th percentiles of the
percent protection. In the case where a regulatory concentration limit is set at “C” (see
the x axis of the figure in Figure 14.3), the percent protection for a given degree of
uncertainty can be identified. For example, for a regulatory concentration limit of 0.1
mg/L [i.e., Log(1/C)=1] and a probability of protection of 80%, the chance that the
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corresponding protection level would be below 80% would be 95%. In other words,
there is a 5% probability that the corresponding protection level would be greater than
80%.

This site-based exposure and risk information could be used to establish a national
distribution of risks. The national distribution of risks, and all related data, would form
the technical basis to select chemical-specific exit levels in the waste stream that, if
exceeded, define whether the entire waste stream is hazardous or nonhazardous, or
whether it represents a de minimus impact. The simplest output of the Exit Level
Processor would be a list of chemical-specific exit levels. However, because so many
factors influence the actual concentration determined as an exit level, the Exit Level
Processor could output additional information that describes the dimensions of the exit
level.
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14.5. Conclusions

The increasing complexity of risk analyses often mandates the integration of national,
regional, and site-specific characteristics into a cogent, scientifically defensible, yet cost-
effective approach for setting standards and clean-up levels and assessing alternatives to
remediate problems. Technology has advanced such that the assessment of human and
ecological health risks must include the simultaneous release of contaminants from a
waste unit to each environmental medium, the fate and transport of the chemical through
a multimedia environment, and the receptor-specific exposures that result. The
assessment must also include an estimation of the potential exposures per exposure
pathway/receptor, and an estimation of the resulting health impacts/risks. To meet these
needs, software systems must incorporate flexibility. The FRAMES platform provides a
current example of the type of computerized approach that can be invaluable in
managing the risks related to legacy waste.
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15. Using Integrated Quantitative Risk Assessment
to Optimise Safety in Chemical Installations

Across Cold War facilities, management and organizational factors have often been
cited as the cause of accidents. This chapter presents a methodology to estimate release
frequencies of hazardous substances in chemical installations. The methodology extends
accident risk analysis into an examination of safety management systems.
Organizational models describing the characteristics of the management system are
employed with the ultimate objective of developing these models along with the technical
ones to a level where the effect of the management systems on the parameters of the
model will be clear and quantifiable.

Past accidents in industrial plants involving hazardous processes indicate that
management factors are a frequent underlying cause[1-4]. Therefore, management and
organization play an important role in achieving and maintaining a high level of safety.
Most chemical and petrochemical companies have already adopted Safety Management
Systems (SMS). Furthermore, such systems are required by the Seveso II Directive
(96/82/EC) in the European Community for certain establishments storing hazardous
substances. The need to evaluate SMS on site is well established, and great effort has
gone into analysing the elements of SMS that might affect system safety[S]. This
analysis is usually achieved through some kind of audit[6,7].

On the other hand, quantitative risk assessment (QRA) provides quantified risk
indices characterizing the level of safety in the plant and takes into account hardware
failures and human actions[8]. It identifies causes of accidents and ways to reduce the
likelihood of accidents. If the results of the evaluation of the SMS could be linked to a
QRA, quantitative indices taking into account the elements of the SMS could be derived.
Various attempts to include organizational and management effects into QRAs of
chemical installations were confined into direct judgmental modifications of the
frequencies of releases according to the results of audits of the safety management
systems of an installation[9,10], or to sensitivity analysis of the management factors
affecting risk[11].
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The chapter presents a methodology to estimate release frequencies of hazardous
substances in chemical installations; this methodology is able to incorporate the effects
of a particular SMS employed in the installation. Such SMS can affect systems and
actions involved in mitigating consequences, but they are not considered in this risk
assessment. The work reported is part of an overall project to quantify the effects of
management and organizational factors and incorporate them in QRA in chemical
industries[12]. Project I-RISK[12] aims at advancing the state-of-the art by employing
detailed “technical” models to estimate the release frequency of hazardous materials in
terms of parameters that characterize the stochastic aspects of performance of hardware
and humans. Next “organizational” models describing the characteristics of the
management system are employed with the ultimate objective to develop these models
along with the “technical” ones down to a level where the effect of the former on the
parameters of the latter will be clear and quantifiable.

15.1. Master Logic Diagram

In a QRA, the basic approach to identify events is the Master Logic Diagram
(MLD)[13]. This logic diagram resembles a fault tree but without the formal
mathematical properties of the latter. It starts with a “Top Event,” which is the
undesired event (like “Loss of Containment”). It continues decomposing into simpler
contributing events. Events of one level will, in some logical combination, cause the
events of the level immediately above. The development continues until a level is
reached where events are identified that directly challenge the various safety functions of
the plant. For chemical installations, such as event could be the potential of release of a
hazardous substance to the environment. Loss of containment (LOC), for example,
means a discontinuity or loss of the pressure boundary between the hazardous substance
and the environment, resulting in a release of hazardous substances.

A generic MLD for LOC in installations handling hazardous substances is shown in
Figure 15.1. This diagram is partly based on the “Generic Fault Trees” concept[14].
Most of the events in the last level of development in the tree describe categories of
causes that, alone or in some combination, result in a LOC of the hazardous substance.
Some of these causes can be further developed into joint events consisting of an
initiating event and the failure of one or more safety functions. Examples of such event-
trees are these leading to failure from overpressure. Other events, however, require
different models (e.g., Multistate Markov model).

Two major categories of events lead to LOC: those resulting in a structural failure of
the containment and those resulting in containment bypassing because of an inadvertent
opening of an engineered discontinuity in the containment (e.g., valves, hatches).
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15.1.1. Loss of Containment as a Result of Structural Failure

Structural failure of the containment can be caused in seven general ways: overpressure,
underpressure, corrosion, erosion, external loading, high temperature, and vibration.
Each of those fundamental physical processes can induce stresses that will exceed the
strength of the containment or can reduce the strength of the containment to levels that
cannot withstand normal stresses. Each of these causes of failure can be considered the
result of an “initiating event” coupled with the failure of one or more safety functions.
The latter are combinations of engineered systems and human actions based on specific
procedures to prevent the initiating event from causing containment failure. Note that
the frequency of each initiating event can vary from extremely low values (e.g., the
frequency of a large earthquake) to very high values (e.g., almost continuous operation
in a corroding environment). The following subsections describe those structural events
that can be further subdivided into additional detail. Corrosion, erosion, high
temperature, and vibration are not considered further.

Overpressure

The second level of decomposition of the MLD in Figure 15.1 follows the possibility of
failure from overpressure. In overpressure, the internal pressure increases to such a level
that the stresses induced on the containment overcome its strength. Overpressure may
be created through an internal pressure increase, rollover, or pressure shock.

An internal pressure increase may occur in four ways: 1) a direct pressure increase
from gas material, 2) cooling malfunction, 3) excess heat, or 4) overfilling. A fourth
level of decomposition is possible for the cause “Excess heat,” which can be
decomposed into “internally generated” and “‘externally generated” excess heat. The
former of these two causes can be further decomposed into two contributing causes:
“run-away reaction” and “combustion.”

Thus, the generic development of the MLD for LOC from overpressure stops after
having identified the following subcategories of causes: a) direct pressure increase from
gas material, b) cooling malfunction, ¢) run-away reaction, d) combustion, €) external
excess heat production, f) overfilling, g) rollover, and h) pressure shock. Further
development of models to identify and quantify which of these causes is possible and in
what ways requires more specialized understanding of the particular installation under
analysis.

Underpressure

Underpressure, meaning lower internal pressure than external pressure, can lead to
containment failure if the induced stress by the pressure difference becomes larger than
the strength of the containment material. The result is an implosion. Underpressure can
be caused by a low level of liquid in the containment or low temperature in the
containment. Further development of the MLD requires more specialized understanding
of particular systems.
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External Loading

Structural failure of containment from external loading occurs when such external loads
induce stresses to the containment exceeding material strength. External loading can be
caused by loading form natural phenomena, failure of supports, or external loads on the
containment. The first category can be further subdivided into four types of natural
phenomena: 1) earthquakes, 2) flooding, 3) high winds, and 4) snow or ice. Further
development of the MLD requires a more specific understanding of the system.

15.1.2. Loss of Containment as a Resuit of Bypassing

Opening of an engineered feature of the containment during operations (e.g., manual
opening of a valve or hatch by an operator), or failure to close such a feature when
operations start, amounts to LOC. For example, manual or power valves or hatches
might be left open for other causes and not closed before operations start.

15.2. Event Tree-Fault Tree Analysis

A number of direct causes of LOC can be further analysed and modelled as a joint event
consisting of an “initiating event” and failure of one or more safety functions. Detailed
models for this type can be built in terms of event trees and fault trees. To quantify logic
models, three major categories of parameters must be estimated: frequencies of initiating
events, component unavailability, and probabilities of human actions[8]. Frequencies of
initiating events are either estimated directly from historical data or from detailed logic
models (e.g., fault trees). This latter approach is necessary when there are dependences
among the initiating events and the successful operation of one or more systems.

Component availability is distinguished as continuously monitored and non-
continuously monitored. The state of continuously monitored components is always
known and their average unavailability is given, as shown in Table 15.1. The state of
components that are not continuously monitored can be revealed only through periodic
tests. Four conditions contribute to the unavailability of these components: 1) hardware
failure between tests, 2) repair of detected failures, 3) routine maintenance, and 4) other
maintenance, as shown in Table 15.1, Case A. Case B in Table 15.1 shows the
unavailability of untested monitored components. (Cases C and D for non-repairable and
repairable components, respectively).

In the logic models, human errors are assumed to occur if 1) an operator does not
perform an action (foreseen in the operating procedures) and 2) this error is not detected
and recovered by another operator. The probability of this combination is set equal to

H = Q01Qo2 (15.1)

where
Qo = probability of not performing the action
Qo2 = probability of not detecting and recovering the error.
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TABLE 15.1 Average unavailability for different types of components

Case A: Non-continuously monitored, periodically tested components

T =T,+0,+U, + U,

1) Hardware failure between tests
A:failure rate
T: mean time between tests

_ l_e—AT
Uy=l-———
AT

ifAT<<l U, ;%M

2) Repair of detected failures
Tr: duration of the repair

e MTTR) L (T +TR) -1
- MT+T,
= (T+Ty)

l_e—lTR

1+ (1-e MR ) M +1-¢7Mr

if MTpt T)<<1 U, = %AT +ATR

3) Routine maintenance
fm: frequency of maintenance
Tw: duration of maintenance

—_ £, T

Uy=Uy————+—mm_
T+, T, 1+, Ty,

i faTu<<l Uy =U, + Ty

4) Other maintenance

Quu:prob. of committing an error
Qume:prob. of not detecting

errors

Us = Us (1 - QuuQm2) + QuiQuez
if QuiQw<<1 Us = U3 + QuQuiz

Case B: Noncontinuously monitored, untested components

A: failure rate
T,: fault exposure time

- - P
U=1-1=¢
AT,

Case C: Monitored, non-repairable components

A: failure rate
Tw: duration of maintenance

U=1-expr Ty)

Case D: Monitored, repairable components

A: failure rate
W Tepair rate

-
Us——
A+p

15.3. Accident Sequence Quantification

The next major procedural step of quantitative risk assessment includes all the tasks
associated with the quantification of accident sequences. This quantification implies
manipulation according to the laws of Boolean algebra. The frequency of the accident
sequences is then expressed in terms of the number of accident sequences (cut sets) of

the form.
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o

H, (15.2)

1 J
J

J
d= Zci (rare event approximation) with ¢, =f; - []U; -
j=1

~
It

Each basic cut set can be expressed in terms of parameters comprising the frequency
of the initiating event (f;), failure rate (A), duration of repair (Tg), mean time between
tests (T), frequency of maintenance (f,), duration of maintenance (Ty), probability of
committing an error (Qu;), probability of not detecting errors (Quz), human error
probability of an action (Q,,), and probability of not detecting and recovering the error
(Qq2). These parameters are modified according to the quality of the SMS, as discussed
in the following section.

15.4. Modification of the Frequency of Loss of Containment
According to the Safety Management System

All basic events and their corresponding technical parameters are grouped in such a way
that all members of a group are influenced by a common management system (i.e.,
operation, maintenance, or emergency, and then, for example, maintenance of
mechanical components, of electrical components, etc.). Each of the resulting groups is
in general influenced by the following eight management delivery systems: 1)
availability of personnel, 2) commitment and motivation to carry out the work safely, 3)
internal communication and coordination of people, 4) competence of personnel, 5)
resolution of conflicting pressures and demands antagonistic to safety, 6) plant interface,
7) plans and procedures, and 8) delivery of correct spares for repairs[15]. The overall
influence of the SMS on a technical parameter is quantified by

m, =D y,w; 0<mj<10 (15.3)
i1
where
m; = modification factor of the j" technical parameter
y = quality of the i" delivery system (i=1,...,8)
w; = weighting factor assessing the relative importance of the i" management

delivery system on the influence of the j* technical parameter
] = an index running over the basic events of the k™ group.
The dependence on k is not shown here because the application under discussion
assumes that all basic events are influenced by only one management subsystem.
Once the modification factors are assessed, the technical parameters are modified
according to:
(Inf, —Inf,) o

= j (15.4)

lnfj =1nfl +

where
modified value of the jth technical parameter
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fi = lower value of each parameter, for the installation with the poorest SMS in
the industry

f, = upper value of each parameter, for the installation with the best SMS in the
industry.

The weighting factors w;; are based on expert judgement; the values shown in Table
15.2 have been used for the application at hand[16]. The quality of the delivery systems
y; are assessed according to an audit[8]. Lower and upper values of the technical
parameters are based on expert judgement (see [16]. Once the modified technical
parameters are obtained, the frequency of LOC is obtained through classical
quantification.

TABLE 15.2 Weighting factors of the delivery systems affecting basic event parameters

w
2
w s 5 »
s E g E
z g E g 2 = =
= = E s 5 = @ b= =
= E - = «
e =} = 2 b} 2] o « -
k=] = £ £ =9 = = @ -]
S R
= < S o} o} S = & o
Qor 0.06 0.15 0.07 0.16 0.18 02 0.18 0
Qos 0.05 0.14 0.05 021 021 0.2 014 0
Qwi 0.08 0.19 0.06 0.14 0.14 0.08 0.17 014
Qw2 0.05 0.13 0.05 022 0.18 0.18 0.15 0.04
F 01 02 01 0.1 0.1 0 04 0
0.08 012 0.12 0.08 0.08 0.08 0.16 0.28
T 0.05 024 0.14 0 0.28 0.05 0.19 0.05
I 0.05 0.21 0.16 0 032 0.05 0.16 0.05
Tr 0.12 0.07 021 0.09 0.1 0.19 0.1 012
Tw 012 0.08 021 0.08 0.12 0.17 0.08 0.14

15.5. Case Study

The methodology described so far is exemplified through its application to the risk
assessment of a liquefied petroleum gas (LPG) scrubbing tower of an oil-refinery. A
detailed technical model simulating the response of the system to various initiating
events can be developed along with a detailed model simulating the influence of the
plant-specific management and organizational practices. The overall effect is quantified
through the frequency of release of LPG as a result of a LOC in scrubbing towers of the

refinery.
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In such a case study, the unit in question contains three towers (T6654, T6655, and
T6656) where LPG is scrubbed to remove hydrogen sulphide. In the first tower (T6654)
(see Figure 15.2) methylethylamine (MEA) absorbs most of the hydrogen sulphide
contained in the LPG stream. When the stream enters the second tower (T6655),
hydrogen sulphide is further scrubbed by caustic (NaOH). The LPG stream leaves this
tower and enters the last tower (T6656), where water washes any entrained caustic. This
last tower is equipped with two safety valves, which open in case of high pressure (see
[17] for details).

LPG

H,0

H,0
]

NAOH

T6656

T6655

NAQH
—_—

L
MEA 3
LPG >

T6654

Figure 15.2 Simplified diagram of a liquefied petroleum gas scrubber

15.5.1. Designing the Master Logic Diagram of the Situation

Following the MLD methodology, the following direct causes for LOC can be identified

for this case study:

e  Tower failure from material aging or corrosion

e Tower failure from overpressure through pressure increase caused by heat flux from
an external heat source

e  Tower failure from overpressure as a result of overfilling

e Tower failure from freezing

e  Extra loads from a road accident.

15.5.2. Combining Initiating Events and Safety Functions/Systems
Failures

Each “direct cause of LOC” in the MLD can be considered a joint event consisting of
one initiating event and the failure of one or more safety functions that are served by
either systems (hardware) and/or operator procedures. In certain circumstances, no
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safety functions are present, and the direct cause will be the initiating event itself. Two
direct causes (tower failure from material aging and tower failure from freezing) are
actually combinations because the safety function in this case is the structural strength of
the tower material that by definition is exceeded by stress. Two other direct causes
(tower failure from overpressure through pressure increase caused by heat flux from an
external heat source and tower failure from overpressure as a result of overfilling) are
considered as joint events consisting of one initiating event and failure of one or more
safety systems. These two events are further analysed to identify all the initiating events
of this system, which are presented in Table 15.3. The safety systems required to
prevent the occurrence of LPG release for all initiating events are presented in Table
15.4.

TABLE 15.3 Initiating events

Operating conditions off specifications
External fire

High inlet of MEA from valve failure
No outlet of MEA

High inlet of caustic (NaOH)

No outlet of caustic (NaOH)

High inlet of water from valve failure
No outlet of water

. High inlet of LPG

0. No outlet of LPG

b e el Bl B ot I o B B

TABLE 15.4 Safety systems

1. Pressure detection system

2. Fire suppression system

3. Pressure safety valves

4. Low-level protection system in Tower T6654
5. High-level protection system in Tower T6654
6. Low-level protection system in Tower T6655
=
8
9
1

. High-level protection system in Tower T6655
. Low-level protection system in Tower T6656
. High-level protection system in Tower T6656
0. Tower integrity

Next, event trees can be constructed for all initiating events presented in Table 15.3,
defining the response of the plant and the spectrum of the resulting damage states. A
typical event tree constructed for one such initiating event is presented in Figure 15.3.
This tree is for the scenario in which a high inlet of MEA from valve failure causes a
LOC. The first two tree paths (#1, #2) lead to a safe state; the third leads to tower
rupture from overpressure. A total of 10 event trees corresponding to 10 initiating
events could be developed. Failures of systems are modelled through the Fault Tree
technique. Nine Fault Trees could be constructed for the first nine safety systems
presented in Table 15.4.
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High inlet of MEA Outlet fully open PSV
M

)

3

Figure 15.3 Event tree for initiating event “High inlet of MEA from valve failure”
15.5.3. Modifying Data According to the Plant Management Model

The frequency of LOC in any of the three scrubbing towers is expressed in terms of 41
basic events. The safety management audit team would determine that all these events
are affected by a single management system. As a result, only eight management
delivery systems need to be assessed and quantified (for details, see Hale et al.[15]).

The qualities of the eight outputs y; (i=1,...,8) when combined with the weighting factors
w;; given in Table 15.2 provide the modification factors given in Table 15.5.

TABLE 15.5 Modification factors of technical parameters

Technical Description Modification
Parameter Factor
Qo1 Probability of not performing an action 9.1
Qo2 Probability of not detecting and recovering from an error 9.0
Qm Probability of committing an error during maintenance 9.3
Qm2 Probability of not detecting an error during maintenance 9.0
fi Frequency of initiating event 9.5
A Failure rate 9.3
T Mean time between tests 9.4
fm Frequency of maintenance 9.3
Tr Duration of repair 9.1
Tm Duration of maintenance 9.2

15.5.4. Quantifying Accident Sequence

Three large fault trees with top events “Tower T6654 Failure,” “Tower T6655 Failure,”
and “Tower T6656 Failure” could be created, each consisting of an “OR” gate with
accident sequences leading to the corresponding top event as inputs. Each accident
sequence would then be developed in terms of an “AND” gate with system failures and
the initiating event of each accident sequence as inputs. Quantification would be
performed for three cases according to the specific management system of the
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installation. The first case would use the values of the parameters corresponding to the
best management system or f;. The second case would use the values of the parameters
corresponding to the worst management system or f,. The third case would use the
modified values of the parameters f; according to Equation (2) and the values of Table
15.5. Lower and upper values of the technical parameters for the equipment of this
tower are presented in Table 15.6. The results of the three sets of calculations providing

the frequencies of failure of Towers T6654, T6655, and T6656 are presented in Table

15.7.

15.5.5. Assessing Consequence

The three LPG towers (T6654, T6655 and T6656) contain flammable LPG, which will
be released to the environment in case of a LOC. If LPG is ignited immediately, a

TABLE 15.6 Lower and upper values of technical parameters

Equipment Parameter Lower Upper

Safety valves, remote control valves T, T (hr) 24 8,760
All equipment T Plant data x 0.9 Plant data x 100
Safety valves, remote control valves A 1.71x10° 3.15x10”
All equipment Qm1 1.00 x107 0.5
All equipment Qm:2 5.00x107 1
Safety valves fail in open position A 8.50 x10”" 3.40x107
Manual valves A 2.74x107 5.04 x10™®
Manual valves Te, T, T (hr) Plant data x 0.9 Plant data x 100
Flow instruments A 8.30 x107" 5.59 x10°
Flow instruments T:, T (hr) 24 336
Instruments where equipment has to T, T (hr) 24 8,760
be taken apart for repair

Level instrument A 2.50 x10° 1.10 x107
Pressure instrument A 2.50 x10” 2.94 x10-6
Temperature instrument A 3.00x107° 2.97 x10”
Process pump A 4.50 x10” 2.28 x10*
Process pump T;, Tm (hr) 24 8,760
Human error Qo1 1.00 x10™ 5.00 x107"
Human error Qo2 5.00 x10 1.00
Corrosion A 5.00 x10® 5.00 x10™®
Corrosion T, (hr) 24 8,760
Water of fire fighting system by 5.00x10° 5.00 x10°
Water of fire fighting system T; (hr) 2 331
Heater A 5.00 x107® 5.00 x10°®
Heater T, (hr) 24 8,760
External fire f; 1.00 x10° 1.00 x107
High inlet of NaOH in tower fi 1.00 x10° 1.00 x10”
High inlet of LPG in tower f; 1.00 x10° 1.00 x107
Ambient temperature very low fi 1.00 x10° 1.00 x10”
Conditions off specifications f; 1.00 x107 1.00 x10™
Impact from road fi 1.00 x10™ 1.00 x10™
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boiling liquid expanding vapour explosion will occur. Otherwise, LPG will disperse to
the atmosphere as a dense cloud and either a flash fire or an explosion will occur. It is
assumed that, in case of delayed ignition, there is a probability of 1/3 for flash fire and
2/3 for explosion[18]. All the possible sequences that might occur in case of tower
failure are presented in Table 15.8. In all cases, individual conditional risk of death does
not exceed 1x10™/yr at a distance of 300 m away from the towers.

15.5.6. Risk Integration

The area above certain risk levels can be calculated for three management assessments:
the specific system of this installation and the two bounding values for the best and
worst possible systems. This level of area versus risk is presented in Figure 15.4.
Interpreting this figure, if the best management system were used, the area with
unconditional individual risk higher than 10®/year would be equal to 0.143 km®. If the
worst management system were used, this area would be equal to 3.36 km’. In the actual
case with a management system judged to be very good, this area is equal to 0.231 km?®.

TABLE 15.7 Frequencies of failure

Catastrophic Failure of Tower T6654
a) Best possible case 1.1 x 107/hr

b) Worst possible case 1.2 x 107/hr

c) Plant as assessed 4.7 x 10" /hr
Catastrophic Failure of Tower T6655
a) Best case 1.3 x 107"/hr

b) Worst case 2.6 x 107/hr

¢) Specific model 5.3 x 107"hr
Catastrophic Failure of Tower T6656
a) Best case 1.1 x 107/hr

b) Worst case 3.1 x 107/hr

¢) Specific model 3.9 x 107"hr

TABLE 15.8 Accident sequences of plant

Catastrophic Failure of Tower T6654

1. Boiling liquid expanding vapour explosion (2,700 Kg LPG)
2. Flash fire (2,700 Kg LPG)

3. Explosion (2,700 Kg LPG)

Catastrophic Failure of Tower T6654

4. Boiling liquid expanding vapour explosion (1,200 Kg LPG)
5. Flash fire (1,200 Kg LPG)

6. Explosion (1,200 Kg LPG)

Catastrophic Failure of Tower T6654

7. Boiling liquid expanding vapour explosion (800 Kg LPG)

8. Flash fire (800 Kg LPG)

9. Explosion (800 Kg LPG)
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Figure 15.4 Area (km®) above certain risk levels (10" to 10%/yr)

15.6. Conclusions

The I-RISK methodology provides a step-by-step approach for integrating the
effects of SMS into the quantification of risk for an installation handling hazardous
materials. The methodology consists of a technical model and a management model
linked at a point where specific managerial tasks influence specific parameters
determining the probability of occurrence of specific basic events affecting the
quantified risk indices. The ability to integrate these management aspects into risk
quantification provides some guidance into determining the importance of maintaining
or improving safety on certain systems.
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16. Site-Specific Modification of Ground-Water
Generic Criteria as Applied to a
Contaminated Site

In Western countries in particular, and in the growing Green movement in the Eastern
countries as well, how risks are regulated is a key component to the management of
Cold War legacies. Regulatory approaches that allow site-specific risk analysis must be
considered because regulations and associated guidance are often the basis for defining
acceptable cleanup levels. This chapter provides an example of how one regulatory
group has approached this issue. The example shows how generic regulatory guidelines
can be implemented in a manner that allows for site-specific risk-based evaluations of
cleanup levels.

The definition of what is “clean” or “acceptable” in terms of residual environmental
concentrations after remediation is a formable task facing those undertaking the
remediation of sites with radioactive or hazardous chemicals stemming from Cold War
activities. The cost of cleanup is normally directly related the selected target cleanup
level. Experience in the United States has been that very stringent cleanup levels can
often result in prohibitive remediation costs, even for relatively small sites.

National or regional (state, province, etc.) regulations and associated guidance have
historically been based largely on defining a single standard or norm for acceptable
environmental concentrations. Although often risk-based in their origin, the “one-size-
fits-all-sites” approach generally means these standards or norms are conservative values
designed to protect in extreme situations. When applied generically at all sites, many
sites have to clean to unnecessarily restrictive levels.

This chapter provides an example of how one regulatory group has approached this
issue. The example shows how generic regulatory guidelines can be implemented in a
manner that allows for site-specific risk-based evaluations of cleanup levels. Although a
number of federal and state agencies in the United States have, or are working towards,
such an approach, an example from Canada was selected to illustrate a state-of-the-art
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implementation. The provincial government of Ontario, Canada, has implemented
relatively unique generic guidance. Although most of their sites are not the result of
Cold War activities, the principles are applicable to other such contaminated sites. Their
approach allows the use of site-specific risk information, which can potentially help
focus remediation efforts on sites with the highest actual or potential risk to people and
the environment.

Considerable time and effort can go into determining the particular contaminants of
concern and establishing appropriate restoration levels. Wrestling with streamlining this
process, the Ontario Ministry of the Environment and Energy published guidelines[1] in
1996. These guidelines are applicable to any contaminated site in the province, except
Potentially Sensitive Sites. Generic criteria for 115 organic and inorganic chemicals
were derived and listed in four tables, depending on intended land use, type of required
ground water restoration, and depth of required soil restoration. In addition, different
values for each soil criterion were provided depending on the soil texture (i.e., coarse
and medium/fine soil texture). The generic criteria development process was described
in detail in a separate document[2]. Additional documents[3,4] were also published to
establish the cleanup procedures to be followed in the province.

The generic criteria are based on conservative assumptions and models and provide
protection for all contaminated sites in the province. However, remediation activities up
to these levels often result in overprotection and may require extensive effort, time, and
funding. To avoid unnecessary remediation and/or restrictive risk management
measures, the Ministry of Environment and Energy allowed proponents to develop site-
specific criteria by following the procedure applied in the derivation of generic criteria
and by substituting the default conservative parameter values with site-specific ones.
Also, the proponent was given the opportunity to apply a relevant risk management
decision, especially in cases where contamination exceeded the developed site-specific
criteria.

In the discussions of this presentation at the NATO Advanced Study Institute (that
provides the basis for this textbook), significant misunderstandings occurred based on
judging this contribution as a comprehensive research approach rather than a resource-
limited screening application. Several participants clearly did not appreciate the
innovative and useful aspects of the regulatory guidance approach—and as result were
highly critical. Although such regulations need to be based in “sound science,” the
constraints of such actions are often misconstrued as not having such a basis. These
reactions are similar to those discussed in Chapter 6 relative to the early attempts to
adopt risk based approaches in United States, showing this problem of misunderstanding
by “scientific experts” of risk-based approaches occurs in other countries as well.

The consideration of regulatory approaches that allow site-specific risk analysis is
critical because the regulations and associated guidance are often the primary basis for
defining acceptable cleanup levels. The following regulatory guidance example
illustrates of the type of approach that can allow derivation of site-specific criteria for
defining acceptable site-specific cleanup levels. This particular regulatory guidance
approach is relatively unique because it includes several media-to-media linkages such
as is discussed in terms of multimedia risk-based modelling in Chapter 14.
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16.1. Development of Generic Criteria for Ground Water—
Component Selection

A modification of criteria starts with the development of generic criteria. This
development is based on a component approach. The Ministry of Environment and
Energy assumed three principal pathways in the derivation of generic criteria for ground
water:

e  Use of ground water as drinking water

e  Migration of ground water vapour to indoor air

e  Migration of ground water to surface water.

Accordingly, three components have been designed. Figure 16.1 demonstrates the

derivation.

The derivation process consists of three steps. In the first step, all existing values
for Criterion Components must be collected and entered into the process. The
parameters used to estimate each criterion component are as follows:

e GWI1 (Drinking Water Quality) Component is represented by the Ontario Drinking
Water Objective or, if that objective does not exist, by the health-based and
odour/taste value for the chemical of interest

e GW2 (Migration: ground water vapour to indoor air) Component is based on the
background indoor air value, the health-based indoor air value, and the odour
recognition value in air

e GW3 (Migration: ground water to surface water) Component is based on the lowest
toxicity value for freshwater species.

During the second step, called the Value Selection Process, the values of the
criterion components are identified and the lowest value is selected. In the third step,
Risk Management Decisions, this value is compared to several numbers to arrive at the
final criterion value:

e  The lower of half of the solubility and the ceiling value (selected to minimize the
potential for continuous degradation of the ground water in the province)

e The higher of the method of detection limit (MDL, selected on the basis of
enforceability)

e The ground-water background concentration for the contaminant of interest
(selected on the basis of enforceability).

16.2. Site-Specific Modification Of Generic Criteria—
Value Selection

Site-specific criteria provide a tool that assists risk managers in evaluating and
comparing alternatives for site development and remediation. The following case study
illustrates the suggested procedure of site assessment and risk modelling.
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16.2.1. Site Assessment

The site used for the case study (Figure 16.2) is located in a mixed residential,
commercial, and industrial area of a big city. The nearest ecological receptor is a creek
located 1.5 km southeast of the site. The site was developed as an industrial property in
1957; before that, the land was agricultural. The facility built on this site manufactured
electric heaters and controls. The facility building was demolished in the later half of
1996 to prepare for future residential development. The site plan included 129 lots, 115
of which were proposed for townhouses/linkhomes and the remainder for various other
residential, commercial, and public uses.

The environmental and geo-technical findings allowed classifying the site as non-
sensitive. The soil consisted of silty clay and sand and was classified to be coarse. The
ground water appeared to be heavily contaminated. Different ground-water remedial
options were evaluated at the site. However, the analytical results from many rounds of
sampling demonstrated that ground water could not be remediated to acceptable levels of
contamination (assuring protection of human health and ecological receptors) in a cost-
efficient way. As a result, it was decided to evaluate the site contamination risk and to
apply risk management controls if necessary to redevelop the site. The ground water
satisfied the requirements for non-potable use because 1) the area was serviced by
municipal water, 2) present or future surface or ground-water sources would not be
affected, and 3) the municipality was notified about the proposal to restore the site to
non-potable levels[1].

Conceptual Model

A limited area of soil polychlorinated biphenyl (PCB) contamination was discovered and
later excavated and treated ex situ. The ground water was found to be located in an
upper and lower aquifer. The ground-water flow was determined to be in a southeastern
direction toward the creek; flow velocity was calculated to be approximately 9 m/yr.
Volatile organic compound (VOC) contamination was identified in ground water in the
upper aquifer beneath a former chemical storage area. In addition, a discontinuous
perched water table was discovered in a sand unit found above the upper aquifer unit.
The lateral extent of the ground-water contamination is shown on Figure 16.2

Contaminants of Interest

Ground-water samples were collected and analysed from the monitoring wells installed

in the area of contamination. The measured concentrations were compared to the

corresponding generic criteria (Table 16.1). Any substances that exceeded their generic

criteria in any sample were selected for detailed assessment. In addition, all non-

detected chemicals (i.e., vinyl chloride) with detection limits higher than the generic

criteria were also chosen for detailed analysis. The analysis of the data allowed the

following conclusions:

o Generic criteria for all chemicals of interest exist

e Five chemicals (trichloroethylene, trichloroethane, and related degradation
products) were found above their generic criteria in ground water.

These five chemicals were selected for further specific evaluation.
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TABLE 16.1 Chemicals that exceeded the generic ground-water criteria, in pg/L

Chemical — TCE T,I,I-TCA 1,1-DCE ¢is-1,2-DCE vC
Well and Unit 4 50.0% 200.0* 0.66* 70.0* 0.5*

OWs27, UA 2,300.0 594.0 27.0 - ND, 5.0
OWS26, SU 4,920.0 3,260.0 212.0 ND, 100.0 ND, 5.0
OWS325, SU = 346.0 224 - -
Ows24, UA - = 1.4 - -
OW323,SU 4,150.0 3,230.0 178.0 - ND, 5.0
OW833, UA 3,930.0 7,330.0 194.0 82.0 ND, 5.0
BH103, UA 1,300.0 2,130.0 76.0 p ND, 8.0
BH106, UA - = 0.8 = ND, 1.3
OWII15A, UA - - - - ND, 0.5
MW1, UA 2,030.0 2,710.0 208.0 ND, 200.0 ND, 500.0

Notes: TCE = trichloroethylene; * = generic criteria for non-potable ground water; 1,1,1-TCA = 1,1,1-
trichloroethane; 1,1-DCE = 1,1-dichloroethylene; cis-1,2-DCE = cis-1,2-dichloroethylene; VC = vinyl

chloride; OW, BH, MW = monitoring wells; UA = upper aquifer; ND = not detected, less than generic

criteria;. SU = Sand Unit.

Pathways and Receptors

No soil pathways were identified at this site since the contaminated soil was excavated

and removed. Because ground water would not be used as a source of potable water, all

pathways relevant to that use were excluded. Ground-water pathways of concern
included migration of ground-water vapour to indoor air and migration of ground water
to surface water.

Appropriate receptors on this site were selected based on their exposure potential.
Child and adult individuals living onsite were selected as representative human
receptors. The exposure duration is 30 years, everyday, for human receptors.[5]

All ecological receptors were excluded based on the following reasons:

e  The site is a former industrial facility undergoing redevelopment for residential/
commercial uses. There are no sensitive ecological receptors within or near the site.

e The limited area of contamination, habitat and lifestyle characteristics, duration of
potential exposure, and cement/asphalt cover over the contaminated area negate the
exposure of plants, animals, and birds.

e The distance between the source and fish and other water organisms in the nearest
creek (nearest potential receptors, located 1.5 km southeast of the site), ground-
water velocity of 9 m/yr and contaminants’ biodegradation half-lives (maximum
half-life of less than 8 years[6] made their exposure unlikely.

16.2.2. Site Restoration Approach

The framework shown on Figure 16.3 was developed to demonstrate the most
appropriate restoration approach for this case study and the rationale followed to identify
it. There are three options for restoration of a site for a specific use. One approach is to
restore the site up to the generic criteria levels. Another approach is to restore the site up
to background levels. However, in some situations, both of these approaches can be
costly, not feasible, and/or not permissible (for example, the generic criteria approach
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can not be used for sensitive sites). In such cases, a site-specific risk assessment should
be performed and appropriate engineered risk management techniques may be applied,
where necessary. This third approach allows the development of a site in a manner that
is protective of human and environmental health, and which considers aesthetic factors
such as odour, without requiring the site to be cleaned up to the generic or background
levels. In this way, it is also cost efficient.

A summary of all possible scenarios, steps, and outcomes with their corresponding
risk management decisions is shown on Figure 16.3. The case study restoration pathway
is shown in bolded lines. It starts with evaluation of the site conditions, as was described
in the preceding sections of the chapter. The evaluation is followed by a determination
of site sensitivity. The site can be identified as not potentially sensitive[1] for three
reasons:

e It does not include or have an effect on a nature reserve, environmentally sensitive
area, habitat of endangered species, park, etc.

More than 2 m of overburden overly the bedrock

The background concentrations for inorganic parameters were not exceeded, and the

soil pH is between 5.0 and 9.0.

The next step determines whether generic criteria are available. Generic criteria are
available for all chemicals of interest, as shown in Table 16.1. The next determination
involves land use. The land use will be changed from industrial to residential type.
Next comes the determination about the resolution of factors. No factors differ from
those considered during the development of the generic criteria. Factors to be
considered include presence or likelihood of adverse effect (on and off property),
receptors and pathways different from those considered in the development of generic
criteria, quantitative dose-response relationships for sensitive receptors from all
exposure pathways different from that used in the development of generic criteria, and
site conditions impacting the contaminant migration different from those considered in
the development of generic criteria[1].

The next determination involves exceeding criteria. The generic ground-water
criteria are exceeded at different locations, as shown in the Table 16.1. In answering the
next question, it was determined that the analytical results from many rounds of
sampling demonstrated that the ground water could not be remediated to acceptable
levels of contamination (assuring protection of human health and ecological receptors) in
a cost-efficient way.

Following the shown procedure, a decision was made to modify the existing generic
to site-specific criteria to evaluate the existing risk in a more realistic way.
Unfortunately, no ground-water background criteria are available for the Province of
Ontario. The development of background criteria is optional and was not deemed to be
beneficial. As a result, the site-specific criteria were followed in the procedure.

Comparing the Maximum Observed Concentrations (at the site) and the
corresponding site-specific criteria (described later in this chapter) showed that criteria
were not exceeded for a number of chemicals at specific areas of the site. For such
chemicals/areas, no cleanup was deemed necessary. However, chemicals did exceed
criteria at other site areas. Because it had already been determined not to be feasible to
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cleanup the ground water under the site, a Level II risk management approach was
applied to all areas where unacceptable risk was identified.

16.2.3. Selection of Criterion Component(s) for Modification

Figure 16.4 presents the process of selecting criteria component(s) for modification.
This process consists of comparing the component value to the Maximum Observed
Concentration. All exceeded criteria components are eligible for site-specific
modification.

———

Develop flowchart }

showing the generic values |
for all criteria components

Is the
GW?2 value lower than the
Maximum Observed
Concentration ?

Select
for
modification

Is the
GW3 value lower than the
Maximum Observed
Concentration ?

//Selecl\\

| for  |e—- Yes
Wcallon

Figure 16.4 Selection of non-potable ground-water criteria components for modification

No- Screen-out

Exceeding a criteria for a certain component means that a risk of the corresponding
effects exists. Because conservative “worst-case” values were used in the generic
criteria development (possibly overestimating the risk), the component can be modified
by applying the more realistic site-specific parameter values. If the component value is
not exceeded, no risk is expected and no modification is necessary. Table 16.2 compares
the Maximum Observed Concentrations and the values for GW2 and GW3 components
for the five chemicals of interest. The analysis of the table data allowed the following
conclusions:

e The GW2 Component can be modified (for all chemicals of interest)
e The GW3 Component must rely upon criteria component values established in the
development of the corresponding generic criteria (for all chemicals of interest).
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TABLE 16.2 Components of the non-potable ground-water criteria and maximum observed
ground-water concentrations at the site (in pg/L)

Chemicals of Interest TCE 1,1,1- 1,1-DCE cis-1,2-DCE vC
TCA

Maximum Observed
Concentration or highest 4,920 4,330 212.0 82.0 ND, 500.0
detection limit for non-detects

GW2* (ground-water
concentration corresponding to
the allowable indoor air 30.0 4,200 0.66 N/A 0.01
concentration; basis is volatility
risk)

GW3 (ground-water

concentration corresponding to
the allowable surface water 220,000 180,000 120,000 120,000 3,600,000
concentration; basis is AWQC)

Criterion component selected for
modification GW2 GW2 GW2 GW2 GW2

Notes: TCE = trichloroethylene; 1,1,1-TCA = 1,1,1-trichloroethane; 1,1-DCE = 1,1-dichloroethylene; cis-1,2-
DCE = cis-1,2-dichloroethylene; VC = vinyl chloride; ND = not detected ; * = U.S. Environmental Protection
Agency data; N/A = Not Available; AWQC = U.S. Environmental Protection Agency fresh water aquatic
criteria.

Figure 16.5 shows a flowchart of the generic values for all criterion components for
1,1- dichloroethylene. The procedure for development of site-specific criteria may be
summarized as presented on Figure 16.6. It consists of replacing the generic component
values with modelled site-specific ones followed by application of the Value Selection
and Risk Management Decisions steps.

16.2.4. Site-Specific Modelling of Vapour Migration from Ground Water to
Indoor Air

The site-specific GW2 concentration was calculated from the allowable indoor air
concentration using the formula shown in the guideline[1]:

OHMai
OHMgy = ——— (16.1)
oxdxHxC
where
OHM,, = Calculated ground-water concentration that would not result in an indoor

air concentration greater than OHM,;, (ug/L)

OHM,;, = Allowable target indoor air concentration (ug/m’)

o = Calculated soil gas attenuation factor that relates the indoor air
concentration to the concentration in soil gas directly above the ground
water source based on the heuristic model[7]

d = Modification factor to convert the theoretical equilibrium concentration of
ground water to soil gas to a realistic environmental concentration
(equilibrium conditions are assumed to be unlikely)
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1.
Develop flowchart showing all generic values, with the exception of GW2;

y

2.
Model site-specific GW2 value;

y

3.
Insert the modelled GW2 value into the flowchart; and

4.
Use the value selection and risk management decision processes
applied in the derivation of generic criteria to recommend site-specific criteria.

Figure 16.6 Summary of site-specific criteria deviation process

H = Chemical-specific, dimensionless Henry’s Law constant
C = Unit conversion factor of 10° L/m’.

The calculation of a relies on calculation of several equations providing values for
its parameters. Those equations rely in turn on a number of site- and building-specific
parameters. The application of site- and building-specific values allowed the derivation

of site-specific criteria.
D;ﬁ As QsoiIL crack
X Cxp crack
QbuildingL T D Acr(lck

- . off of .
ex Qsm/Lcrack + DT A B + DT A B ex QsmILcmck _ l
p k p k
D erae A crack Q building L T Q soilL T D erae Acrack

(16.2)
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where

DT = Overall effective porous media diffusion coefficient for the contaminant
between the contamination source and the building foundation (cm?/ s)

Ap = Cross-sectional area of the building, equivalent to the total below-grade
area (floor and walls) of the building (cm?)

Qbuilding = Building volumetric ventilation rate (cm®/s)

Lt = Distance between the contamination source and the building foundation
(cm)

Qsoil = Volumetric flow rate of soil gas into the building (cm*/s)

Leack =  Length of cracks/openings in the foundation through which contaminant
vapours enter the building, equal to the foundation thickness (cm)

D* = Effective vapour-pressure diffusion coefficient for the contaminant
through the cracks/openings (cm?/s); D is assumed to equal D"

Agak =  Area of cracks/openings through which contaminant vapours enter the
building (cm?).

Table 16.3 shows the site- and building-specific parameters are applied in the
derivation of the soil gas attenuation factor a.

TABLE 16.3 Parameters applied in the derivation of the soil gas attenuation factor

Site-Specific Parameters Building-Specific Parameters

er Total porosity Ag Cross-sectional area of the building
(floor and walls)

0, Soil moisture content Lok Length of cracks/openings in the
building foundation

py Bulk soil density ACH  Building air exchange rate

K Saturated hydraulic conductivity \Y Building volume

Lr Distance between the contamination source Xeack  Total floor/wall seam perimeter

and the building foundation
P, Pressure in vadose zone Zeack  Depth of crack below ground surface
T  Absolute temperature of the vadose zone

Figure 16.7 demonstrates the site-specifically modified ground-water criterion for
1,1-dichloroethylene. The generic GW2 Component value of 0.66 was replaced by the
modelled site-specific value of 481.0. This value became a site-specific criterion as a
result of following the Value Selection and Risk Management decisions steps.
Similarly, site-specific criteria were derived for all substances of interest at all locations
of concern.

16.2.5. Dealing with Uncertainty

Uncertainty must be factored into any risk calculation. The most important
potential sources of uncertainty are as follows:
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Accuracy of Supporting Site-Specific Information. All required procedures for
quality assurance/quality control were followed during the collection, transportation,
and analysis of samples.

Toxicity Information. Toxicity information provided in this chapter was derived
from credible sources. In addition, the derivation process assumed identical end
points and effects levels as those assumed when establishing the corresponding
generic criteria.

Modelling of Vapour Migration into Basements. Model and parameter values
used in establishing generic criteria are inherently conservative and tend to
overestimate the potential for exposures via inhalation of indoor air. The same
model was employed with site-specific data. The use of site-specific data reduced
the magnitude of uncertainty in the model predictions.

Short-Term Exposures During Construction Activities. Risks to construction
workers and nearby off-site receptors during construction were not assessed because
there was insufficient information concerning timing, methods, and other relevant
factors. However, it was not anticipated that exposures to receptors associated with
construction would be significant. This assumption was supported by the fact that
all substances in soil were at levels below the corresponding generic criteria.
Furthermore, exposures during construction, if any, were expected to be relatively
brief and intermittent.

16.3. Risk Management Decisions Based on the Site-Specific

Modified Ground-Water Criteria

The exposure potential depends on three factors, namely:

1.

Intended land use (home or open space, including park, walkway, roadway, etc.).
The open space is expected to have lower air concentrations because of the
contaminant dispersion in the air.

Magnitude of contaminant concentration. The higher the ground-water
concentration, the higher the indoor air concentration (i.e., the higher the risk level
all other conditions being equal).

Soil properties conditioning the vapour migration potential. Soil properties with a
higher migration potential are expected to generate higher indoor air concentrations
and higher risk.

Considering these three factors, three different areas of the site were identified

(Figure 16.8), as follows:

Lots 45, 46, and 47 located above the Sand Unit.

All other residential lots excluding Lots 20 through 33. Lots 20 through 33 are
subject to a development freeze (because of other than environmental reasons).
Parkland, walkways, and roadways. Because no buildings will be constructed on
these areas, there is no potential for the substances present in the ground water to
gain entry into the indoor air.

Accordingly, different sets of site-specific ground-water criteria were derived for

each area of the site (Tables 16.4 to 16.6). Table 16.4 shows that the site-specific
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TABLE 16.4 Recommended site-specific criteria and risk management level at the sand unit

Maximum Recommended Site-

Analysed Site-Specific Specific Criteria
Chemicals of | Concentrations, Criteria, in with Clay Layer, Recommended Risk

Interest in pg/L ng/L in pug/L Management Level
TCE 4,920.0 50,000.0 50,000.0
1,1,1-TCA 3,260.0 50,000.0 50,000.0
Level II (clay layer

1,1-DCE 212.0 118.0 505.0 installation)
cis-1,2-DCE ND, 100.0 424.0 2,046.0
VC ND, 5.0 57.0 218.0

Notes: TCE = trichloroethylene; 1,1,1-TCA = 1,1,1-trichloroethane; 1,1-DCE = 1,1-dichloroethylene;
cis-1,2-DCE = cis-1,2-dichloroethylene; ND = not detected; VC = vinyl chloride

TABLE 16.5 Recommended site-specific criteria and risk management level at the upper aquifer

Chemicals of Maximum Recommended Site- Recommended Risk
Interest Analysed Specific Criteria, Management Level
Concentrations, in pg/L
in pg/L
TCE 3,930.0 50,000.0
1,1,1-TCA 4,330.0 50,000.0
1,1-DCE 194.0 393.0 Level I (application of site-
specific criteria)
cis-1,2-DCE 82.0 1,564.0
VvC ND, 5.0 174.0

Notes: TCE = trichloroethylene; 1,1,1-TCA = 1,1,1-trichloroethane; 1,1-DCE = 1,1-dichloroethylene;
cis-1,2-DCE = cis-1,2-dichloroethylene; VC = vinyl chloride; ND = not detected.

TABLE 16.6 Recommended site-specific criteria and risk management levels at parkland,

walkways, and roadways

Chemicals of Maximum Recommended Site- Recommended Risk
Interest Analysed Specific Criteria, Management Level
Concentrations, in pg/L
in pg/L
TCE 3,930.0 50,000.0
1,1,1-TCA 4,330.0 50,000.0
1,1-DCE 194.0 419.0 Level I (application of site-
specific criteria)
cis-1,2-DCE 82.0 1,927.0
vC ND, 5.0 550.0

Notes: TCE = trichloroethylene; 1,1,1-TCA = 1,1,1-trichloroethane;

criterion for 1,1-dichloroethylene is exceeded. Because the criterion for this chemical
was exceeded, and because of the potential for a future increase of vinyl chloride (which
is a degradation product), risk managers decided to apply Risk Management Level II by
installation of an artificial clay layer beneath the basements of Lots 45 through 47. The

,1-DCE = 1,1-dichloroethylene; cis-1,2-
DCE = cis-1,2-dichloroethylene; VC = vinyl chloride; ND = not detected

recalculated site-specific criteria based on the installation proved that this clay layer
would provide satisfactory protection against vapour migration.
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Table 16.5 shows no calculated site-specific criterion was exceeded. As a result, no
engineering or administrative controls in these areas were needed. For the parkland,
walkways, and roadways, monitoring of the migration from ground water to the ambient
air demonstrated that none of the corresponding Ontario ambient air standards were
exceeded, ensuring lack of outdoor inhalation risk. Site-specific criteria were developed
to assess the vapour migration potential if houses were later built on these areas . As
shown on Table 16.6, the derived site-specific criteria are not exceeded. Once again,
remediation was not needed for these areas.

16.4. Conclusions

The procedure presented in this chapter:

e  Affords protection to human health, ecological receptors, and the environment at a
level equivalent to that provided by the corresponding generic criteria

e  Provides a fast and cost-efficient alternative to site cleanup (saving money from
cleanup, additional site investigations, etc.)

e Can be applied wherever generic or background criteria are used and a different
solution is sought, because it relies on risk assessment principles and chemical-
specific information.

In addition, the procedure can be easily adapted or improved. The exposure models

(equations) can be replaced by others that better fit the specific needs of the site. The

toxicity data should be updated as soon as newer valid data become available. Also,

different risk management decisions can be applied under different conditions (ceiling,

Maximum Detection Level, background, 1/2 solubility, or others). Similar procedures

can be developed for other media (e.g., soil, surface water, and air).
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PART IV: FUTURE DIRECTIONS

Men reject their prophets and slay them, but they love their martyrs and
honour those whom they have slain.
Fyodor Dostoyevsky

If we open a quarrel between the past and the present, we shall find that we
have lost the future.
Winston Churchill

Many are focused on the contamination that is the legacy of the Cold War. In the United
States, Canada, and Western Europe, approaches are being developed to return the land
to other uses and ensure the protection of human life. Eastern Europe is just beginning
the process of addressing their legacies. Analysts in both the East and the West who are
new to the risk assessment process can find guidance on how to proceed effectively with
limited budgets in the methods expounded in the NATO Advanced Study Institute. The
recommendation from the institute on which this book is based was to use a holistic
multimedia, multi-hazard approach that considers uncertainties. This approach can be
used to set priorities with respect to accidents, contaminants, locations, and time frames.
This understanding is the only way to be confident that limited resources can provide
maximum health benefits to populations and the environment.
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17. East Meets West: Teaming on
Risk Assessment

One of the outcomes of this NATO Advanced Study Institute was the recognition that
those charged with assessing, managing, and communicating risks in the East and West
have unique challenges and approaches worthy of sharing. This chapter describes one
mechanism being developed to facilitate this sharing, an International Risk Network.

The North Atlantic Treaty Organization (NATO) Advanced Studies Institute on Risk
Assessment of Cold War Facilities and Environmental Legacies, held in Bourgas,
Bulgaria, 2 to 11 May 2000, brought together risk assessment, management, and
perception experts from eastern and western countries. It should come as no surprise
that when so many educated, experienced scientists meet in one place, additional ideas
are born. One such idea was proposed by representatives from the United States (Dr.
Alvin L. Young, Center for Risk Excellence, Department of Energy) and Russia (Dr.
Vitaly Eremenko, Department of the International Chair Network on Transfer
Technologies for Sustainable Development under the United Nations Education, Science
and Culture Organization, and Educational Centre TRAOMD, Moscow). They saw the
need to establish an international risk assessment network for Cold War facilities and
environmental legacies. This chapter discusses the need for such a network, the goals of
the network, its organization, its initial successes, and future directions.

17.1. Why Here, Why Now?

As mentioned elsewhere in this book, the United States and eastern block countries have
been faced with remediating hundreds of facilities and thousands of square kilometres of
land associated with Cold War activities. This remediation effort includes
decommissioning, decontaminating, and dismantling facilities used for military purposes
(such as producers of nuclear, chemical, and bacteriological weapons); disposing of
hazardous waste; and either remediating or providing stewardship for contaminated
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areas that may not be clean enough for even industrial use in our lifetimes. In the
eastern countries in particular, remediation also carries with it a social cost, with a
deteriorated standard of living for former government and industry specialists, retired
servicemen and women, and their families.
This Cold War legacy poses a number of risks to both the countries in which it is
found as well as other countries around the world. The Chernoby! disaster proved that
environmental contamination does not respect national boundaries. A disaster of similar
scale involving legacy waste could easily result in contamination elsewhere. Even if
contamination were confined to the host country, the subsequent cleanup efforts could
ultimately result in an international SOS to secure citizen safety and a heavy price tag for
countries responding.
On the other hand, advances in risk analysis methodologies could help identify and
resolve contamination problems before they spread. Some of these advances were
shared at the NATO Advanced Study Institute in Bourgas, but conversations with
participants indicated an even richer field of risk techniques waiting to be shared. Such
an exchange could
e  Assist with planning and prioritising environmental and Cold War facility protection
activities
o  Establish a baseline for determining the residual risks present from Cold War
facilities and for measuring the progress of the cleanup efforts

e  Determine level of risk and/or hazard reduction appropriate for different materials
and settings

e Enhance the leveraging of funds and the focusing of current and new international
efforts that support these objectives.

Such an exchange could be developed through an international network of risk analysis

experts from academia, industry, and government.

This concept was presented to western and eastern government agencies and other
interested organizations by the two project directors, Dr. Alvin L. Young and Dr. Vitaly
Eremenko. Dr. Young briefed leadership in both the U.S. Department of Energy’s
Environmental Management Office and the Department of Defense’s Office of the
Deputy Undersecretary of Defense for Environmental Security. In addition, Dr. Young
gathered support from existing risk programs at three of the Department of Energy
national laboratories (Argonne National Laboratory, Illinois; Pacific Northwest National
Laboratory, Washington; and Brookhaven National Laboratory, New York), the Medical
University of South Carolina, and a consortium of six universities (Environmental Risk
Management Alliance- ERMA). The ERMA institutions include Purdue University,
New Mexico University, Colorado State University, Carnegie Mellon University,
University of Virginia, and Harvard University. Together, these federal agencies,
laboratories, and universities provide tremendous expertise and capabilities essential to
the success of the network.

Simultaneous with the efforts in the United States, Dr. Vitaly Ermenko briefed
Russian leadership and began to establish ties with coordinators in the initial interested
countries for implementing the network. Many of these countries are mobilising their
own pools of academic, industrial, and governmental resources (see insert on Armenia).
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17.2. Network Goals and Objectives

The goal of the Risk Assessment Network is to establish a functional, self-sustaining,
risk assessment capability within each participating country to support national decision

The International Risk Assessment Network—an

Armenian Perspective

In August 2000, the National Group of Risk

Assessment Experts of Armenia was established.

It comprises 16 specialists from the Ministries of

Energy, Education, and Agriculture; Departments

of Nuclear Control and Emergency Situations;

Engineering Academy; and National Academy of

Sciences of Armenia. Items of highest priority

include science, information support, and

personnel training.

The first step was to compile as quickly as
possible information on scientific developments
and risk assessment methodologies in Armenia.
About 30 topics representing important areas for
exchange of information with other network
countries were selected and approved, including
developments of the assessment of economical
and social, technological, and medico-hygienic
risks and defence profiles, as well as risks
relevant to natural catastrophes (earthquakes),
nuclear energy, and agriculture.

The work performed by experts and analysts
has enabled Armenia to choose the areas and
ways for the realization as follows:

e Select the best developments, analysis, and risk
management methodologies on the level of
national and international models

e  Organize scientifically justified support of risk
assessment in the governmental decision-making
system in natural resource management and
environmental conservation

e  Establish an information service for risk
assessment and a system of personnel training.
The environmental aspect of education is

very important in Armenia. One of the first

interchanges with the United States brought muc
needed literature, methodological material,
practical recommendations, and audio- and
videocassettes on environmental risk assessment
from the Medical University of South Carolina.

making and to secure

international financial

contributions for Cold War
environmental legacies of
national and international
significance. Cold War facilities
may include, but not be limited
to, former military-industrial
complexes producing weapons
of mass destruction or sites at
which the by-products from
these activities were disposed.

Environmental legacies of

national and international

concern may include facilities
presenting transboundary
pollution problems. Facility and
legacy issues to be examined
within each country will not
encroach on the national
security of the participating
countries and will not require
the use or release of classified or
country-sensitive information.

The multilateral objectives
of this program include:

e  Cooperatively engage
governmental and
nongovernmental entities
responsible for management
of Cold War legacy sites
and facilities

e  Forge relationships among
multidisciplinary and multi-
agency teams within
network countries

e Identify risks within the
participating countries,
especially transboundary
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issues, and benefits of alternative management strategies

Identify areas of priority concern where protective or remediation efforts are needed
to reduce both domestic and transboundary hazards

Focus international attention and assistance on Cold War legacy sites in areas with
the highest risks threatening health of present and future generations, and
threatening international relationships

Provide training through classroom, web-based courses, workshops, and internships
for current and future (e.g., student interns) decision makers

Share decision tools (e.g., risk management software) and best management
practices needed to conduct risk assessments.

Ensure that the assessment process is done in an open and lawful manner so that
national security of the participating countries is not threatened.

17.3. Network Organisation

The initial countries within the network include Armenia, Bulgaria, Czech Republic,
Greece, Hungary, Kyrgystan, Lithuania, Republic of Georgia, Romania, Russia, Turkey,
Ukraine, and the United States. In addition, in a NATO meeting of the Science
Committee on 20 October 2000, additional countries were given the opportunity to join.
Kazakhstan, Albania, and Macedonia expressed initial interest. Each country provides a
focal point or country coordinator, which in turn are led by the two project directors.
Table 17.1 lists the country coordinator for the initial countries participating.

These coordinators will form country teams, which will familiarize themselves with

software, technologies, and methodologies that have been applied across the network to

deal with risk issues associated with Cold War legacy sites.

TABLE 17.1 Participants in the International Risk Assessment Network

Country Coordinator
Armenia Olga A. Juharyan, Group Manager, Ecocenter, Academy of Sciences
Bulgaria Marusja Ljubcheva, Associate Professor, Scientific Advisory

Czech Republic

Jaroslav Volf, Director, Health Officer

Greece

Olga N. Aneziris, Group Manager, National Centre for Scientific Research

Hungary Tamas Madarasz, Group Manager, University of Miskoic
Kyrgystan Azamat Tynybekov, Head, International Science Centre
Lithuania Kestutis Kadunas, Head, Hydrological Division

Republic of Georgia

Petr I. Metreveli, Group Manager, Ministry of Foreign Affairs

Romania

Florin Glodeauu, Head, Health Physics and Environmental Protection
Department

Russia Petr L. Gusika, President, International Association of Ecological Safety
Turkey Ah Esat Karakaya, President, Turkish Society of Toxicology
Ukraine Georgy V. Lysychenko, Director, Ukrainian Society for Sustainable

Development

United States

James G. Droppo, Group Manager, Multimedia Environmental Assessment,
Pacific Northwest National Laboratory
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17.4. Initial Successes

Since the Advanced Studies Institute and the birth of the network, the individual
countries have participated in a number of information exchanges. The first exchange
occurred on 17 May 2000, less than a week following the initial conference. Additional
information exchanges occurred on 21 June, 24 August, and 5 October 2000. More than
20 publications on all aspects of risk assessment, risk management, and risk
communication have already been provided through these exchanges.

In addition, the bi-monthly newsletter, Risk Excellence Notes, published by the
Center for Risk Excellence, was a vehicle for initiating and maintaining contact with this
network of nations. The June/July 2000 issue of the newsletter contained the
International Memorandum of Agreement and was published in Russian and English.
Each subsequent edition included a section published in Russian and English of
activities submitted by scientists in the various nations.

17.5. The Future

Building on its successes and goals, the network hopes to move forward both
organizationally and scientifically. As mentioned, the first step will be to develop
country teams within each participating nation. Each country team will be
multidisciplinary in composition and include representatives from governmental and
nongovernmental entities engaged in the management of Cold War facilities. These
representatives will be principally applied scientists who have technical skills and
interest in the overall risk assessment process. Potential customers (e.g., regulators or
funding organizations/investors) may also be invited to participate in the teams.

Participating countries nominated sites to the project directors for preliminary risk
characterization studies. Country teams presented information on the nominated sites at
the May 2001 ECO-INFORMA Conference held in the United States in Chicago,
[linois.

The network also plans to establish an intern program to support training and
student exchange programs. Skilled technicians are needed to perform the basic
requirements of environmental compliance such as workplace safety and health
monitoring, daily sampling, analysis, manifesting, training, and record keeping
associated with environmental compliance. Trained management personnel are also
needed to oversee and develop policies and procedures as part of environmental
management systems. Lastly, students who have completed their Bachelors Degree, for
example in risk management or environmental science or engineering, need the
opportunity to visit first hand the challenges involved in the cleanup and management of
the legacies of the Cold War. The design of this internship program must allow students
to have appropriate three-month projects with “hands on” experience that will be
relevant to their country’s needs as identified by their country team. To ensure this
relevance, students must be carefully selected, given an opportunity to experience risk
assessment in a real-world situation, and then returned to their respectively country to
continue serving the activities of the network. This transmittal of information will
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ensure that these young people take responsibility for continuing these programs into the
next generation.

In addition, the network plans to establish a virtual network to enhance
communication; consolidate and integrate efforts; minimize travel; organize and
disseminate risk management methodologies and lessons learned; provide access to top-
level expertise and resources among the network countries; and facilitate training and
technology/information transfer. The last point will be very critical to the success of the
network. Thus, large efforts will focus on providing interactive training for tools,
models, and methods.

Finally, the network will focus on the need to resolve risk-based scientific issues
that are common to the participating nations. These issues include the following:

e Impact of transportation and storage of spent nuclear fuel and nuclear waste

e  Magnitude and severity of risks and the level of cleanup needed at former military
sites engaged in nuclear, chemical, or biological weapons research and production

e Risks associated with transboundary consequences from natural accidents, (e.g.,
floods) and human-related events (e.g., operator accidents or terrorism) involving
nuclear, chemical, or biological materials stored at former military installations

e Risks associated with deteriorating structures (science issues of concern to multiple
countries will become points of more detailed study for network countries and
participants)

e Applied methods for rapid assessment of risks and for making operative
remediation-based decisions.

Breakthroughs in any of these areas may serve as subjects of annual meetings in Eastern

Europe of the country teams from each of the participating countries.

The project directors are currently seeking to leverage funding to support these and
other activities. International interest is high, and the need is pressing. It remains to be
seen whether the subject nations can rise to this important challenge.



18. Where Are We Going?

Another outcome if the NATO Advanced Study Institute was the identification of a
number of areas in which risk assessment, risk management, and the understanding of
risk perceptions are in their infancy. This chapter suggests possible directions for the
future of these disciplines in meeting the challenges of managing Cold War legacies.

Decision makers in all countries with hazardous facilities, stored waste, environmental
contamination from the Cold War and similar challenges should find this book helpful in
understanding the potential use of different applied risk methodologies to protect people
and the environment. The information in the book was provided by experts in collecting
and analysing data for making decisions related to industrial safety, environmental
protection, and public health and safety, who gathered together at the Advanced Study
Institute (ASI) on which this book is based. They came from Eastern and Western
countries, including Armenia, Georgia, the Kyrgys Republic, Lithuania, Russia, the
Ukraine, and other countries of the former Soviet Union (FSU), as well as Bulgaria, the
Czech Republic, Hungary, Romania, Greece, Turkey, the U.S., and Canada. They
discussed the possible benefits to applying Western experience in using risk
methodologies to ensure safe management of waste storage and environmental
contamination and agreed that major risks exist associated with the management of Cold
War legacies.

In the case of environmental contamination, participants from the Eastern countries
felt that they were already suffering exposure and health effects, with efforts just starting
to inventory and characterize the risks. Participants from the West felt that risks in their
countries are largely characterized, and efforts are now moving forward with activities to
reduce these risks. However, in both the East and the West, large risks remain, and
much work remains to be done to ensure the public’s safety. In this chapter, the material
in previous chapters is used to project what can be done to realise a wider use of applied
risk assessment and management to address the legacy issues.
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Two views of the future are given — one from the Western viewpoint of evolving
methodologies and their appropriate applications and the other from the Eastern
viewpoint of implementation in countries of the FSU and Eastern Europe.

18.1. View from the West: Methodologies and Applications

To set the direction for future applications, this book provided a unified view of risk
methodologies for decision makers and their experts. The recent Western experience is
that often some combination of approaches is necessary to meet the needs of decision
makers. The effective and appropriate use of these methodologies has been referred to
as a Complementary Risk Management approach. The following sections lay out
additional requirements for implementing Complementary Risk Management.

18.1.1. Conduct Flexible Application-Specific Approaches

A Complementary Risk Management approach balances flexibility within specific
applications. Various chapters in this book provided examples of successfully applied
risk assessment and management efforts with very different endpoints—each of which is
appropriate for the particular issue being addressed in that specific case. These case
studies show the flexibility of using the risk analysis methodologies to address different
situations in quite different, but appropriate ways.

For such a complementary approach to be effective, decision makers must clearly
define in advance exactly what issues are being addressed. Experience has shown that
clear definitions of the products and their application are essential before starting to
conduct an applied risk analyses, if results are to be meaningful in the context of the
decisions to be made.

18.1.2. Consider Many Aspects of Risk

The proactive consideration of the many aspects of risk is a relatively new development.
During the Cold War, the emphasis was on production; risks to people and the
environment were at best secondary considerations. Only since the latter part of the
1970s has risk become widely recognized as a major concern. The Reactor Safety Study
(Rasmussen Report)[1], a landmark document for conducting probabilistic risk
assessments (PRA), was published in 1975. The Three-Mile Island Accident in the
United States in 1978 further stimulated application of the Reactor Safety Study and
PRA methodology.

Chapter 6 of this book provides insights into the early efforts and the institutional
barriers and challenges to implementing Cold War waste management and remediation
policies based on computed risk. One of the important outcomes of this period was the
realisation that decisions makers must understand the many facets of risk; they cannot
rely on a single risk number as was once proposed.[2] Since the early 1980s, a single
risk number was proposed for accident analyses related to production reactors and waste
storage and processing facilities. As early as the 1970s, such a number was proposed,
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based on the expected number of deaths (or injuries, etc.) for assessing nuclear reactor
accidents. In this same period, the U.S. Environmental Protection Agency developed
and promulgated the idea of risk analyses that assume the release occurs (i.e., release has
a probability of 1.0) and that evaluate the risk to individuals. While some proponents
still argue for the use of the single number for accident risk assessment, most have
moved to a more holistic approach.

An even broader outcome of these early years of risk analysis was the realisation
that computed risks are only one of many factors which decision makers must balance.
This realisation also led to a more holistic approach. For example, Chapter 4 describes a
risk profile information system used by the U.S. Department of Energy to consider
major waste management and contamination sites at Cold War facilities. In addition,
Chapter 16 provides insights into how risk criteria have been implemented in West.

The trend for the future is clearly away from using single measures of risk and
simple upper bounds as input to decision makers. As much as a single number is an
appealingly simple approach, decision makers must consider many aspects of risk — and
make decisions as a balance of the different types of risk. Furthermore, a single number
can, at best, offer a vague comfort, if the number is low. It provides no understanding of
the causes of risk, the uncertainty in the results, or what can be done to control the risk.

18.1.3. Broaden the Applications of Accident Risk Analysis

Accident risks from the storage and destruction of chemical weapons have been studied
since the early 1990s, but, as shown in Chapter 8, those characterization analyses are just
being completed. Risk analyses at contaminated sites in the FSU are just beginning and
can benefit from the risk methodologies developed previously. However, as shown in
Chapter 10, the application of accident risk modelling techniques to weapons handling is
relatively new, even in the West.

In the world of commercial nuclear power (and soon in the nuclear reactor world of
the U.S. Department of Energy as licensing by the Nuclear Regulatory Commission
begins again), regulations are being changed to be “risk-informed.” Not previously an
explicit requirement, risk analysis now becomes one aspect of the licensing decision
process. Many regulatory guides and Standard Review Plans have been issued by the
U.S. Nuclear Regulatory Commission through the U.S. Code of Federal Regulations. Of
these, Part 50 is considered “risk-informed.”

18.1.4. Provide a Better Balance of Risks, Cost, and Technical Factors

In the West, the cost of remediation and long-term management of legacy wastes has
proved to be very high. Countries of the FSU cannot afford the magnitudes of costs
being experienced in the West, and thus must carefully invest what resources they can in
keeping risks to a minimum. The Western approach using a balance of risk
management, risk analysis, and risk perception is seen as a means of effectively directing
priorities for management and cleanup efforts based on maximizing potential population
safety.
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The U.S. remediation efforts are being variously conducted under rules and
guidelines for the Resource Conservation and Recovery Act (current operations) and
Comprehensive Environmental Response, Compensation, and Liability Act (past
operations). Although the former is largely a process control regulation that protects the
environment based on process-specific emission limits, it does include provisions to
consider risk in certain land disposal options. The latter, on the other hand, has a clearly
defined process for handling remediation, which calls for a balance of cost, risk, and
technical factors. As a result of the widespread implementation of remediation efforts at
facilities such as mines, mills, weapons factories, test areas, research areas, reactors,
waste tanks, and military bases, a great wealth of experience and knowledge exists in
addressing such issues in the United States.

18.2. View from the East: Implementation

Risk methodologies are currently seldom used in decision-making processes in the
countries of the FSU. In addition to the normal lag in implementation of new methods,
there are reasons specific to these countries for this situation:

1. Unfamiliar Concepts and Approaches: The applied risk methodologies discussed
in this book were developed for conditions peculiar to the Western world
infrastructure and cultural outlook. Scientists in the FSU and Eastern Europe have
put considerable effort into developing theoretical approaches. Many of the
principles and potential advantages of the Western applied risk methodologies are
unclear to the managers of the FSU and Eastern Europe. One of the objectives of
this book is to communicate information on the Western risk analysis
methodologies and recommend how they might be adapted to the conditions of
Eastern Europe.

2. Economic Pressures: There has been little demand for risk methodology
applications in the FSU and Eastern Europe with these counties facing economic
problems of survival. Decisions related to increasing population safety or
improving the environment are postponed. A second objective of this book is to
show that these problems need to addressed and understood. Good decisions can be
made with or even in spite of an obvious absence of economic resources. The most
cost-effective time to understand these problems is now so that even meagre
resources can be most effectively used.

3. Local Infrastructure: The use of the proven Western applied risk methodologies
in countries of Eastern Europe is limited by insufficiently formed democratic
procedures to address the most important social problems. Although the situation is
improving, everywhere risk methodologies are used to a lesser degree, democratic
relations between authorities and the population are more primitive. This book is
not meant to influence local political situations. However, the opinion was
expressed at the ASI that a wider use of applied risk methodologies is seen in these
Eastern countries as a natural part of the development of the democratic process.
The editors of this book understood and carefully considered these difficulties in

applying risk methodologies. The promotion, communication, and implementation of
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the methodologies contained in this book will require consideration of and respect for

political and national preferences in decision-making processes. The materials in this

book were jointly prepared by applied scientists from both the West and East. All share
the concerns for environmental legacies of the Cold War in their and neighboring
counties. Each, however, developed the risk approach within certain political and
military situations that will limit what problems can be addressed.

The recommendation from the ASI is that proven applied risk methodologies can be
used in these East European countries for Cold War legacies that do not involve major
national political or military restrictions/secrets. Such test subjects are not easy to
identify, and it is often harder still to get the required approval of national authorities to
go forward. The location of appropriate sites may well be the most difficult problem for
implementing Western risk methodologies.

The discussions at the ASI suggested five possible location types:

1. Storage for irradiated and spent nuclear fuel as unwanted by-products of the Cold
War.

2. Transport of the irradiated and spent nuclear fuel to and from storage.

3. Other types of long-term nuclear and chemical waste storage sites. These sites are
of special concern because many are old, in need of maintenance, and located in
residential areas.

4. Legacy sites and military-industrial activities resulting in trans-boundary hazard
transport.

5. Contaminated zones outside borders of closed administrative territories related to
numerous Cold War activities and facilities. The Russian dose reconstruction study
described in Chapter 9 is an excellent example of such an application.

The challenge is for risk analysts from the FSU and East European countries to
carry out analyses relative to risks to workers and the population. These applications
should satisfy any established national norms and standards of an acceptable risk.
Successful applications will result in optimal risk-based decisions, taking into account
available domestic resources and social factors.

Risk analysis results have been proposed to provide a basis for defining protective
safety, remedial, or alternative actions. One of the most important proposals is to
estimate incremental health treatment costs for populations as well as the size of
appropriate insurance guarantees for those living in these zones. Such a use of risk
analysis would be a departure from the Western view that the only acceptable risks are
those with trivial risk levels. Another important proposal that does have an analogue in
U.S. air emissions management is to use risk results to define optimal measures to
protect the population--even if that new protection is not directly connected with the
proposed new activity or facility. The idea is to reward the region that agreed to accept
the new hazardous activity by reducing large existent current risks produced by other
sources.

These types of risk analyses, recommended for decision makers of Eastern Europe,
cannot be limited to a single risk analysis methodology. The ASI identified a general set
of methodologies that must be considered as part of a Complementary Risk Management
effort. These methodologies share many of the same factors as Western types of
analysis but differ in the purpose for the effort:
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e  Facility-Centred Risk Analysis is used mainly to define or demonstrate acceptable
risk-based operating parameters for facilities.

e  Human-Centred Risk Analysis is used mainly to study and understand the human
exposures and risk for environmental contamination. These studies normally are
based on fixed operating parameters for hazardous facilities.

e Risk Perception Assessment is the analysis of the perception of risks by the
involved parties (decision makers and local populations).

Misunderstandings about the roles of these analyses can lead to apparent

inappropriate competitive views. In fact, all three are needed as part of a

Complementary Risk Management approach.

18.2.1. Support for Complementary Risk Management

As this book was completed, the first application of Complementary Risk Management
was begun in Russia. Local decision makers and the population see a high perceived
risk (Risk Perception Assessment) in the future operations of the facility in question.
The design studies for the proposed facility (Facility-Centred Risk Assessment) indicate
that operations should be relatively safe for those working and living around the site.
The risk assessment for the local populations (Human-Centred Risk Assessment)
confirms that expected emissions will have trivial impacts on the surrounding
populations. This assessment also indicates that there are likely significant impacts to
surrounding populations from the current ambient environmental quality. With these
complementary results, the challenge to the decision makers is to define solutions that
will be acceptable to the involved parties. The path forward is to implement the applied
risk methodologies, adapted for local conditions, to protect populations and the
environment for the initial set of five types of Cold War legacy sites listed above.

Some materials and tools are available to support the implementation of these

methodologies. English-to-Russian and English-to-Bulgarian glossaries of general

terminology related to risk assessment and cleanup efforts were provided to the
participants at the ASI. A version of the English-to-Russian glossary is included as an
appendix to this book to provide Russian language readers with extended explanations of
some of the new concepts presented.

For Facility-Centred Risk Assessment, several tools are available:

e Severe Accident Risks for VVER Reactors: The Kalinin PRA Program[3], adapted
into the Russian language by Vitaly A. Eremenko (1994)

e  Set of computer programs SAVE L, II, and III (System for Quick Calculation of
Physical Effects and Risks, The Netherlands), designed by Esko Blokker for Russian
users (1995)

o Categorizations and Priorities of Risk from Severe Accidents in Non-Nuclear
Technological Processes[4], adapted into the Russian-language by Vitaly A.
Eremenko for Russian users (1996)

e  Software and documentation for an emergency preparedness model RASCAL by the
International Atomic Energy Agency and U.S. Nuclear Regulatory Commission
(1997).
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For Human-Centred Risk Assessment, the following tools are available:

e  Multimedia Environmental Pollutant Assessment System (the software MEPAS,
described further in Chapters 6 and 14 (MEPAS is available as a 1998 Russian
language version.)

e Digest of RAAS’ English-Russian Glossaries, an unpublished document based on an
American software system for conducting remediation efforts, contain unique
Russian language explanations of American technologies used for Human-Centred
Risk Assessment (prepared by Vitaly A. Eremenko, 1997).

e Other relevant software packages, or newer versions of the above packages,
available in their original languages or in semi-adapted packages (e.g., COSIMA
1994)

The most important role of groups such as the International Risk Network created as

a result of the NATO ASI will be in the circulation of risk analysis and application

support materials during seminars and training sessions. The concepts for the

methodologies need to be understood before national risk analysts can expect any
movement toward concept acceptance and implementation.

18.3. As Challenges Evolve

At the time of publication of this book, many of the efforts to address technological
legacies of the Cold War can be best characterized as “underway.” In the United States,
the characterization and cleanup efforts have been underway for more than a decade. A
number of legacy studies have attempted to define the nature and challenges of the
legacies (see, for example, the Department of Energy Environmental Survey[5] and the
Baseline Environmental Management Reports[6]). Cleanup and weapons destruction
have started at major U.S. Department of Defense and U.S. Department of Energy
facilities.

It is also encouraging that a number of activities have been conducted, or are
underway, in the counties of the FSU and Eastern Europe that are significant steps in
implementing a wider use of risk analysis. This book provides examples of such
activities. Chapter 7 describes a cleanup effort that has been successfully completed.
Chapter 11discuses developing institutional structures. Chapter 15 addresses widening
the concern from nuclear to other types of hazardous facilities. Efforts are also
underway to understand perceived risks (see Chapters 5 and 13). In addition, initial
assessments have been conducted, such as the radiation factor assessment described in
Chapter 12.

The U.S. agencies have cleaned up and restored an impressive volume of waste and
area of land (see Chapter 4). These, however, largely represent the “easy” issues
remaining from the Cold War. The efforts for sites with high-level radioactive wastes
and the destruction of weapons are proving to be much slower and much more expensive
programs. The factor driving these high costs and slow progress is the desire to conduct
these operations with minimal risks to the workers and surrounding populations.

In counties where risks from Cold War legacies are just beginning to be considered,
new unexpected pathways will likely be found for health impacts. The researchers in the
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United States, Russia, Ukraine, and other affected countries continue to recognize new
issues and pathways (such as new areas of contamination or new contaminants). Good
examples are the expanding list of contamination at Department of Energy sites and the
recognition of the potential impact of beryllium.

The overall risks in the counties of the FSU and Eastern Europe may be potentially
greater than that found in the United States. There are two main differences: 1) many of
the Russian-built facilities were located within or nearby population centres, and 2) at
the more remote facilities in the FSU, the waste management policies allowed much
more material to be discharged to the local environments.

Future efforts will likely employ a multimedia approach that involves multi-
contaminant, multi-pathway multi-effect integral analysis of risks and other indexes of
hazard. First-generation versions of software models to support this approach[2] have
been available and used for more than a decade. Second-generation models have been
developed and applied in the past few years by the Environmental Protection Agency. In
2001, the Environmental Protection Agency, Department of Defense, Department of
Energy, and others signed a memorandum of understanding that calls for multi-agency
collaboration and cooperation in the development of the next generations of these
“multimedia models.”

An important advance in these multimedia models is the consideration of
contaminant concentrations, doses, hazard indicators, and risks from both radioactive
and hazardous chemicals in a single analysis system. As seen in the chapters in this
book, the current risk analysis largely emphasizes nuclear materials in the countries of
the FSU. Multimedia analyses have proven to be valuable in highlighting the
importance of previously overlooked contamination of hazardous chemicals from
nuclear operations. Based on the United States experience, many of these chemical
materials typically move faster in the environment than radionuclides and can pose
major health and environmental effects much sooner than the radionuclides.

Similarly, the application of a multimedia environmental assessment approach will
result in the understanding of the importance of alternative exposure pathways and the
consideration of linkages between pathways (for example, see Chapter 14).

Based on current trends, the future will see a wider use of the different aspects of
risk analysis for important applications. The NATO ASI and this book are important
steps in describing contemporary risk methodologies. Through this information, the
potential application of these methodologies to Cold War legacy sites should be better
understood, allowing decision makers in the East and West to make more optimal use of
the limited resources available to address the important population safety issues.
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Appendix A

Programme from NATO Advanced Study Institute,
Risk Assessment Activities for the Cold War
Facilities and Environmental Legacies

Hotel Bulgaria, Bourgas, Bulgaria, 2 to 11 May 2000

Tuesday, 2 May 2000

Breakfast: 8:00-9:00
Registration Desk in Lobby: 8:00-18:30

Morning Lecture Hall Programme: Formal Opening of Institute 11:00-12:00

11:00-12:00 Formal Meeting Opening
Opening:
Dr. Dennis C. Bley, Buttonwood Consulting, Inc., USA
Director, NATO ASI (5 minutes)
English, translated into Russian and Bulgarian

Welcome Speeches:
Mr. Ioan Kostadinov, Mayor of Bourgas (10 minutes)

Bulgarian translated into English and Russian

Mr. Ivan G. Karapenev, Bulgarian Ministry of Defense (5 minutes)
Bulgarian translated into English and Russian
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Dr. Simeon Simeonov, Representative of Bulgarian Ministry of
Environment (5 minutes)
Bulgarian translated into English and Russian

Dr. Alvin Young, US DOE, Center for Risk Excellence

(5 minutes)

English, translated into Russian and Bulgarian

Dr. Georgy Lisitchenko, The Ukraine State Scientific Center of

Environmental Radiogeochemistry, (5 minutes)

Russian, translated into English and Bulgarian

Mrs. Beyza Untuna, General Consulate of Turkey in Bourgas
12:00-13:00 Break
Lunch: 13:00-14:00 (at hotel)

Afternoon Lecture Hall Programme: Keynote Lectures 14:30-17:00

14:30-15:30 Advanced Study Institute Introductions
Directors: Drs. Dennis Bley, Vitaly Eremenko, and Jim Droppo
Review Lecture Programme and Introduce Lecturers
15:30-16:00 Coffee/tea
16:00-17:00 Session
History of risk assessment methods
Dr. Vitaly Eremenko, International Center of Educational Systems, RF
Open time: 17:00-18:30

Dinner: 18:30-19:30 (at hotel)

Wednesday, 3 May 2000

Breakfast: 8.00-9.00 (at hotel)
Registration Desk in Lobby: 8:00-10:00

Morning Lecture Hall Programme: Integrated Risk Assessments 9:00-12:30
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9:00-10:00 Session
Facing the Risk Issues of the Cold War Legacy: A U.S. View
Dr. Alvin Young, US DOE, Center for Risk Excellence, USA
(45 minute lecture, 15 minute discussion).

10:00-10:30 Coffee/tea

10:30-11:30 Session
Risk Assessment — European View of Key Principles
Judith Lowe, CLARINET, UK
(45 minute lecture, 15 minute discussion)

11:30-12:30 Session
Integrated Risk Assessment — Technologies for Risk Assessment for
Optimization of Management Decisions
Dr. Vitaly Eremenko, ICES, RF
(45 minute lecture, 15 minute discussion)

Lunch: 12:30-13:30 (at hotel)

Afternoon Lecture Hall Programme: Integrated Risk Assessments (cont.) 14:00-17:30

14:00-15:00 Session
Management of Risk Portfolios for Weapon Site Cleanup
William Andrews, PNNL, USA

15:00-15:30 Coffee/tea

15:30-17:30 Session
Round Table #1. Challenges of Risk Assessments in East and West
Each participant will be asked to give their opinion on the challenges.
Led by Directors and Lecturers

Open time: 17:30-18:00

Reception with Cocktails, Dinner, and Entertainment (at hotel) 18:00-20:00

Thursday, 4 May 2000

Breakfast: 8.00-9.00 (at hotel)

Morning Lecture Hall Programme: 9:00-12:30
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9:00-10:15 Session
Accident Risk Assessment
Dr. Dennis Bley, Buttonwood Consulting, Inc., USA

10.15-10:45 Coffee/tea
10:45-12:30 Session
Accident Risk Analyses and Applications for the Disposal of Chemical
Agents and Munitions
Susan Bayley, SAIC, USA
Lunch: 12:30-13:30 (at hotel)

Afternoon Lecture Hall Programme: 14:00-17:30

14:00-15:00 Session
Integrating Management Effects into Quantitative Risk Assessment
Dr. Olga Aneziris, Demokritos, Greece

15:00-15:30 Coffee/tea
15:30-17:30 Session
Round Table #2. Facility-Centered Risk Assessment. Small groups.
Facilitators (Directors/Lecturers) ask students to propose problems from
their home regions. Groups will define issues and discuss solution options.
Led by Directors and Lecturers
Open time: 17:30-18:30

Dinner: 18:30-19:30 (at hotel)

Friday, 5 May 2000

Breakfast: 8:00-9:00 (at hotel)

Morning Lecture Hall Programme: 9:00-12:30

9:00-10:00 Session
Programmatic Risk Assessment
Dr. James Droppo, PNNL, USA
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10:00-10:30 Coffee/tea

10:30-11:30 Session
Site-Specific Modification of Ground Water Generic Criteria as Applied
to a Contaminated Site — a Canadian Approach
Dr. Hristo Hristov, Ontario Ministry of the Environment, Canada

11:30-12:30 Session
Comprehensive Risk Management Programs for the Disposal of Chemical
Agent and Munitions
Susan Bayley, SAIC, USA
Lunch: 12:30-13:30 (at Hotel)

Afternoon Lecture Hall Programme: 14:00-17:30

14:00-15:00 Session
Risk Perception : The Psychological Aspects
Dr. Vladilena Abramova, Obninsk Institute of Nuclear Power
Engineering, RF

15:00-15:30 Coffee/tea

15:30-16:30 Session
Environmental Pollution and Environmental Health: Dynamic of Risk
Perception and Risk Communication over the Last 15 Years
Daniela Kolarova, Sofia University, Bulgaria

16:30-17:30 Session
Facilitated Exercises in Risk Perception
Dr. Vladilena Abramova, RF and Daniela Kolarova, Bulgaria

Open time: 17:30-18:30

Dinner 18:30-19:30 (at hotel)

Saturday, 6 May 2000

Breakfast: 8:00-9:00 (in hotel)

Morning Lecture Hall Programme: 9:30-12:30
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9:30-11:00 Session
Approaches through Multimedia Assessment [Facilities-Centered Health
Risk Assessment
Dr. Gene Whelan, PNNL, USA

11:00-11:30 Coffee/tea
11:30-12:30 Session
Methods and Tools in the Management of Technological Risk
Assoc. Prof. Dr. Lyubcho Lyubchev, University “Prof. Dr. Assen
Zlatarov,” Bourgas
Lunch: 12:30-13:30 (at hotel)
Local sight-seeing; excursion to the old city Nesebar: 14:00-18:30

Dinner 18:30-19:30 (at hotel)

Sunday, 7 May 2000

Breakfast: 8:00-10:00 (at hotel)

Free time for study, informal discussions, and other activities.

12:30-13:30 Lunch (at hotel)

Afternoon Special Event, 14:00 to 18:00

International Gymnastics Competition, Bourgas

18:30-19:30 Dinner (at hotel)

Monday, 8 May 2000

Breakfast: 8:00-9:00 (at hotel)

Morning Lecture Hall Programme: 9:30-12:30

9:00-10:00 Session
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Cleanup of Vromos Bay

Dr. Simeon Simeonov, Director, Regional Inspectorate to Environmental
Protection and Water of Ministry of Environment in Bourgas

Dr. Eng. Ilko Bonev, Director, Bourgas Copper Mines, Bulgaria

10:00-13:00 Site Visit
Vromos Bay, Drs. Simeonov and Bonev
Excursion to old city Sozopol

Lunch: 13:00-14:00 (at hotel)

Afternoon Lecture Hall Programme: 14:00-17:30

14:00-15:00 Computer lab
Risk assessment software workshop
Jim Droppo, Coordinator
15:00-15:30 Coffee/tea
15:30-17:30 Software Demonstrations
Open time: 17:30-18:30

Dinner 18:30-19:30 (at hotel)

Tuesday, 9 May 2000

Breakfast: 8:00-9:00 (in hotel)

Morning Lecture Hall Programme: 9:00-12:30

9:00-10:30 Session
Potential for Risk Assessment Research in the Chernobyl Exclusion Zone
Aleksey Ryabuskin, International Radiology Lab, Ukraine

10:30-11:00 Coffee/tea
10:30-11:30 Session
Modular Risk Assessment—Hanford Example

Dr. Gene Whelan, PNNL, USA

11:30-12:30 Session
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Chernobyl Catastrophe Problems: Radiation Factor Risk Assessment
within the Exclusion ChNPP Zone

Dr. Georgy Lisitchenko, State Scientific Center of Environmental
Radiogeochemistry, Ukraine

Lunch: 12:30-14:00 (at hotel)

Afternoon Lecture Hall Programme: 14:00-17:30

14:00-15:30 Session
Quantitative Risk Assessment of Peace-Time Activities
Associated with Complex Weapon Systems in Military Installations
Steve Fogarty, ARES Corporation, USA

15:30-16:00 Coffee/tea

16:00-17:30 Session
Model selection
Dr. Jim Droppo, PNNL, USA

Open time: 17:30-18:30

Dinner: 18:30-19:30 (at hotel)

Wednesday, 10 May 2000

Breakfast: 8:00-9:00 (at hotel)

Momning Lecture Hall Programme: 8:30-12:30

9:00-10:30 Session
Radiation Legacy Of The Former Soviet Union (Weapon Complex)
Yuri Gorlinsky, Science and Technology Association “Computer
Technologies and Information Systems for Science and Research
Development,” RF

10:30-11:00 Coffee/tea
11:00-12:00 Session

US Weapons Production—Hanford Dose Reconstruction
Bruce Napier, PNNL, USA
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12:00-13:00 Session
Collaborative Risk Assessment in the Russian Federation
Bruce Napier, PNNL, USA
Lunch: 13:00-14:00 (at hotel)

Afternoon Lecture Hall Programme: 14:00-17:30

14:00-15:00 Session
Risk Assessment and Risk Management in the Netherlands
Dr. Esko F. Blokker, DCMR Environmental Protection Agency, The
Netherlands

15:00-15:30 Coffee/tea

15:30-17:00 Session
Regulatory Rule Making Example — US EPA Rule Making
Dr. Gene Whelan, PNNL, USA

Open time: 17:30-18:30

Dinner: 18:30-19:30 (at hotel)

Thursday, 11 May 2000

Breakfast: 8:00-9:00 (in hotel)

Morning Lecture Hall Programme: 9:00-12:30

9:00-10:00 Session
Civil Protection in Bulgaria
Dipl. Eng. Svetoslav Andonov, Deputy Director of Civil Protection,
Bulgaria

10:00-10:30 Coffee/tea

10:30-12:00 Session
Round Table #3. Risk Assessment Problems and Programs in Home
Countries.
Facilitator (Directors/Lecturers) asks students to propose problems from
their home regions. Groups will define issues and discuss solution
options.
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12:00-13:00 Closing Panel
Organizers — Drs. Dennis Bley, Vitaly Eremenko, Jim Droppo, and Esko
Blokker
Summary Statements
Lecturer and Participant Input and Recommendations/Statements
Closing

Lunch: 13:00-14:00 (at hotel)



Appendix B
Acronyms and Abbreviations Used in Text

The following acronyms and abbreviations are used in the text, figures, and tables of this
book. Acronyms and abbreviations used in equations are described for each equation
and are not included here.

Nonletters

% percent

/ per

uR microRoengten(s)

uSv microSievert(s)

A

APET accident progression event tree

ASI Advanced Study Institute

B

BD Bryansk District

BEMR Baseline Environmental Management Report

Bq Bequerel

C

CDC Centers for Disease Control and Prevention

CERCLA Comprehensive Environmental Response, Compensation, and Liability
Act

ChEZ Chornobyl Exclusion Zone

ChNPP Chornobyl Nuclear Power Plant

Ci curie(s)

cm centimeter(s)
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CMF common mode failures

CNPP Chernobyl Nuclear Power Plant
Cs-137 cesium-137

CSv xSievert(s)

D

DESCARTES  Dynamic Estimates of Concentrations and Accumulated Radionuclides
in Terrestrial Environments

DM’s decision makers

DOD U.S. Department of Defense

DOE U.S. Department of Energy

DPM Defense Priority Model

Dr. Doctor of Philosophy (U.S) or Science (Europe)

Drs. Doctors of Philosophy (U.S) or Science (Europe)

E

EDE estimated dose equivalent

e.g. for example

EM U.S. Department of Energy Office of Environmental Management

Eng. Engineering

EPA U.S. Environmental Protection Agency

ERMA Environmental Risk Management Alliance

ETRC Extended Techa River Cohort

F

FCRA facility-centred risk assessment

FRAMES Framework for Risk Assessment in Multimedia Environmental
Systems

FS feasibility study

FSU Former Soviet Union

G

g gram(s)

GBq gigaBequerel(s)

GIS geographic information system

GW gigawatt(s)

Gy Gray(s)--check

H

ha hectare(s)

HCRA human-centred risk assessment

HEDR Hanford Environmental Dose Reconstruction (Project)

hr hour(s)

HRS Hazard Ranking System



HVAC
HWIR

1A
TAEA
IIASA
ICRP
ie.

1IE

Inc.

LOC
LPG

heating, ventilating, and air conditioning
Hazardous Waste Identification Rule

Industrial Association

International Atomic Energy Agency

International Institute for Applied Systems Analysis
International Commission on Radiation Protection
in essence

initiating events

Incorporated

Kaluga District
kiloBequerel(s)
distribution coefficient
Kurst District
kilo-electron-volt(s)
kilogram(s)
kilometre(s)

square kilometre(s)
cubic kilometre(s)
kilotonne(s)
kilowatt(s)

litre(s)
loss of containment
liquefied petroleum gas

meter(s)

cubic meter(s)

maximum
millibequerel(s)
megaCurie

method of detection limit
methylethylamine

Multimedia Environmental Pollutant Assessment System

mega-electron-volt(s)
minimum
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Minatom Ministry of the Russian Federation for Atomic Energy
mL millilitre(s)

MLD Master Logic Diagram

mm millimeter(s)

mSv milliSievert(s)

MW megawatt(s)

N

NATO North Atlantic Treaty Organization

NEPA National Environmental Policy Act

NM State of New Mexico

No. Number

NPL National Priorities List

NPP nuclear power plant

NRC U.S. Nuclear Regulatory Commission

NV State of Nevada

0]

P

PBq petaBequerel (page 198—check)

PCB polychlorinated biphenyls

PEIS Programmatic Environmental Impact Statement
PL Public Law

PMCD Program Manager for Chemical Demilitarization
PNNL Pacific Northwest National Laboratory

POD process operations diagrams

PRA probabilistic risk assessment

Q

QRA qualitative risk assessment

R

*Ra radium-226

R&D research and development

RA risk assessment

RAAS Remedial Action Assessment System

RAMEH Risk Analysis Methodology for Environment and Health
RATCHET Regional Atmospheric Transport Code for Hanford Emission Tracking
RCRA Resource Conservation and Recovery Act
ReOpt Remediation Option System

RfD reference dose

RH relative hazard
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RI remedial investigation

RI/FS remedial investigation/feasibility study
RM risk measure

RR relative risk

S

SAIC Science Applications International Corporation (check)
SARA Superfund Amendment and Reauthorization Act
SC State of South Carolina

SD sustainable development

SMS safety management system

SNF spent nuclear fuel

SPD scenario progression diagrams

Sv Sievert(s)

T

TN State of Tennessee

TRC Techa River Cohort

TRDS Techa River Dosimetry System

TSP Technical Steering Panel

U

UN United Nations

URF unit risk factor

U.S. United States of America

USA United States of America

USSR United States of the Soviet Republic
UTF unit-transfer factor

\%

vOC volatile organic compounds

\%4

WA State of Washington

WBA whole-body counter
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yr year(s)



Appendix C
Cross-Cultural Guide to the Book

This appendix is derived from an English-Russian cross-culture terminology guide that
was provided to the native Russian-speaking participants at the Advanced Study
Institute.

In the last decades of the twentieth century in United States, risk analysis
methodologies started being used in waste management and environmental remediation
efforts. The chapters in this book describe some of these applications for facility
operations and environmental restoration. The former includes the design of storage,
handling, and treatment/destruction facilities related to both weapons and environmental
efforts. Relative to the latter cleanup of sites contaminated by nuclear and chemical
materials, laws have been passed, regulations written, and guidance prepared for both
waste practices (CERCLA) and current operations (RCRA). The result of the
implementation of these actions is that there is a large amount of experience in the West
relative to the East on how to approach and accomplish site cleanups. One of the
objectives of the Institute was to provide decisions makers in the East access to that
experience base relative to the use of risk methodologies.

To understand the motivations and drivers for inclusion of risk in the American
environmental remediation culture, one needs to understand the Remedial Investigation/
Feasibility (RI/FS) processes specified by the U.S. Environmental Protection Agency.
Similar regulatory-based approaches have not been implemented in the regions of the
former Soviet Union. To help bridge this information gap, the Russian-speaking
participants were given supplemental background material to help them understand the
American culture for conducting cleanup efforts.

The following English-Russian cross-culture terminology guide is adapted from the
ASI handout prepared by Vitaly A. Eremenko for the Russian-speaking participants
attending the Institute. The English-Russian cross-culture terminology guide is provided
to define selected American concepts for native speaking Russians that are unfamiliar
with the American environmental remediation culture. Selected environmental
remediation concepts are included that require more than a simple word-to-word
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translation to be understood. These extended Russian-language descriptions provide
native-language background material for understanding the various risk-based
applications described in this book.

Bcnomozcamenvhoie pybpuku, wipugpmel u coxkpawjenus. Jins pacluMpeHus
TBOPYECKO# aKTUBHOCTH ¥ CAMOCTOSATEILHOCTH YUTATENEH, Hanboee BaXHbIE OHATHS
u onpezelieHus B [Toccapuu COMPOBOXIAIOTCS AONONHUTENBbHOMH HHopManmeii. Yame
BCEr0 HCIOJIB3YIOTCA ClIeYIOIIHe BCIIOMOraTebHble PyOpUKH: [...] - HCTOYHHK
CBEJIEHHU} 10 JaHHOMY TEPMHHY, B3ATBII U3 MIPUIIaraeMoro CIucka Iy OJIMKaLmil; MOXeET
pacrosaraTbcs, JIH00 HEMOCPEACTBEHHO MOCJIE NEPBOTO KOPOTKOTO NMEPEBOIA Ha
pycckuit A3bIK, IHOO mocyie KOMMEHTAapHs WK JOMOJHUTENBHEIX JaHHBIX; TaM, TIe
HUCTOYHHKOM SIBJISAETCS JINYHOE MHEHHE EpeMeHKo, HCIoNB3yeTCst COKpALEHUE B BUIE;
“T'ene3uc” 0003Ha4aeT MPOHCXOXKICHUE U Pa3BUTUE ONPENEIIIEMOro TEPMUHA UITH
¢dusuueckoro o6bekTa; “MaTemMaTHKa - O3HAYAET, YTO ONPEIEIEHUS TEPMUHA UMEET
(opMasbHYI0 MaTEMaTHIECKYIO0 OCHOBY; “KoMMmeHTapuii” OTKpHIBAET MOC/IEMyOLIHE
ABTOPCKHE PEKOMEHIALMA 0 MCIOIb30BaHHIO 3TOro TepMHHa; “CoBeT” MIn
“3ameuyanue” - moj 3Toi pyOPUKOM NPUBOAATCS 3aMeYaHUs H COBETHI B TEX CIIyYasx,
KOr/la MHEHHE aBTopa CJI0Baps He COBNAJaeT C TPAKTOBKOW JaHHOrO TEPMUHA B
opurunaie; “Hugpbi”- uudposbie JaHHbBIE, HOPMBI U Ip. GakTsl.

B moccapuu HCHONB3YIOTCA CIIELYIOLIME THIIBI IPHQTOB: ““KUPHBIA”- 11
BBIIEJIEHNs] TEPMUHOB U CNIELMAIBHBIX CIIOB HA aHIVIMICKOM S3BIKE, PH YCJIOBHMH, YTO
UX TOJIHBIE TIEPEBOIBI M OTIPEIENICHHS MOXKHO HAUTH XOTs OBl B OJIHOH U3 pyOpHK
nanHoro Iiioccapust; “kypcus” IPUMEHSETCs WIS BBIICNCHNS B KHPUILTHLE, Haubonee
3HAYHMMBIX - KJIOUEBBIX TEPMUHOB, U KOTa, XOTs OBl B 0HOI U3 pyOpUK JaHHOTO
CJIOBapsi, UMeeTCs TOJIKOBaHHE TEPMHHA Ha PyCCKOM SI3BIKE.

American RI/FS process (BbIOOp peabunumayuonnuvix 4 80CCmano8umenbHolx mep, 1
aHaIM3 UX ONTUMAIBHOCTH M0 CTOMMOCTH U 3¢ ¢exTuBHOCTH [10]) - npoBeneHue
KOMIUIEKCA MCCIIeI0BaHUM 110 YPOBHSAM U BUAAM peabunumayuoHHbx u
60CCMAHOBUMENIbHBIX Mep, YMEHBIIAIOIIUX OMaCHOCTH M MOHWKAIOIIMX puck ISt
HaceJIeHUs U MepcoHalla Ha U3y4YaeMOM ONIaCHOM MPEANPUATHH WK 3arpA3HEHHOMN
TEPPUTOPUH, C MAPaJIIENbHBIM aHAJTM30M HX OCYIIECTBUMOCTH M 3KOHOMHYECKOM
11eJ1eco00pa3HOCTH, - TO €CTh, B IPOBEICHUEM MOOEPHUSUPOBAHHO20 MEXHUKO-
akonomuyeckozo obocnosanuss (MTO0) NPOEKTOB MX pealu3allum.

KommenTapuii: CMBICT U coaepkaHue Kaxa0ii Takoit mpouexyps! (RI/FS),
npeaBapAOLIei MpakTHYecKoe peleHne npoodiaemsl 3auTsl Oxp.Cp. U 310pOBbS
JIFOJIeH, COCTOUT B CIIEIYIOIIEM:

e  Bo-mepBbIX, - JaTh KOJIMYECTBEHHYIO XapaKTEPUCTUKY NPOOIJIEMBI B LETIOM.
HamnpuMep, KOJHYECTBEHHO OLIEHUTh CTENEHb 3arPA3HEHHs OKpPY KaIoIIeH cpeabl U
OMacHOCTh HAKONMBIIMXCA 0TX0A0B. IIpy 3TOM NPUHHMAIOTCA BO BHUMaHHUE BCE
HMEIOIHECs Ha TaHHOU TEPPUTOPUH ONACHbIE NMPEANPHUATHUS U . UCHIOYHUKU
pHCKa, KOHKPETHBIE F€0JIOTHYECKUE, METEPEOTIOTHYECKHUE U Ap. YCJIOBHA, a TAKKe
TeKYIlee COCTOSTHUE OKpY Kartoluei cpepl, U mp., ¥ np. TakuM criocobom
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COCTaBJIAETCS KOJIMUECTBEHHASI MOIENb “COCIMOAHUA CNOMHCHO20 MHO2OMEPHO20
obvexma ynpasnenu.”

e Bo - BTOpBIX, - pac4JIEHHTh MPOOJIEMY Ha OTAENIBHBIE CETMEHTBI 10 THITY ¥ BUIY
TaKUX peabunumayuOHHbIX U 60CCMAHO8UMENbHBIX MEPONpUAMUT, B paMKax
KOTOPBIX ObLIO ObI BO3MOXHO - MPAKTUYECKH OCYIIECTBUMO OpraHU30BaTh
OTHeJbHbIe, KOHKPETHO OPHEHTUPOBAHHEBIE NEHCTBHA 10 YIyYIIEHUIO COCTOSHUA
TEPPUTOPHUI1 U 3I0POBbS, NPOXKUBAIOLIMX TaM JIOJEH 0 HEKOTOPOro NPUEMIIEMOTO
YPOBHS, C YU4ETOM CrieLU(UKU KOHKPETHBIX re0ocpesl, CBOHCTB KOHKPETHBIX
3arpsA3HSAIOLINX BEIECTB, U KOHKPETHBIX MPEINPHATHI U 3arpA3HEHHBIX
TEPPUTOPHUH, - UCMOUHUKO8 PAIUALIMOHHON M TOKCUYECKOM OMacHOCTH. 31€ECh, 10
cyTH, hopMynUpyeTcs 3aaya YnpaBJIeHUs COCTOSHUEM CJI0)KHOTO MHOTOMEPHOT0
obbekTa.

e  Haxownel, B-TPETbUX, - OCHOBBIBAsACh Ha MPEIbLIYLIEM aHAIU3€E, BLIOpaTh LieJIH U
YCTaHOBUThH COOTBETCTBYIOILKE 3a1auy M0 pEaln3alul ONTUMaJIbHBIX
peabunumayuoHHbIX U 80CCHAHOBUMENbHBIX MEPONPUAMUL, a TAKKe ONPENEIHTD,
Ha OCHOBE MeXHUKO-3KOHOMUu4ecko20 ananuza - MTIO, kakue KOHKPETHBIE UX
THIBI ¥ BUABI Oy IyT B HAaUOOJIBIIEH CTENEHN yAOBIETBOPATE NOCTABICHHBIM LIENAM
v 3amayaM. Ha atoii dase RI/FS process aHaIMTUYECKH peLIaeTCs 3afada
OINTHUMAJILHOTO YIPaBJIEHUs COCTOSHHEM CJIOXKHOTO MHOTOMEPHOTO OOBEKTA.

American RI/FS process analysis framework (aHanus, npoBoauMslii B pamkax RI/FS
npoyecca [10,13]) - mpegycMaTpUBaeT BLIMOJHEHHE CIOXKHOM KOMOHHALIUM
BBIYHCIIUTENILHBIX ONEpaLuii ¢ UCMONb30BAaHUEM IATH OLIEHOYHBIX, AaHATUTHYECKUX H
ONTHUMM3ALMOHHBIX MOIyJEil: site conceptual model; contaminant transport;
technology selection and performance; human health effects; restoration
alternative effects.

Carcinogenic risk (puck kanyepozennuvix 3abonesanuii [5,8,18]) - B MeTononoruu
HCRA omnpezenseTcs IByMs COCTaBJISIOMIUME: UHOUBUOY ATbHBIM PUCKOM
KauyepozenHozo 3aboneBaHus oT paauauuy (cM. nousTue Risk Analysis);
UHOUBUOYATLHVIM PUCKOM KAHYEpO2eHHO20 3a00JIeBaHuA OT BO3AEHCTBHA X UMUUECKUX
KaHIIEPOr€HOB.

Carcinogenic risk: Matemarunka [5,18] I1pu onpeneneHny BeIMUMHbI NEPBO
cocTapJstolLeit, ucnons3yrt ¢popmyiy Rr,rp =H * Drp * 2.555*10E+4,
pekoMeHnoBaHHyt0 HanmonansHoit Axagemueit Hayk CLLIA (1992r). 3mecs: * - 3Hak
npousBeieHus; Rr,rp - puck B TeUEHUE KU3HU IPH MOWHOCMU €)4CEOHEBHO
9KCNO3UYUOHHOU 0036l PAIMOAKTUBHOTO 00yueHus - Drp (penrr/nens); H -
KOHBepCUOHHbI ghakmop pucka, a undpa 2.555* 10E+4 onpenenset uucio auei B 70
rogax (aH). Bropas cocraBisromas, no pekomengauusM EPA 1982r, paccuuteiBaeTcs
NOCPEICTBOM BBEJICHUA PaKmopa NOMeHYuaIbHOL 803MOICHOCMYU 3a001e8aHUA PAKOM
q: Re,rp =1 - exp(- D,rp * q), rie: * - 3Hak npousBeneHus; Re,rp - BepxHsas rpaHuna
pucka NMpH eXeJHEBHOU IKCIO3ULINHU YeJIOBeKa 00301 MOLIHOCTHIO D,rp (6e3pazmepHas
BEJIMUMHA), B TeUeHHe Beell ero 70-neTHel XU3HY, a q - 3HayeHue pakropa CPF nis
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J@HHOTO XMMHYECKOro coeauHeHus B (Kr* neHs/Mr). CpaBHEHHE MOTEHLMATBHBIX
OnacHOCTe! paKoBBIX 3a00JIEBaHUI OT paIUOHYKIUAOB M KaHLUEPOreHHBIX XUMHUKATOB
MPOU3BOJIAT HAa OCHOBE YCPEIHEHHO! BEIMUHUHBI UHOUBUOYANLHO20 PUCKA
KaHyepozeHHo20 3a00JIeBaHHs YeJIOBEKa B TeyeHne ero xu3Hu (R,rp), kotopyro
BBIP@XAIOT BEJMYHUHAMHE - UHOUBUOYATbHO20 PUCKA KAHYEpO2eHH020 3a001eBaHNA 1101
BO3/IEMCTBUEM IKCHO3UYUOHHBIX 003 HOHM3UpYIolIel paguauuu (Rr,rp), mubo -
UHOUBUOYWILHO20 PUCKA KaHyepOoceHHo20 3ab0JIeBaHNs MO BO3AEHCTBHEM XUMHUYECKUX
kaHueporeHoB (Re,rp) cOOTBETCTBEHHO. JIJ1si MPaKTHYECKOTO HCIIOJIb30BAHUA
NpUBEIEHHBIX BbIlIe GOPMYI HeoOX0aMMO oleHUTh BenndyuHbl akTopoB H u CPF.
@opMyJIbl I UX PACYETOB MOKHO HAlTH B CIIPaBOYHHKaX Moj pyOpukamu risk
conversion factor - H, u risk cancer potential factor - q.

Chernobyl NPP, ChNPP, Chernobyl Nuclear Power Plant (UepHoGbuibckas ADC,
YADC, YepHOObUTbCKAs aTOMHAsK 3JIEKTPOCTAHIIUA).

Competitive Risk Management - CRM (xonkypenmnoe ynpasnenue puckom, KYP [1])
- CM. TaK)Xe MHOTOYHCJICHHBIE ONPEIEJICHUS U JOTIOMHEHUS K TEPMUHY.

Risk Containment technologies (TexHOJI0rHYECKUE NpOYeCcCcyl KyNupoBaHus
XMMHYECKUX 3Q2pA3HeHuti U palMOaKTUBHOCTH, Ucmounukos 0bmyyenus [5,6,7,10,11,
12,13]).

Contaminant effectiveness parameters (mapaMeTpsl IPUrOIHOCTH 3a2psA3HUmMeneli K
o6padotke - [130 [10,13])

Contaminant screening (aipTepHaTHBBI TEXHOJNIOTHIA [7,14]) - UMeeTCs B BUIY BbIOOD, B
npoyecce RI/FS, TEXHOJIIOTUH, OPHEHTUPOBAHHBIX Ha THII U CBOICTBA paIMOaKTHBHBIX U
XUMHYECKUX 3aepA3HuUmeneil.

Contaminant transport (pacnpocmpanenue/mucpayus XAMAIECKUX 3aTPSI3HEHUA U
PanroaKTUBHOCTH [7]) - yiajieHHe OT HCXOIHOTO MECTONONOKEHUS HCTOYHHKA COPOCO8
WM 8b16pOC08 OTIACHOTO PaJIMOaKTHBHOTO WM XMMHUUYECKOT0 BEIIECTBA, KOTOPOE
BBI3BaHO npoueccaMy 11 ¢y3nn B Oxp.Cp. paCTBOPEHHBIX WM B3BEIIECHHBIX B
reocpenax npuMecei, 1160 nmepeHoc npuMeceii ABIKyIUMH reocpeaamu Oxp.Cp.,
00, HAKOHE1, MePEMEIIEHUE ONMAcCHBIX BEIECTB TPAHCIIOPTHEIMU CPEICTBAMU U
JIFOABMH, pabOTarOMIMMHU B KOHTAKTe ¢ HUIMU. T€PMUH “Mmuzpayus” BBEAEH CTaHAAPTOM
6107/6-86 MexmynapoaHoi Opranuzaruu no Crangapram (MCO) kak
“caMOnpPOM3BOJILHOE WK MPUHY IUTENBHOE NIEPEMELIEHUE PACTBOPEHHBIX UITH
B3BEILEHHEIX BEIECTB HJIM OPraHU3MOB B BOTHOM o0ObekTe.” [TapaMeTpnl
pacnpocmpanenus/muepayuy OLEHUBAIOTCS C TOMOIIBIO MOJEIIEH paclpOCTPaHEHU
(nepeHoca, tudPy3un) XUMUIECKUX 3aepsa3HeHull u paduoakmusHocmu [2].

Contaminants (3aepsznumenu [3))
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Daily exposure rate - D,rp (escednesnas MOWHOCHb SKCNOZUYUOHHOU 003bL) -
I0JIy4aeTCs CPEIHECTATUCTHYECKHM TPENCTaBUTENEM JaHHOMN IPyIIbl HACEIEHHUS O
KaXxIoMy 003080My mapuipyniy, U oueHuBaercs B pamkax CO-AP xak: D,rp =
U,r*C,rp*F,r, rie: * - 3HaK yMHOXXESHHUS; 3arATasl, IpeaBapseT HHACKC (31eCh, IP, I); I -
UHIEKC 00306020 mapupyma (I, O, D, E - UX Bcero 4eThIpe); p - UHAEKC IIOTHOCTH
HaceJleHHs OLEHMBAEMOr0 PErHoHa WM afIMUHHCTPaTHBHON Tepputopu (p = 1,2,..P);
D,rp - esiceOHesHan MOWHOCHb IKCRO3UYUOHHOU 0036l (MI/KT* IeHb 1nu rem/AeHs); U,r
- 00ObIYHAsA CpeHss eXXeIHEBHAs CKOPOCTh NOCTYIUICHUs B OPraHMU3M, WJIM IOTJIOIIEHHS,
uiu 00JTydeHH s [0 003060My Mapupymy “r” s JTAHHOTO 3azpsa3Humens (B KI/JIEHD -
IS OPAIBHOTO MOCTYIUICHHUS, M3/I€Hb - JUISl HHTAJIALIMOHHOTO MOCTYIUIEHHS, 4ac/a€Hb -
BpEMSs 3KCIIOHUPOBAHHS JUIS BHEIIHEro 00mydyeHus); C,rp - KOHLEHTpaLus
3azpAzHumMens B Cpelie, KOHTAKTUPYEMOHt C 4eIOBEKOM (B IHILE, BOJE, U IIP), MU
TIPOJOJDKUTENBHOCTD 9KCHOHUpOoGanus (B MI/KT Wi NKKWKT - U1 NepopaibHOro
noctyruieHus, Mr/m+3 win nkKu/mM+3 - Npy HHTAISIUOHHOM MOCTYTUIEHHH, MKKW/M+2 -
TpY BHEIIHEM OGJTyYeHHUH OT 3eMIIH, TKKW/I - MpU BHEIIHEM 00Ty YeHUM OT BOJIbI,
nkKu/M+3 - npu BHelIHEM 00JTy4eHHH U3 atMocdepHoro Bozayxa); x+2, y+3, kr-1 -
o603HauyaeT Bo3BeaeHUE “X” B cTeneHs +2, “y” B creneHs +3, a “kr” B cteneHs -1; F,r -
J030BBII KOHEEPCUOHHBLU hakmop 1Ist 00308020 mapuipyma “r” (B kr-1 wnu rem/nkKwu -
JUIsl MHTQISLHOHHOTO U MepopaIbHOr0 MOCTYIUIEHHUS; rem/4ac /Ha nkKu/M2 - npu
BHELIHEM OOJIyYEHHH OT 3eMJIH; rem/vac /Ha nkKu/i - npu BHEIIHEM 00JTy4EHHH OT
BOJIBI, ¥ rem/uac/ua nkKu/mM3 - npu BHeIIHeM 00JTy4eHHH U3 aTMoc(epHOro Bo3ayxa). B
NpaKkTHKe 4acTo UcTonb3yeTcs 6onee nonHoe monsaTHe Daily exposure rate to an
average member of the population for each exposure route - D,rp (esicednesnasn
MOUHOCMb IKCNO3UYUOHHOU 0036l OISl CPeOHe20 npedcmagumens OGHHOU NONYAAYUL U
1O KaXcOOMy 003080My Mapuipymy) - B TOM YHCJI€, KOHEYHO, H 1UI pacyeTa
9KCRO3UYUOHHOU 0036l OT PAAUOAKTHBHOTO O0JTyYeHH.

Emission rate (CkopocTh, pacXxoJ WIH MOIIHOCTb F'€HEPALMH OMACHEIX MaTEpHaJIOB
W/WIIK SHEPTUU W/WIK OTXOIOB, MPU COOJIFOIEHUHU pETIaMeHTa SKCIUTyaTaluu
[POU3BOACTBEHHBIX 0OBEKTOB [2]) - MMeeTCs B BUMY MOKA3aTeNH MOCTYIIEHUA
3arps3HUTeNeil B cpexy OOUTaHHs Y€N0BEKa, - TO €CThb, B Okp.Cp., IpU IITATHOM
COCTOSIHUM W/WJIN SKCIUTyaTallil X UCHIOYHUKOE.

Environment (oxpyosicarowasn cpeda - Oxp.Cp. [12], unu, gnewnss cpeoa - Bue.Cp. [2])
- COBOKYITHOCTh (PM3HYECKUX, XUMUYECKUX, OHOJOTNYECKUX XapaKTEPUCTHUK, a TaKKe
COLMAIBHBIX (PaKTOPOB, CHOCOGHBIX OKa3bIBAaTh MPAMOE WM KOCBEHHOE, HEMEIUIEHHOE
WM OTJaNICHHOE BO3eHCTBUE Ha JKUBBIE CYLIECTBA M AEATEIBHOCTb YEJIOBEKA; N
cpena, OKpyarolias 0HOLEHO3bI, GU3MIecKas OCHOBAa MX OMOLEHHOTUYECKON CPEIBI -
aTMoc(epa U ee LMPKYJIALHUS, COMTHEYHBIH CBET M TEIUIOTa, MATEPHHCKas MOpoJa MOYBEI,
ee XMMHYECKHe BEIeCTBa, ra3bl U pacTBOPHI, BOJA U BIaXXHOCTh aTMOC(EpHI U
MOAMOYBbI, OOLIMI KIIUMAT TEPPUTOPHI 1 aKBATOPUIL.

Environmental Media (npuponnas cpena [5,13,18])
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Environmental Restoration processes - (cnocobwr 6occmanognenus Oxkp.Cp. [5,18]):
npoueaypa, ycTaHoBieHHas ¢enepanbHeM 3akoHonatensctBoM CIIIA (CERCLA), u
omnpeessolas MocaeI0BaTeabHOCTb OLEHOK U NEHCTBUI NPY PEIICHUM TaHHOM
IpOOJIEMEI.

Ex situ media (yOarennuvle nepguuno2o ucmouruka 3arps3sHEHHbIE M U3JTyYalolHe
cpensl 1 Matepuaisl [7,13])- 3arpsA3HEHHbIE WM U3JTyYalOLIMe re0CpeIbl U MaTepHUalsl,
HaXOAALIMECH BHE MECTOIOJIOKEHHUS UCMOYHUKOE TIEPBUYHBIX 8616p0C08, COPOCOE U
00y4eHuH, a Tak)Ke MEPBUYHOTO MOCTYIUIEHHA OTXOI0B.

Ex situ media: KommenTapuii: IIpeanonaraercs, 4to 3aepsasnument yxe
MU2pupoeany, i pactpoCTPAHHIUCH 32 MPEAEIbl SMULEHTPA NEPEUUHBIX UCTOYHUKOS.
Takum o6pasom, RI/FS process 1 HCRA opHeHTHDPYIOT MCCIIEN0BATENEH PUCKA Ha
pachnpeeNeHHble UcmouHuKky OacHocTy. Pacuersl, BemonHsemele Ha MEPAS,
M03BOJISIOT OLIEHUTh PACpPOCTPaHEHUE 3arPA3HAIOIUX NPUMECEH M0 reocpeaaM Ha
pacctostHud 10 80 KMOT MHLEHTPA NEPBUYHOMN OMACHOCTH B CJTy4ae BO3XYIIHBIX
NEPEHOCOB, U Ha HEOTPAHIYEHHBIE PACCTOSHUSA NPH NEPEHOCE 3a2PA3HEH U
MIOBEPXHOCTHBIMHU U MOJ3EMHBIMU BoJaMu. Bce muzpupyowue 3azpsasnumenu, a Takxe
nepeMellaoIIrecs 3arps3HEHHbIE CPelbl U MaTePUANIbl 00A3aTENBHO YYUMbIEAIOMCA
Takxe U B cieHapusax cucteMbl RAAS. TToustue “yuem” (contaminant inventory)
0Jpa3yMeBaeT PErUCTPALIMIO 3a11acoB 3azpsa3Humenei, a Takke PU3NIECKUX U
XHMHYECKUX UX CBOMCTB (palrMOaKTHBHOCTH, TOKCHYHOCTH) U XapakTepucTHK (media
properties).

Exposure (sxcnonupoeanue [3]) - B o011eM cMBbICIIe - 001yuenue, Kak HEOOX0AHUMOe
YCIIOBHE JUTsl TIOJTyYEHUS S9KCHOZUYUOHHOU 003bi.

Exposure pathways (IlyTH pacrpOCTpaHEHHUs UCHOYHUKOS8 IKCHOHUPOBAHUS/00ITyYEHHS
[5,8,18]) - BKJIXOYAIOT NPUPOJHBIE CPEbI: MTOA3EMHBIE U MOBEPXHOCTHBIE BOIBI, [TOYBA
BO3IyX; 003000paszyiouue cpedsl (BKIIOYAIOT, KPOME MPUPOAHBIX, 3arPA3HEHHBIE
MPOIYKThI MOTPEOIEHHS, B YACTHOCTH - TUTAHMs); 3arPA3HEHHBII IPy30BOH U
NacCaXXMPCKHUIA TPAHCIIOPT, MaTepHaIbl; U T.II.- BCE, YTO MOXET OBITh CpeIo Uit
pacrpoCTpaHeHUss XAMUYECKUX 3aTPA3HEHUM H paflMOAKTUBHOCTH, U, B KOHLE KOHIIOB,
CITy>KUTh UCTOUHUKOM 5KCHOHUPOGAHUA TIOAEH.

Exposure point analysis (aHaJIu3 JOKaJIbHBIX 9KCHO3UYUOHHBIX 003 [7,18])

Exposure route (00306vbie mapupymer [7,18]) - npencTaBisioT BO3MOXXHBIE BAPUAHTBI
KOHTAKTOB YeJIOBEKa U 3a2psA3HeHull IPU MOJIETMpoBaHuH pucka. K 0ozoevim
Mapuipymam MOTYT ObITh OTHECEHBI, HallpUMeED, MHILEBHIE LIEMH, BHEIIHEE 00TyYeHHe
(TOJIBKO [UTA paIHOHYKJIMAOB), @ TAKXKE pa3JIMUHbIe BUABI GU3UOIIOTHYECKUX KOHTAKTOB
YeJIOBEKA, TAKMX KaK UHTAUIALIMOHHBIM, MEpOpaTIbHBIA U KOKHBIN.

Exposure scenario (0o306uwiil cyenapuii [7,18]) - cocraBisieTcst U3 UENOYKH HECKOJIBKUX
00306blX MAPULPYMOE, KOTOPBIE BEIPAXKAIOT ABWKEHUE 3aTPA3HEHHA Yepe3 NUIIEBhIE
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LIEMNH B YEJIOBEYECKHI OPTaHi3M, U ONIUCHIBAET CITy4aiiHble (G (EKThI UX BO3AEHCTBUSA Ha
nmozeit. [IpuMep HanucaHus 00308020 cyeHapus: “OT 3arpsI3HEHHBIX MIOBEPXHOCTHBIX
BOJ -> BO BpeMs KyNaHHUs -> 4epe3 NepopalIbHOE/H HHTAIALIMOHHOE CTydyakiHEbIe
MOCTYIUIEHHS -> BHYTpb OpraHusma.”

Facility (npoMbILUIeHHBI WK SHEpreTHdeckuit 00bekT(S,7,18]) - TMNMUHBIHK
TEXHOTE€HHBIH UCTOUHMK XMMHUYECKOMN WIH paAUallMOHHON ONAaCHOCTH U PUCKa;
060061L1IeHHOE HAMMEHOBAHHE MOTEHLHUAIBHO OMACHOTO MPOU3BOJCTBEHHOTO KOMILIEKCA.

Facility-Centered Risk Assessment (O6vexmuo - Opuenmuposannoii Ananusz Pucka, -
0O0-AP [1,10,14])- nepBblil U cTapeiumii U3 mpex K1accos NPUKIAOHbIX OYEHOK PUCKA,
00BbeIUHAIOIINN METOIBI M KOMITBIOTEPHBIE CUCTEMBI OLICHOK, aHAIM3a U ONTHMHU3ALMI
pe3yJIbTAaTOB, MIO3BONSIONINE NIOATOTOBUTE 0GOCHOBAHHBIE PEIEHHS 110 MEPOIIPUATHAM
U JIEHCTBUAM, HAMpPaBJICHHBIM Ha COBEPIIEHCTBOBAaHUE O€30MaCHOCTH SIEPHBIX,
paIMalOHHBIX U XMMHYECKUX 00BbEKTOB U 3arpsA3HEHHBIX TeppHUTOpUiA. Micons3yercs
Kak OJMH 13 6a30BbIX METOJOB NPU PELIEHHH MPoOJIeM JIMKBUIALMH HACJIeUs MPOLLIOH
xoJjioaHo# BoiiHEI (past Cold War Legacy).

Facility-Centered Risk Assessment: KommenTapuii [Tepeoiii u3 memooos knacca OO-
AP, HazBaHHBI Ob6vexmHuo - Opuenmupogannvim Bepoamuocmuoim Ananusom
Pucxa/Bezonacnocmu, (unu OO - BAP wnu BAE), Gbin pa3paboTaH st aTOMHBIX
3JIEKTPOCTAaHUMHI B 70-X rofax NpOLIJIOro BEKa, HO INUPOKO NPUMEHSIICS BIUIOTh [0
HACTOSALLEr0 BpeMeHH, U He Tonbko st ADC, HO U U1 MHOTHX JPYTHX OMacHBIX
npou3BoAcTB. BTopoit MeTox 3TOro Kiacca, Tak HasblBaeMblit O6bekmHo -
Opuenmupoeannuviii Ananuz Pucka ons 30oposws (unu OO - AP3), usydaet pucku Kak
BEPOATHOCTHBIE MOCJIEACTBHSA Py THHHOM WM IITaTHOM 3KCILTyaTallid OIMHOYHBIX
TEXHOJIOTHYECKUX OOBEKTOB. DTHUM KE METOJIOM OLIEHUBAIOTCS PHCKU OT
He3HAYHUTENILHBIX aBapUIHBIX CUTYalMi, CBA3aHHBIX C OTKa3aMK 000pyIOBaHUS WU
cucTeM 6e30MacHOCTH Ha OTAENbHBIX 06bekTax. B CLLA sta o6iacTh HCNOIB30BAHUA
pucKa sBJIseTCs npeporatuBoii Arenrcrsa no 3amure Oxpysxatomeit Cpenst (EPA).
Haubonee pacnpoctpaHeHHsle 3anauu s metogoB OO-AP - oyenxu nomenyuanvnozo
pucka ons 300pogbs u Okp.Cp. om asapuii Ha eOUHUYHBIX 00bEKMAx; OM IMUCCUTL
PAOUAYUOHHBIX U XUMUYECKUX BelyeCm8 Npyu WMAmHOT 3KCNTYamayuy eOUHUYHbIX
06vekmos; a maxoice paspabomka npeeeHmuBHvIX Mep 6€30nacHocmu 0N eOUHUYHBIX
06vexmos. Vicnonp3yeTcs kak OJ1H U3 6a30BBIX METOIOB NPH PEIICHUH MpobiieM
JUKBUIALMH HACJIEAMs NPOILTON XosoaHoi BoiiHel (past Cold War Legacy).

Facility-Centered Risk Assessment: KommenTapnii [1,10] OCHOBHBIMHU LiENSIMU
meronoB OO-AP sBnsAtoTCsa obecrneyeHne ONTUMHU3AUUHN PELICHUN npeseHmuUgHo20
Xapakrepa IS eOuHuuHbIX 00bekmos. Takue peleHns HalpaBieHbl Ha
[penoTBpalEHHe HOMeHYUATbHbIX A8apuil WIX OTPAaHUYEHUE PYMUHHbBIX 8b1OPOCO8 UnU
copocos. Memooonozus OO-AP Ucnonb3yeTcs TakxKe IS WIAHUPO8AaHUs Oelicmeui Ha
aBapuitHOM 00BEKTE WITM NMpUJIexKalleil TEpPUTOPUN NPH BOSHUKHOBEHUU YPe36blYatiHbIX
u Hewmamuwvix cumyayui. Petienus, pa3paboTanHble Ha ocHOBE MeTon0B OO-A4P,
peau3yIoTCs MyTEM CO8EPULEHCMBOBAHUA cucmem 6e30nacHoCmu aHATIM3UPY EMBIX
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00BEKTOB, a TaKXkKe MOCPEACTBOM MOO00EPIHCAHUS NPed8apumenbHOU 20MO8HOCMU
Ype3BBIYaMHBIX CITyKO6 B 30HaX MX NOTEHLUAIBLHOIO BO3AEHCTBHA.

Facility-Centered Risk Assessment: 3ameuanue [1]. Ecnu Ha unTepecyrowmein
3aKa3uyMKa TePPUTOPUH PACTIONOXKEH HE OIUH, -€JUHUYHBI, a HECKOJIBKO NIOTEHIHMAIBHO
OTacHBIX 0OBEKTOB, TO aHAIU3 MeTogaMu OO-AP NPOU3BOAUTCS OTAEIBHO AJIA KaXI0Io
U3 TakuxX 006eKToB. [Ipoueaypa onmumusayuu ynpasieH4eckux peuieHutl no
npegenmusHbLIM MEPaM U IEHCTBUAM CTAHOBUTCS 3HAYHUTENBHO Goiee 3¢ PeKTHBHOI,
€CJIM TIePBbIMU MCIOJIb30BaTh BO3MOKHOCTH MeTO0B CO-AP 0115 6cex ucmo4yHuKkos
onacrnocmu, a 3ateM yxe HHCTpyMeHT OO-AP 115 0cobeHHO 3HAYUMbIX eOUHUYHBIX
0OBEKTOB.

Facility-Centered Probabilistic Risk Assessment (O6vexmuo - Opuenmuposannuiii
Beposmuocmuviit Ananuz Pucka/bBezonacnocmu, OO-BAP/BAK [1,17]) - Crapeiinii u3
METOIOB OLIEHKH PUCKa 3TOro kiacca 6bul pa3paboTaH Ul aTOMHBIX 3JIEKTPOCTaHLUH B
1974. Hauunas ¢ sigepHoii aBapuu Ha ASC CLLA TMA B 1978, BAbS mmpoko
TMPUMEHSUICS M U1 MHOTHX IPYTHX TEXHOJIOTUH B Te4eHHE Mocnexyomux 25 net. BAb
(BAP) ObLn pa3zpaboTaH Ul OLIEHKH PUCKOB MOTEHUUAIBHBIX aBapUii Ha OJUHOYHBIX
TEXHOJIOTHYECKUX 00BEKTax, MPUYMHAMH, KOTOPBIX MOTYT OBITh KaK BHy TPEHHHE, TaK
BHELIHHE COOBITHA. Pe3ybTaThl TaKMX OLIEHOK HUCTIONB3YIOTCS NIPH NIAHUPOBAHUU Mep,
YMEHbBIIAIOLIKUX NOTEHUAIbHbIE PUCKH IOCPEICTBOM YBeNUYEHUSL HAOEHCHOCMU U
6e3onacHocmu mexnonozuyeckux 0bvexmos. Y IebHasi CTOMMOCTb TaKMX Mep IJIs
GOJIBILIUX SAEPHBIX, XUMHUYECKHUX U APYTHX MPOMBIIUIEHHBIX MPEANPUATHI 4acTO
OLIEHMBAETCS B MITMOHAX NOJIapoB. Kcnonp3yeTcs kak OAUH U3 6a30BbIX METO/IOB
[pH peleHUuH mpo6JieM JTUKBUAALUH HACIeAUs NMPOLLIoi XxonoaHo# BoiiHb! (past Cold
War Legacy).

Facility unit (pasHoTUNHbIE 0OBEKTHI, UMEIOLINE CXOIHBIE PETIAMEHThI 0OecTIeueH s
Ge3omacHocTH [5,8,18]) - 06benuHsAEMBIE, TIPU KCTIONIB30BaHIK MeTogosioriu CO-AP, B
OJIHY IPYIIILy 0OBEKTHI [0 TOMY NPU3HAKY, YTO peabunumayuorHblie Mepsl IJsl HUX
65113k 1o LensM criocobam U cpencTBaM peanusauun. Kak cnencrsue, B
KoMmrbloTepHbIX cucreMax Tuna MEPAS/RAAS, rae ucnons3yercs 3t1a
KJIacCU(UKaIWs, MPEANOIIaraeTcs, 4YT0 peadunumayoHHble Meponpuamus Ui Tpy sl
TaKUX 00bEKTOB OYIYT OCYLIECTBIIAThCSA 10 EAUHOMY IUIaHy. TpebyeTcs, OAHaKo, 4TOOBI
Takhe OOBEKTHI, MPEICTABIISAIOIINE Pa3HOOOPA3HEIE UCOYHUKU 8b16POCOB/cOPOCO8 NITH
6MOpUYHbIE NOMOKU 0MX0008, TEM HE MEHEe, HaXOAWIHNCh B Npenenax ogHoi I7THT,
NPOMIUIOIIAAKH WM MpoM30HHI (installation, site, waste site).

Facility-Centered Health Risk Assessment (O6vexmuo - Opuenmupoeannvii Ananu3z
Puck onsa 300posss, - OO0 - AP3 [1,10,14,17]) - Bropoii u3 memooos kracca OO-AP,
3aa4ya KOTOPOro COCTOMT B U3yYEHHH M OLIEHKE PUCKOB OT PYTHHHOM (IITaTHOH)
IKCIUTyaTaluH OJUHOYHBIX TEXHOJOTHYECKUX 0ObEKTOB. PE€3yIbTaThl OLIEHOK M aHAIHU3a
Ha ocHoBe OO-AP3 UCNOJIB3YIOTCS [IPH YCTAHOBJIEHUU CTaHAAPTOB U HOPM JUIS
npedenvHo — OONyCMUMbIX 8616p0CO8 Uny cOpOCcos BO BHELIHIOO Cpely, a TaKKe NpH
Ha3HAYCHUH NpedebHO- OONYCMUMbIX KOHYeHmpayuy 3arps3HAIOIINX BELIECTB B
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okpyorcaroweti cpede. Vicnonp3yeTcs kak 0JMH U3 6a30BbIX METOJO0B NPH PELICHUH
npo6JieM JIMKBUAALMH HacJeaust Moot xonoqHol BoitHb! (past Cold War Legacy).

Facility-Centered Health Risk Assessment: KomvenTapuii. B CLLIA, P®, Ykpaune,
HanpuMep, 3Ta 00JIacTh MCIIOIB30BaHUA PUCKA ABJIAETCSA MPEPOraTHBAMH
cooTBeTCTBEHHO ArentcTBa no 3amute Oxpyxaroweii Cpenpl, 'ockomuteta PO n
MunncrepcTBa YKpauHsl. ITOT METOA 1o cpaBHeHUIo ¢ O0-AP tuna BAE/BAP
JOITyCKaeT OrpaHNYHUThCs 60J1ee MPOCTHIM aHANU30M. Pe3yIbTaTsl OLIEHOK M TAKOTO
aHay3a UCIOJIB3YIOTCS NPH YCTAHOBJIEHHH HOPM M CTaHAApTOB AN NPENENIbHO —
JOMYCTHMBIX BEIGPOCOB WM COPOCOB OT OMACHBIX OOBEKTOB BO BHEULHION Cpedy, &
TaKKe IS MpeAeNbHO- JOIYCTUMBIX KOHIIEHTPALUii 3arps3HAOLIMX BEIIECTB B
OKpyxarolueii cpee. Takue OLEHKH TaKKe JIeXaT B OCHOBE ONpeneeHns mTpadoB MIs
06BEKTOB — HapywuTenei HopM. He peaku cityyan, Koraa yaeJdbHble FOf0BbIE ITPadel,
ycTaHoBJIeHHbIe Ha 0cHOBE OO-AP3, 11 HEKOTOPBIX GOJIBIINX AAEPHBIX,
paZnalMOHHBIX U XUMHYECKHX 00BEKTOB — HAPYIUUTENEH NOCTUralOT COTEH THICAY
J0171apoB. B pe3ysbTaTe CIOKUIACH MapaJOKCANbHAasA CUTyalys: B yObITKE HAXOAATCS
KaK COOCTBEHHMKH ONMACHEBIX MpeanpusAThii (rpomaausie wrpadsl !), Tak U Gnusnexaree
HaceJIeHHe, MIOCKOJIBKY, COTJIACHO CYIIECTBYIOIIEMY 3aKOHOAATENbCTBY, MPEANPHATHS
“KyMWId MHIYIbIEeHIMK Ha OTpaBJIEHHE JIFOAEH U NPUPOJIBI.

Feasibility study - FS (aHanu3 ocyIecTBUMOCTH NpejutaraeMbIx MpoekTos [7,8,18]) -
M3BECTHAs MPOLEIYPa TEXHUKO-3KOHOMHYECKOro 060CHOBaHus, Hanubosee 6au3ka no
conepxanmto k FS. Jlanee FS noHumMaeTcs kak aMEpUKaHCKHUI BapHaHT
MoaepHu3upoBaHHOTO 730 - MTOO0. BKimoyaeT: IOCTaHOBKY LEJEH; OLIEHKY
CTOMMOCTH; a TAaK)Ke MPEIoJaraeMoro BEIX0I NPOTyKIUH, 31€Ch - 3((eKTUBHOCTH
CHI)KEHHs pHCKa; IPMHIMAETCS BO BHUMaHUE KOHKPETHBIN MOTPEOHUTEND IIPOEKTA U
CIIpPOC Ha MPOEKTHl TAKOTO TUIIA; OLIEHUBAIOTCS CIOCOOBI OTCTYILICHUI B CITy4ae
neynaun. Mcnonp3yercs kak ofHa U3 6a30BBIX MpOLERYp NpH PEIIEHUH MpobiieM
JIMKBUAALMK HAcJiequs MpoLuIol xonoqHoii BoitHel (past Cold War Legacy).

Features of American RI/FS process, characterizing an order of a technology
selection (ocoGeHHOCTH BbIOOpa TexHONOTHi 8 pamxax RI/FS npoyecca) - B 310l yacTu
RI/FS npoyecca BeIOUPAIOTCS TEXHONOTHH peabuiumayuoHHbIx Mep 1 OLIEHUBAETCS UX
3¢ ¢pexTuBHOCTL. Hanbosiee 3HAYMMBIMHU COCTABJISAIOIIMMU 3TOH YaCTH NpoLEcca,
paszpaboranasiMy B US DOE PNNL, sasnsrotcs [7]: Basza 3HaHMit 10 BO3MOXXHBIM
peabunumayuoHHbIM Mepam, COAepxKaluas cBeeHus no 6osee yeM 100 cnenuanbHbIM
TEXHOJIOTHSAM, OPUEHTUPOBAaHHBIM Ha 6osee uem 400 pa3nu4HbIX 3aepazHumens u
coepiKallas ONMMCaHUA OMbITa B 14 pasnuyHBIX Coydasx UX npuMeHeHus. b3 saBisercs
4acThI0 KOMITBIOTEPHBIX cucTeM ReOpt u RAAS. Pexomenayemsie B3 TexHomoruu
PpeadunumayuorHbIX Meponpusimull MOTyT OBITh PEATU30BaHbI KaK B JMULIEHTPE
8b16p0OCO8 UITN cOpOCOo8 3azps3HeHut, TaK U Ha 3HAYNTEILHOM PAcCTOSHUY OT HHX, a
TaKKe MPU pa3HOOOPA3HBIX COUETAHUSAX 3a2psi3HUmMeNell, 3a2PSA3HEHHbIX cpeod, U
3aepsizHennbix MaTtepuaiioB (technology applicability for 400 contaminants). B
pouecce MpeIBapUTENLHOr0 PACCMOTPEHHUS TEXHOJIOTHIA /151 KOHKPETHBIX
peabunumayuonHblx Mep MPOU3BOJUTCSA OLEHKA MOIIHOCTH 8MOPUYHBIX NOMOKO8
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omxo0006 (secondary waste stream) U METOJIOB 0bpabomku u nepepabomxu
TOCTIe THUX.

Features of American RI/FS process, characterizing module of evaluation of
potential efficiency chosen technologies (0COGeHHOCTH OLIEHKH IMOTEHLHAILHOM!
5(peKTUBHOCTH BBIOPaHHBIX TEXHONOTHII B npoyecce RI/FS) - 3akmoyarorcs B
IpoBeNeHNH ABYX 3TaloB CreLHalbHON Mpoleayphl oleHkH. Hanbosnee 3Ha4UNMBIMU
GyHKUMAME JaHHOM YacTh npoyecca RI/FS asnsotcs: 1). Alternative effectiveness -
ouieHKa 3 (HeKTHUBHOCTU aHAIM3UPYEMbIX BAPUAHTOB, U 3HaYCHUH residual
contaminant inventory/mobility/human health effects; u 2).Alternative
performance- conoctapjieHHe aHATM3UPYEMBIX BAPUAHTOB, BKIIOUAIOLIEE OTPEIEIECHUE
1 CpaBHEHME He MeHee IeCTH HanboJiee BaXKHBIX NOKa3aTeNleH, XapaKTepU3YOLIuX
pe3yJIbTaTUBHOCTb BBIOpaHHOI TeXHONOTHH. OCHOBHBIE U3 HUX - CTOUMOCTb, 3aTPaThl
BpeMeHH, 00beM 00pabaThIBaEMBIX 3aZpA3HeHHbIX CPEl, U Mpod. (cost, time,
permanence, volume, toxicity, mobility reduction).

Features of HCRA concerning assessment of human health (oco6enHocTH oyenku
pucka 013 300poswbs B paMkax RI/FS npoyecca [7]) - yUuTBIBAIOTCA KaK PE3YJIbTAT
IpOBeIeHKs BHIYUCIIUTENBHBIX ONepaluil Ha “Momye yuepba 0 300po6bs Yenogeka”
(human health effects). Hau6oyiee 3HauuMBbIMU COCTABJIAIOMIUMU OLIEHKH B 3TOM
ciyyae sBIstoTCs: 1). puck kanyepozennwix 3a6onepanuii (carcinogenic risk), 2). xgomet
onacnocmu (hazard quotient), 3). xapakTepucTuku peyenmopa (variable receptor
characteristics), 4). 00361, NoTy4aeMble NpU NPEOHIBAHUM HA 3A2PAIHEHHbIX 3EMIIAX
(land use variable dose).

Ground-water exposure routes (00308bie Mapuipymei B TIOA3EMHBIX BoAax [7])- 31ech
OTIEPHUPYIOT C TpeMs 0o308bimu mapuipymamu (r=1,2,3), Kaxxablii U3 KOTOPBIX
3aKaHYMBAETCS TPEMA BUAAMH (U3HONOTHYECKUX KOHTAKTOB peyenmopa - 4eio6exa
(ingestion, dermal, inhalation), a Taxxe ¢ IATBIO 0o3006pazyrouumu cpeaamu (3
through Ingestion; 1 through Dermal; 1 through Inhalation).

Hazard quotients (kgomut onachocmu [5,8,18]) - 6e3pazmepHbIe BETMYUHBI,
OmpeeNsIoIIne Mepy yujepba 0ns 300p08ba yenogexd. B JOKyMEHTax Ha aHITIMHACKOM
a3plke 0003HauaeTcs kak HQ, B MaT. popmyinax - kak In,rp. Hazard quotients:
MaremaTuka [5, 8, 18]: Bennuuna HQ onpenensercs kak Y4aCTHOE, - OTHOLIEHHUEM
MOWHOCIMU eXHCeOHEeBHOU IKCNO3UYUOHHOU 0036l D,rp K MUHUMAnNbHO - ONACHO 003e
moxkcuyeckoeo Bemiectsa RfD,k, To ecth: In,rp = D,rp/RfD,k.

Hazard quotients: KommenTapuii: B metogonorun HCRA 310T noaxon
HCIIOJIb3Y€ETCs IS yYeTa BIHAHUA He - KAHLIEPOT€HHbIX XUMHYECKHX TOKCUKAHTOB Ha
310pOBLE YesioBeka. JIJis MpaKTHYeCKOro UCMONIb30BAaHUA NPUBEAECHHON GOPMYJIbI
HeoOxoauMo 3HaTh BennyuHbl RfD, k. ICTOYHNKOM Takux CBEIECHUN M
nons3osareneit B CLLIA sBnsercs ¢penepaibHas AMpeKTUBa AreHTcTBa 3amuTsl Oxp.Cp.
CUIA (EPA, 1989r.).
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Human factor a source of risk (“venogeveckuii pakmop” Kak UCTOUHHUK pucka
[6,9,16]) - 3Ta cocTaBAIOLIAN HOIHO20 PUCKA, BO-NIEPBBIX, MOXKET ObITh 00yCI0OBIEHA
HEPALMOHAILHOCTHIO WJIH HPPALHOHANBHOCTBIO ASHCTBHI CrIeHANNCTOB, paboTa
KOTOPBIX CBA3aHHa C TOW WJIM MHOM CTaaueil ®U3HEHHOTO LIMKJIa OMACHBIX TEXHOJIOTHI
(cm. Stages of “life cycle” of hazardous technologies). Bo-BTophIX, renepatopamu
TaKWX Xe AeHCTBHI, MPUBOJAIINX K HETaTHBHBIM MOCIEACTBUAM, H IOTOMY C IOJIHBIM
MPaBOM OTHOCHMBIX K HCTOYHHKAM puUcKa, MOTYT ObITh U uya, npunumaroujue
pewenus, - JIITP (Decision Makers, DM’s). BooO11ie €. He TOJIbKO TEXHHYECKHE
CMIELMAIMCTEI U YIPABJICHLB! pa3HOr0 YPOBHS, HO U JIFOOOH 4€I0BEK MO Pa3HBEIM
npuurHaM (B TOM YKCJIe, HAPUMep, B CHITY “KOMIUIeKca I'epocTpaTa’) MoxeT ObITh
MCTOYHHKOM CaMbIX M30IIPEHHBIX HCXOIHBIX 3aMBICIIOB, KOTOPBIE, MPH OMPEAEICHHBIX
YCIIOBHSIX, IEPEPACTAIOT B TSHKKKE MocaeacTBUSA. MIMEHHO B TaKOM KOHTEKCTE
NOTEHIMAILHOTO HOCHTEJIsS aHTPOTMIOTEHHOTO pucka “uenoseueckuii pakmop”
U3y4aeTcs, a COOTBETCTBYIOLIMH puck oleHnBaeTcs B Metogonoruu KYP (CRM, -
Competitive Risk Management), cM. B [1]: Analysis of “Perception” of the objective
Risk by DM’S - PRA-DM’S. MeTo, N03BOJISIOLIHI BbINOJIHUTL HEOOXOIUMBbIE
OLIEHKH Ha Ka4YeCTBEHHOM YPOBHE, U3JI0)KEH B H3BECTHOM JOKyMeHTe MAT'ATO
“ASCOT Guidelines”’[16]. Microyib3ys 3TOT JOKYMEHT, BO3MOXXHO MOy 4YHUTh
JKCMEPTHYIO OLEHKY “ypOBHS KYJBbTYphl 6€30M1acCHOCTH CELUaINCTOB U JITTP.
O61EenpU3HAHHOTO METO/Ia YMCIICHHOMN OLIEHKHU pucKa OT “yenoseveckozo ¢pakmopa’”
TI0Ka He CyIIeCTBYeT. BOJNBIIMHCTBO U3 co3AaHHbIX B 80-90-ThIe o/l METOIOB
YHCJIEHHOTrO aHAJIK3a MpeIHa3HAYaIiCh, 32 HEOOJBIIMM HCKITIOYEHHEM, JUTS OLCHKU
HaJIe)XHOCTH OMEPaTOpOB OMacHbIX Mpou3BoacTB [APJ(Absolute Probability
Judgement,1983); TESEO (Tecnica Empirica Stima Errori Operatori,1982); THERRP
(Technique for Human Error Rate Prediction,1984); HCR (Human Cognitive Reliability,
1983); Facility- Centered Risk Assessment from Human Factor, 1995 ]. Hckmouenue
NpeICTaBIIAeT MOCAeIHUI U3 epeYUCIIeHHbIX Bollie MeTooB - Facility- Centered Risk
Assessment from Human Factor, - FCRA-HF (O6vexmuo - OpuenmupoganHoiii
Ananuz Pucka om Yenoseueckozo @axmopa, - OO-AP-4®). Cymsb 3T0r0 METOJA
kpamko npedcmaanena é nyonuxayusx [1,4,6,17,18,19]. OnHako oHH elle He
onpoOOBaHkI B MPAKTHKE, TAaK KaK UCCAENOBaHHS M0 HAM MpekpalieHsl B 1995r.,u3-3a
OTCYTCTBHS (GPMHAHCHPOBAHWUS.

Human health effect (yiyep6 300possio uenosexa [7,18]) - HapymeHue 3010pOBbs
OTAEIBHOTO YeJIOBEKAa WM IPYII JIFOACH OT BO3ACICTBUI TEXHOTEHHBIX UCMOYHUKOE
OMacHOCTH MPH PErJIaMEHTHOMN 3KCIUTyaTaluy MOCIEAHUX, TO €CTh, BHE OCTPOIii (a3l
aBapuil. Beipaxkaetcs B Merononorud HCRA nByMs mokasaTensamu: 1). kak
UHOUBUOYAIbHBLI PUCK KaHYepo2eHH020 3a00NieBaHus B Te4eHHe ero xu3HH (70 neT) nox
BO3JEICTBUEM PaIMOHYKIIHIOB W/ M XUMHYECKUX KAaHLIEPOTEHOB, U 2). KaKk
uUHOUBUOYanbHbIU Yuyepb U1 310POBbS OT HE KAHLIEPOTEHHBIX XUMHKATOB, BBIpa)KaeMbIH
yepe3 Kgomul ONACHOCMU.

Human health effect: KommenTapuii: ITocpecTBOM 3THX ABYX NPSAMBIX
KOJIMYECTBEHHBIX MOKa3aTesiei Ha TepMuHaiax cucteMsl MEPAS npencraBistoTcs, U
nanee, B cucteMax ReOpt 1 RAAS ucnone3yroTcs: BO-NEpBbIX, pE3YJIbTaThl OLIEHKH
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yujepba 300posvio uenosexa, i, BO-BTOPBIX, - HHTErpalbHbIE MOKA3aTeIHN TEKYILEro
COCTOSTHUSI TEPPUTOPUIA, TEXHOJIOIMYECKHX YCTaHOBOK, OTAENBHBIX MPOU3BOACTB U UX
KOMIIIEKCOB.

Human-Centered Risk Assessment/Analysis (Cy6vexmuo-Opuenmupogannviii Ananus
Pucka, - CO-AP [1,10,14,17]) - meTononorus CO-AP npeaHa3HaueHa Ui MOJAEPKKU
nuy, npunumarowyux pewienus, - JIIIP (DM’s): 1) 1aHHBIMH 1O OLIEHKE TEKYILETO U
OyIylLIero COCTOSIHUA UCCIIELyEeMbIX IPOM30OH W/WIIH HaCeJICHHBIX TEPPUTOPHIi IO
MOKA3aTeJIAM 3a2Ps3HeHHOCm YU KOMIIOHEHTOB OKpYJcaioueti cpedbl 1 OnacHocmu/pucka
011 300p08bs nt0detl, 2) 0OTOOPOYHBIMH CLIEHAPUAMH BCEBO3MOXHBIX MOCIEACTBUH
X03SHUCTBEHHOU aKTHBHOCTH/ Oe31eiCTBHA B YCIIOBHAX MPUMEHEHHSI/0TKa3a OT
NpUMEHEHUs peabunumayuonnvix mep, 3) JaHHBIMH U ONTUMU3UPYIOIIHUMU
NpoueLypamMu IJIsl KOMILIEKCa peabunumayuonnbix mep i AEHCTBUI 1O
80CCMaHOBNeHUI0 OKpYdHcaioujell cpedut, U T.4. [IpeanonaraeTcs, 4To, B pe3yJbTaTe
BoinoyiHeHust CO-AP, kpoMme TOro, OyaeT noAroToByeHs! 1 JIITP (DM’s)
peKOMeHIaluH, BOIUIOMIEHHE KOTOPBIX MO3BONIUT: 4) CHU3UTD MOCTYIUIEHHE B CPEIy
o6uTaHUS YeI0BeKa OMAaCHBIX OTXOJI0B COBPEMEHHOW HHIYCTPHH, @ TAKKe MaTEPHAJIOB
H/WTK OMTACHBIX U3JTyHYEeHHH, CIIOCOOHBIX HApYIINTh (yHKIHMH OKpYKaroLel cpeasl; 5)
YMEHBIIHUTh ONACHOCMY U PUCKU OT TIOCTYMAIOIIUX B CPeTy OOUTAHUS YeloBeKa
MaTepHaIoOB WK MOTOKOB U3Iy4YEeHUMH, MOCPEACTBOM CHIDKEHHS UX KOHLIEHTpaluU B
OKpysrcaroujel cpedvt; 6) yAaIATh OMAacHbIE MaTEpHAJbl OT MECT IUIOTHOI'O MPOKUBaHUSA
nroJieit, GpayHsl 1 GIIOpHI, a TaKKe 0cIabIATh MOTOKK OMACHBIX W3JTyUYeHHUH, nepeMernas
MaTepyasbl UX B MECTa YINPaBJIIEeMOTr0 XPAHEHHUS U CO3aBasi 30HMuKU 6e30nacHocmu
(Umbrella of Safety) mns ocnabneHus BO3A€HCTBUS OMACHBIX MAaTEPHAJIOB W/WJIH
m3nydenuii; 7) GopMynupoBats TpeOOBaHHS K MECTOTIOJIOKEHUIO U TEXHUUECKUM
XapaKTepUCTHKaM ONTUMAJIBHBIX 10 CTOUMOCTH M 3(PPEKTHBHOCTH XpaHWITHLT U
30HmuK08 6e3onacnocmu. ECTeCTBEHHO, YTO Takoi MepedyeHb BO3MOXKHOCTEH
mertogosiorud CO-AP no3sonseT 3¢ (HeKTUBHO YHacTBOBATh B PEIIEHUH MpoOieM
JIUKBUIALMK HacJIeus MPOILTOi X0JI0AHOM BoitHEI (past Cold War Legacy).

Human-Centered Risk Assessment/Analysis: I'ene3uc HMes sToro noaxoaa Bo3HUKIA
B CLIA eme B 1986 r. Torzaa, B npoliecce NEpBOro NPakKTUYECKOTO OCYIIECTBIECHHS
American RI/FS process, npeycMaTpuBacMOro aMEpUKaHCKUM 3aKOHOAATENbCTBOM
no 3amuTe okpyxatoieii cpebl CERCLA -1980 u SARA - 1986, BbIsICHUIIOCH, YTO
BHINOJTHEHHE TOJIbKO HauanbHOH (a3sl RI/FS process (Risk Assessment) TpeGyet
3HAYMTENIBHBIX 3aTpaT (UHAHCOBO-MAaTEPHAIBHBIX CPEACTB U BPEMEHH AaXe B
NpOCTEHINNX CiTydasx: B cpeaHeM ot 36 1o 40 uen*mec. BeaeacTsue orpaHHueHHOCTH
cpencTB Ha 3T Liesy, npaButesibctBoM CILA (DOE, EPA) Geina nocrasiieHa 3axada
3aMeHbl Py THHHOH U3MEPUTEIbHOM U HCCIIeI0BAaTENbCKOM PabOTHI Iy TEM CO3JaHuUs
CHEeUHAIBHBIX METOAMK U NMOJNEPKHUBAIOMIMX CHCTEM AJIs yCKOPEHHO! OLICHKH, aHalnu3a
U onTUMU3anun noarotasiauBaeMbix B RI/FS process pemenuit. K Takum Metonukam u
TOUIEP>KUBAIOLIMM CHCTEMaM MPeXbsBIISUINCE TpeOOoBaHUA yA00CTBa, IPOCTOTHI U
JeleBU3HbI B 00palleHuH NPy A0CTaTOYHON Hay4HO#H 060CHOBaHHOCTH. B
COOTBETCTBHH C 3TUMHU TpeboBaHusaMH B PNNL B nepuon 1993-1998, 65110 cozpaHo
ceMeicTBO KOMIBIOTEPHBIX NoAAepxkuBaromux cucreM MEPAS - ReOpt - RAAS,



337

peau3yoIuX CIEYIOIHi MepedeHb OCHOBHBIX 3aJa4: 1) MaKCHMaJbHO JOCTOBEPHOM
1 00BEKTHBHOM OLIEHKH COCTOSTHUSA 3a2psi3HeHHOCMU BCEX KOMIIOHEHTOB OKpPYXaloLlEi
Cpelbl B HCCIIeoyeMOM peruoHe (Bo3ayXa, MOYBbI, TOBEPXHOCTHBIX M MOA3EMHBIX BOJ, H
T.1.), ¥, KAK KOHEYHBI pe3yJIbTaT, - OLEHKH I0Ka3aTeseil onacHocmu U pucka onsl
300p06bsa N00eil, TPOKUBAIOIIMX H/HIH pabOTAIOIMX HA KOHKPETHOH TeppUTOpUH (B
TIOHSATHE “pUCK 0151 300p08bs” BKIAABIBAJIICS CMBIC] KAHUEPOT€HHOIO UCX0/a OT BCEX
BO3/IEHCTBUI, B IIOHATHE XK€ “OnacHocmu 015l 300p0gbsi” - HEKaHLIEPOTeHHOTo 3 dekTa
TOJIBKO OT OHOJIOTHYECKUX M XUMUYECKHMX TOKCHKAHTOB); 2) BBIOOpA ONTUMANIBHBIX MO
CTOMMOCTH ¥ 3 PEKTUBHOCTH MEP, CHIXKAIOLLUX ONACHOCMU U PUCK OT BCEX
UCMOYHUKOE PACTIONIOXKEHHBIX B TpaHHLaxX Ucciexyemoii Teppuroput (1o 10000
UCMoyHuK08); 3) aHanu3a NMPaKTUIEeCKOH OCYIECTBUMOCTH U IKOHOMHUUYECKOM
LEe1ec000pa3HOCTH HaMeYaeMbIX MEPOTIPUATHI (B HalIeH TEPMUHOJIOTHH - MEXHUKO-
axoHoMmuyeckoe obocHoganue poexTa, - TI0), u, HaKOHell, 4) ONTUMU3ALUU
aJIpeCHOCTH U MOCJIeI0BaTEIbHOCTH ACHCTBUI 110 BOCCTaHOBJIEHUIO KAaY€CTBA
OKpY>KalolIen CPenbl.

Human-Centered Risk Assessment/Analysis: KommeHnTapnii. SInpoM KOMIUIEKCHOMH
cucTeMbl KoMmmbtoTepHOi moaaepxku CO-AP sBnstoTcs hu3ndecki 000CHOBaHHbIE
BBIYHCJIMTENbHBIE TPOrPaMMBI JUTS IEPCOHATBHOTO KoMMbloTepa. Ha rmatgopme
INTEL WINDOWS. HopmaTuBHas 4acTh nporpamMm 0a3upyercs, B OCHOBHOM, Ha
crangaptax EPA. Monenupyrolas 4acTb NOCTPOEHa Ha OTHOCUTENIBHO CTAHAAPTHAIX
MOIX01aX B pacueTax rnepeHoca v BozaeicTsus. [lonasnsroniee 601bIIHHCTBO
HCIIOJIb3YEMBIX (PU3MKO-XUMUYECKMX MOJENEH HE OPUTHHANIBHBI, U, HATIPOTUB,
MHOTOKPATHO MPOBEPEHBI B MPOLIJIOM, U COIJIaCOBaHbI C COOTBETCTBYIOIIMMH MOEIIMH
u3 apxuBoB MexnyHaponusix Arenrcte8 OOH (WHO, UNEP, IAEA). IToxany#,
€IMHCTBEHHOH OTJIMYMTEbHONH YEPTOl MOJETUPYIOLICH YacTU KOMILJIEKCHOW CUCTEMBI
ABIISIETCA TO, YTO Pa3HOOOPa3HbIE MOJIEH COCTHIKOBaHbI M OOBEJMHEHBI B €HHYIO
cucTeMy. Pa3spaGoTuKi KOMIUIEKCHON CHCTEMBI KOMIIbIOTEpHOM nonnepxku CO-AP
HALIUTKA CBO# BapHaHT PELIEHHs B Cpele CreHaTN3NpOBAHHBIX aHATUTHYECKIX
MoJeJjieil. ITOT BapUaHT XOpOLIO MOHATEH HE TOJIBKO MOJIb30BATENIO C
npo¢ecCUOHANBEHBIM 00pa30BaHNEM, HO U, YTO IPHHLMIIHAIBHO BaXHO, - JIIIP. B
pesyabrate co3ganHas B PNNL cucrema nmogaepxku CO-AP cTana yHUKAIbHBIM U
IOy IAPHBIM MOMOIIHKKOM JI/1P (DM’s) B peiieHuy npodieM JUKBUAALNY HacIeIus
npoiwioii xonoauoi BoitHel (past Cold War Legacy). Kpome Toro, BHEIpEHHE H
HCII0Ib30BaHHe HHHOPMALIMOHHO - ONTUMHU3NPYIOMUX TexHonoruil Tuna O0-AP u CO-
AP 1o3BOJISET CBECTH 10 MUHUMYMa BO3MOXHOCTH J1000MpOBaHUsA rOCY JapCTBEHHBIX
OI0[KETOB, @ TAK)KE€ YMEHBIINTH O0JIE3HEHHOCTH MEpepacipenesiCHIs OrPaHNYEHHbBIX
JIMYHBIX U MECTHBIX OI0/KETOB, 00YCIIOBJIEHHY0,yBbI, HEM30€XHBIM JaTbHEHIINM
pa3BUTHEM LHMBMIM3ALMH IO Iy TH MPOMBIIUIEHHOTO U SHEPTETHYECKOrO Pa3BUTHS.
Hakonel, BHeapeHHe U Mcnos30Banue TexHojoruit OO0-AP u CO-AP 1no3Boaset
HayaTh JEUCTBUTENBHOE, a He IEKIapaTUBHOE, BHIIIOJIHEHHE pekoMeHaauui “IToBecTku
s XXI Bexa” Puo 1992, u npencroseii kondepenuun “10 et nocne Puo,” Ha
YpPOBHE MECTHBIX W/WJIM YaCTHBIX OIOIXKETOB, B TOM 4Hucie U cTpaHax OpiBiero CCCP u
BocrouHoit EBpomst.
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In situ media (3arpssHeHHbIe ¥ U3Ny4arolIue cpensl “Ha mecme” [T])- 3arps3HEHHBIE U
U3JTy4aroLIde CPEAsl U MaTepHalIbl, HaX OJAIINECS B HEIOCPEACTBEHHOH OIM30CTH K
HCTOYHUKY MEPBHYHOIA ormacHocTH. [Ipeanonaraercs, YTo Mucpayus 3arpsa3HUTENEH He
npousonuta. B American RI/FS process 3T0 NOHATHE BBEAEHO [ OPUEHTALIUH
N0JIE30BaTENEN TPY OTpeeJIeHUH MECTa BHEIPEHUs H30UpaeMbIX TEXHOJIOTHid.

In situ treatment technologies (TEXHONOTHYECKUE npoYyeccel nepepabomku unu
obpabomku “na mecme” 3a2psA3HeHHbIX Cped, MATEPUATIOB U UCHMOYHUKO08 OOITyYeHHUs
[7]) - yacTs u3 nepeuns TexHoaoruii B pamkax RI/FS npouecca, cogepxkaiuxcs B base
3HaHui KOMIBIOTEPHOM cucTeMbl ReOpt, 1 peKOMEHIYeMBIX Ul IPUMEHEHUS “Ha
Mecme,” TO €CTh, B HETIOCPEACTBEHHOM OJIM30CTH OT UCOYHUKO8 NEPBULHBIX 8bIOPOCOB
wiu c6pocog paluoOaKTUBHBIX WIIM TOKCHYECKH OTAaCHBIX BELIECTB.

Initial technology screening criteria (xpumepuu ons svibopa cmpamezuii B paMKax
RI/FS nporiecca [7,13]), - olleHMBaIOTCS BApUAHTBI MPEANIOYTHTENBHBIX TEXHOIOTHA
IUTSL peasTu3aliuyl peabunumayuoHHeIX Mep.

Institutional control technologies (HopMupyeMble onepauy KOHTPOIIS U
o6cimyxuBanus [7]) - ycTaHOBJICHHBIE HOPMATHBHBIMH JOKYMEHTaMHU OIN€paLiiH
KOHTPOJIS ¥ 00CITY)KUBaHHUA 3arpA3HEHHBIX IUIOIIAJ0K, NPOM3OH, T.J.

Land use variable dose (003b1, OJTy4aemble MpH NpeObIBaHUU Ha 3arpA3HEHHBIX
3emisx [,5,7, 8, 18]) - B RI/FS process BEIUUCIAIOTCS 10 KaXAOMY 3aepsA3Humenio, u Ha
KaX bl 00306611 Mapupym, o hopmyJe: Drp (Mr/kr* neHb Wiy rem/oeHb) =
Ur*Crp*Fr, rae: * 3HaK YMHOXEHUS; I - HHIEKC 1030BOoro mapuipyTa (r = 1,2 3,4); p -
MHIEKC TeXHOMAToreHoi 305! (p = 1,2,..P); Ur - cpenHss exeIHeBHas CKOPOCTh
IIOCTYIUIEHHS B OpPraHu3M - MOTJIOLIEHHS JaHHOTO 3arpA3HUTENS, WIX 00Iy4eHUs 10
JI030BOMY MapuipyTy r (Kr/OeHb - i OpaJbHOTO MOCTYIUICHHA, M3/I€HBb - JUIs
MHTAJIAMOHHOr0, B Yac/IeHb - U1 BHelIHero ooryyenus); Crp - KOHLEHTpauus
3arpsi3HUTENS B KOHTAKTHPYEMOH € 4eJIOBEKOM cpene (3aech B nouse), Fr - 00306b11
xongepcuonnuviii paxmop (dose conversion factor). 3Hauenus D,rp oueHuBaroTCs 14
Ka)XJIOr0 3arps3HUTEJISA, CIIOCOOHOT0 MOTEHLUUAIBHO SKCIIOHUPOBATh Y€IOBEKA WIIH
’KMBOTHOTO, 1 JJIs KXXIOT0 JO30BOr0 MaplupyTa.

Levels of Protection from Non-rational & Irrational Deeds of Specialists (yposau
3alIMTHI OT HEPALMOHAIBHON M HPPALOHATIBHOCTH ACATEIHOCTH CIIELHAIHCTOB -
V3HUJC [4, 6, 16]), - ucmoyHuxu OACHOCTH, COAEPKATCS B TPEX OCHOBHBIX 00/1aCTAX
YEeI0BEUECKOI IEATETbHOCTHU: MPO(ECCHOHANBHO; ICUXO0NIOTHYECKOH MOTUBALIMOHHOMH,
a TaKXe B PaMKax OIpPENENICHHBIX CTPYKTYp OpraHU3al{u JesITEIbHOCTH.
Brruucnurensusie anroputmbl Y3HUJIC, paspaboTanHsie B 1abopaTopuu B. Epemenko
(P®), npenycmaTtpuBaeT MoLIaroBblii aHATHU3 U BBIABICHHE UCMOYHUKOE ONIACHOCTH Ha
BCEX CTaJMAX KM3HEHHOTO IIMKJIa onmacHeIX TexHoyoruid (R&D, Project making,
Manufacturing & Construction, Assembling; Installing, Operation,
Decommissioning, Preserved). BoIX0qHBIMH [TOKa3aTeIsIMH aHAJIN3a ABISIOTCA
BEpPOSITHOCTH MOSBJIEHUS 0TKa30B Mo o61eii npuunnae (common mode failures - CMF)
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1 ucxomueix coosrtuit (Initial Events - IE)., u, kak cieacTBue, - BEPOATHOCTD U
MaciuTab aBapuii, TO €CTb UICKOMYIO OLIEHKY PUCKa OT TaK Ha3bIBAEMOTO Y€JI0BEYECKOTO
¢axropa (HF).

Maximum exposed individual risk estimate (HauGonpmuii puck 111 MHIUBUIA U3
JaHHOM IPYIIIbl 5KCHOHUPOBAHHBIX/00YYeHHbIX TONEH, OlleHUBaeMas B paMkax RI/FS
npoyecca [5, 8, 18]) - HanGoJbIIas BEpOATHOCTb KAHLIEPOTEHHOTO 3a60/IEBAHKA A
UHIVMBH/A U3 TaHHOMU IPYIINbI 9KCHOHUPOBAHHbIX, B YACTHOCTH - OOTYUEHHBIX TIOJACH,
KOTOpasi OLEHUBACTCS C YYETOM CBEJIEHHUH 0 KaXJIOM CyOBEKTE - PELIENTOPE,
MOIBEP)XEHHOM BO3JEUCTBUIO paAMallMOHHON M TOKCHYECKOH OMAaCHOCTH, KOOPAHHATAX
1 XapaKTepHCTHKaX MECTa €ro pacloIOKEHHUs, a TAKKE O XapakTepe U BpEMEHH
npeGbIBaHUS B JAaHHOM MeCTe- IIOBEAECHHHU PELIENTOopa.

Maximum exposed individual risk: I{u¢psi1 [15]: CoBpeMEHHBIMU HOPMATUBHBIMHU
JOKyMeHTaMu PoccHy yCTaHOBIEHBI TOPOTrOBbI€ 3HAYEHUS UHOUBUOYATbHO20 PUCKA.
TIpenen uHOUBUOYIbHO20 paduayuoHHozo pucka - 1*10E-3 /rox*uen u 5*10E-5
/rog*ue - 11s epcoHata U HaceJeHUs] COOTBETCTBEHHO. IIpH pacCMOTPEHUH 3THX
BEJIMYUH CJIeyeT UMETh B BULIY, 4TO B PD HOpMHpYeTCs nonublil puck, BKIIOYAIOMIMHA
PpuUCKu OT CMEPTENILHOTO Paka, Cephe3HbIX HACNEICTBEHHBIX 3Q(EKTOB U HE
CMEPTEJILHOTO paKa, IPUBEAECHHOTO 10 BpeIy K MOCIEACTBUAM OT CMEPTEIBLHOIO paKa.
To ecTh, KanyepozenHbill PUCK COCTABJIAET TOJIBKO YacTh OT IOJHOTO.

Media/location (3arps3HeHHas cpea,poLyKT, MaTepuall/ee Mectomnosoxenue [7,18])

Media properties (CBOiCTBa 3a2ps3HeHHbIX cped U MaTepuaioB [7, 13,18]) - onun u3
YeThIpeX OCHOBHBIX (JaKTOPOB B MEPEYHE OTPAHUUEHHIN M BBIXOIHBIX XapaKTEPHCTHK,
KOTOpbIE UTPAIOT IMIaBHYIO POJIb B MPHHATHU PELICHHUS Ha MPUMEHEHHE MTPEABAPUTEILHO
BBIOpPAaHHBIX TEXHONOTHIt peabunrumayuonneix mep ons CO-AP.

Multimedia Environmental Pollutant Assessment System,-MEPAS (Cuctema
KommekcHoi Ouenku CocrosHus 3arpssHeHHbix Teppuropwuii, - MUTIAC [5,8,18])

Multi-Media System (kOMNBIOTEpHas porpaMma Ui KOMILIEKCHBIX oueHok Okp. Cp.
[4,8]) - Tuma MEPAS, ucnosnn3yemas npu pelieHuH npo6sieM BOCCTAHOBIICHHUS
OKpY>Karolleil cpensl, HOKPhIBAIONIast BECh CIIEKTP MPUPOIHBIX CPENl, ABIISIOIIUXCS
NOTEHUNAJIbHBIMU IIyHKTAMU aKKyMYJISILMH, HYMAMU PACNPOCMPAHEHUS U
003006paszyiowumu cpedamu U1 paAUalMOHHBIX ¥ TOKCHYECKHX XHMHYECKUX
3arps3HeHuid. Ha TepMUHaIax CUCTEMBI 0TOOpaXkaloTCsl KOJMYECTBEHHBIE JaHHBIE 110
cocrosanio Oxp.Cp. ¥ 310pOBBIO JIOEH 10 U MOCIE PeATU3aLUK peabulumayuoOHHbIX
mep B pamkax RI/FS mpouecca, o OTHOCUTEIbHON OMaCHOCTH PaJHallMOHHBIX U
XMMHYECKUX TPEINIPHUIATHIA U 3arpsA3HEHHBIX TEPPUTOPUIL, N0 3hPexmy npumeneHus
BOCCTAHOBUTEJILHBIX TEXHOJIOTHH, U MP., UCIOJIb3yeMbIe MPU aHATN3€e MpOOJIEMBl U
MOJIOTOBKE pEKOMEHAALMI O ONTUMAJIBHBIM JEHCTBUAM.
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Multimedia transport (pacnpocmpanenue/muepayus XuMUYECKUX 3arps3HEHUI U
PagroaKTHBHOCTH M PaJMOaKTUBHOCTH B reocpenax [7]) - pacnpocTpaHeHue
XUMHYECKHX 3arpA3HEHUH U paJJOaKTHBHOCTH U PaJOaKTHBHOCTH B aTMOC(HEPHOM
BO3/IyX€, MOBEPXHOCTHBIX M MOJ3EMHBIX BOJAX, a TaKkxke Mo cyuie. IIoHaTHe ABIseTCs
MPOM3BOJHBIM OT paHee BBEACHHBIX NMOHATHUH - transport of contaminants, pathways,
transport pathways, u release pathways.

Normal operating procedures (pyx0800cmea 015 HOPMANLHOU UNU UWMAMHOU
axcnnyamayuu). B 3aronoBkax MPpOEKTHBIX, HAJTAAOYHBIX M SKCIUTYaTaLIMOHHBIX
JOKYMEHTOB BCTPEYAIOTCS TaKHE Pa3HOBUIHOCTH HAMMEHOBAHUI Pa3IMYHBIX
pyKosoocms, Xak: P. no ynxkyuonanvnvim ucnoimanusim (Functional test procedures),
P. npoexmuposanuem (Design management); P., ouyuanvro ymaepoicoernoe
(Procedure, formally approved).

Operable unit (0ZHOTHITHBIE YKCILTyaTHPyEMbIE 00bEKTHI, UMEIOLIHNE CXOIHBIE
periameHTsl obecniedeHus 6e3onacHocTy [5,8,18]) - npoMbILIEHHBIE OOBEKTHI, LIS
KOTOPBIX MEPONPHATHS, peau3ylolue peabunumayuonnvie mepol onss CO-AP,
NpeyCMOTPEHBI UX IKCIUTyaTallMOHHBIMHM HHCTPYKUUSAMH. IIpH olieHKax ypoBHA
3arpsA3HeHHOCTH U pucko8 IS 310poBbs Mmoeii Ha ocHose RI/FS process
paccMaTpUBAIOTCS KaK OIWHOYHBIE, TaK U FPYIIBI TAKUX OOBEKTOB, NPH YCJIOBHH, YTO
CO-AP 6yner Ucnonb30BaThCs MPUMEHHUTENBHO K OXHOTUITHBIM UCTOYHUKAM 8b16p0Co8
U c6pocos, MO0 K OHOTHUITHOMY TEXHOJOIHYECKOMy 000py 1OBaHUIO, THO0 K
N010GHBIM CTOYHHKAM 8MOPUYHBIX HOMOK08 OMX0008, U BKIIOYATh OJHOTUITHBIE
oriepanuu, HanpuMep, KOHTPOJIS Hall XapaKTepHUCTUKaMK UCTOYHUKA 8b16p0CO8 U
cbpocos, WIK MOHUTOPUHTA COCTOSIHUS 00CITYKMBAaeMbIX XPaHHIIHLI, JTH60
KOHTPOJIUPYEMBIX MOI3EMHBIX BOJI, F€OJOTHYECKHX IUIACTOB U MPOY.

Pathways (nymu [5,8,18]) - TepMuH 11 0003HaYeHUs 1ymeli pacpOCTPaHEHHS
XUMUYECKUX 3a2ps3HeHUli U palMOaKTUBHOCTH NMpUMeHsieMblil B Metononornu HCRA

Population exposure estimate (sxcnonuposannoe/obnyuennoe Hacenenue [3,7]) -
yCIIOBHE ISl MOJTyYEHUS KOJUIEKTUBHBIX 5KCHO3UYUOHHBIX 003.

Practicality limits (epanuyer nonesnocmu [7,13])
Probabilistic Risk Assessment (Beposmuocmuuiii ananus pucka, BAP [10,17])

Probabilistic Safety Assessment (Beposmuocmuuiii ananus 6e3onachocmu,-BAS
[10,17])- koMnBIOTEPU3MPOBAHHBIE METOMBI pacueTa U aHaJIM3a agapuliHo20 PUCKa.

Probability Risk Assessment: MatemaTuka [10,17]. B camom rpy6om npudimmkeHnu
BBIYMCITUTEIILHBIN AJITOPUTM COCTABJIAETCS U3 CleAYIOIUX coobpaxenuit: 1. Eciu 3Hak
“si” OyneT BeIpakaTh ONpeleseHHe WK ONMHUCAHHE HEKOTOPOTO CLEHAPUA Pa3BUTHUA
aBapHy; a NoJ 3HaKoM “¢i” OyayT MOMEILEHHI CiTy4yaiiHble BETMYMHBI BEPOSTHOCTEH
aBapuM MO JaHHOMY CLEHapHio (B NPaKTHUKE UCTIONIB3YETCS HE BEPOSTHOCTD, a YacTOTa
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peain3alyy JAHHOTO CLIEHAPHs), 1 3TOMY CLIEHAPHIO COOTBETCTBYIOT HEKOTODBIE
OTpUL@TEIbHBIE MOCIEACTBYSA, HANPHUMEp, KOJUYECTBEHHBIE BRIPAXEHHS yiep6a “X,” To
13 YHCJICHHBIX 3HAYEHHU BBIILIETIEPEYNCTIEHHBIX BETHYMH MOXKHO COCTaBUTh TaKyIO
Tabnuy:

CueHapuii YactoTa ITocnencteue CoOBOKYyMHas 4acTOTa
S1 ¢l x1 O1=02+¢1

S2 ¢2 x2 O2=03+¢h2

Si ¢i xi Oi=0i+1+di

S,N-1 ¢,N-1 x,N-1 O N-1=0,N+¢,N-1
S,N ¢, N x,N O N=p,N

Teneps, Kaxaas i-Tas CTpoka AaHHOU TabNULIbl MOXXET OBITh NIPEACTABIEHA B BUIE
KOMOMHALIMK TPEX €€ OCHOBHBIX BEJTMYHMH. TO €CTh, I KaXKIAOH i-TOH CTPOKH MOXHO
3anucaTh KOMGHHALHIO <Si,¢i,Xi>, CMBIC] KOTOPOH, IO CYTH, yKe U OyneT
KOJIMYECTBEHHEIM BBIPKEHHEM aBapUHOTO pHCKa U1 i-Toro Habopa 3HaueHHH
COOTBETCTBYIOLIMX BenuuuH: R = <si,¢i,xi>, i=1, 2,....N. 2. BmecTe ¢ Tem, npensiayiee
BBIPAXXEHHE HE ITOJIHO 10 CEMaHTHYECKOMY onpeneneHuto. CornacHo nociaeaHemMy,
I0Ka3aTesib PUCKa JODKEH BhIPaXaTh HE TOJIBKO MPAKTHYECKYIO BEPOATHOCTh
NOABJIEHUS JAHHOTO CLIEHAPHsI, U TAK)K€ BEPOSATHOCTh KOHKPETHBIX OTPHLATENILHBIX
HOCJIEICTBHIA - IOTEPh, CONPOBOXXAAIOUINX JAHHBIN CLUEHApHid. I[IpMHIMIHATEHEIM
CYHTaeTCss HEOOXOJUMOCTh YYeTa HEOTIPEAEICHHOCTENH TaKUX ONMpPENEIEHUM, TaK KaK
CEMAHTHUYECKOE BBIpaXKEHHE PHCKa eCTh: R = <“HeonpeneseHHOCTL” U “nioTepu”>.
[ToaToMy paGoTy ¢ TaGauLei MPOAODKAIOT B HANIPABJICHHH YUeTa HEOIPEAEICHHOCTEM.
3. Jlns 3TOro0: CleHAapHK aBapuii pacrosararoT B TabJIMLE B OPAIKE BO3pacTaHUsA
CEepLE3HOCTH MOTEPH, TO ecTh: X1<x2<x3<xN; MIOTHOCTh BEPOATHOCTH ANA “¢i” B i-TOM
cleHapuy BblpaxkaloT ¢pyHkuuei “Pi(¢i)” (kak mpaBuio, 4aCTOTHI peaIM3alMy TOH WK
MHOM KaTeropHu cueHapues “Si” HEU3BECTHBI), @ HEONPEIEIEHHOCTh B OIPEAEICHHH
pasMepa yuep6a o603HavaroT “qi(xi).” Teneps 3HAYEHNE a8apUliHO20 PUCKA, YKE C
y4eToM “HeoTpeleNIeHHOCTH B ONPENEIeHUH YacTOThl U yuep6a, MILyT B BUae: R =
<si,Pi(¢i),qi(xi)>. Takoe BeIpaXeHUE IJIs pacyeTa agapuiiHo20 pucka OTHOCAT 6 BAP u
BAF x nepBOMY ypOBHIO NPUOIHKEHHUI.

Realise unit (ucmounuk gei6pocos /copocos [5,18]).
Receptor characteristics (xapakTepucTuku peyenmopa [5,7,18]) - nonsrue,
NpOW3BOJHOE OT onpeneneHuii receptor locations, remediation strategy, u receptor

exposures.

Receptor characteristics: KommenTapmii. TepMHH receptors UCIoIb3yeTcs B
nuteparype u pykoBoacTBax 1o RI/FS process HeoqHo3HauHO. FIHOrIa UM 0603Ha4ar0T
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HeHOCpeI[CTBeHHBIe Ucmo4Huku ONaCcHOCTH, NpsAMO Bosneﬁcray}omne Ha 4Ye€JIOBCKa
5,18].

Receptor exposures (3xcnonupoganue/o0ITy4yeHue peyenmopa - Y€JI0OBEKa, paCTeHuUS,
’KHBOTHOTO, ¥ T.1. [18]) - HE0OGXOaMMOE YCIOBHE MOTYUEHUS IKCNOZUYUOHHOT 003b! B
MPaKTUYECKOH XKHU3HHU, U JOCTATOYHOE - IS BBINIOJIHEHHS COOTBETCTBYIOIMX PAacueTOB B
pamkax RI/FS npoyecca (Hanpumep, Ha 6aze koMIbIOTepHBIX cucteM MEPAS, RAAS).

Reduced human health effects (CHKeHHe yuyepba 05 300po6bs YENOBEKA) -
npou3BoaHOe OT onpeneneHus human health effects (cm.).

Release (ev16poc/copoc [5, 8,18]) - BbIx0A, WK, IO TEPMUHOJIOTHH, IPUHATOH B
pacueTax 1o MPOMBILUIEHHO 6e30MacHOCTH - “gbibpoc” B aTMOChepy, WiH “copoc” B
BOJIOEMEI, @ TAK)KE Ha MOBEPXHOCTH CYILH, WX B OA3E€MHBIE BOJOHOCHBIE TOPH30OHTHI
OIMACHOr0 TOKCHYHOTO (XUMHUYECKOT0) BELIECTBA WIN PaiUOaKTUBHOCTHU B
ra3000pa3HOM, TAPOBOM, XKUJIKOM, TBLICBOM M TBEPAOM COCTOSHHUAX 33
NepBOHAYAIbHbIE FPAHUIIBI JIFOOOTO HCTOYHHKA ONMACHOCTH, B YaCTHOCTH - BBIXOJ
XHMHUYECKUX 3a2psi3HeHUll U paouoakmugHocmu 3a peesibl CAHUTApHOMN 30HBI
TEXHOJIOTMYECKHMX YCTaHOBOK M arnapaToB (MHOTOa H0OABIAIOT, - nepeuyHbll 8b10pOC
wiu c6poc - primary release), Kak IPH PETIAMEHTHOM, IITATHOM, TO €CTb,
Oe3aBapHifHOM Hcob30BaHuHM (release, routine), Tak H, B 0COGEHHOCTH, NIPH
HapyIIeHHH UX TepMETUYHOCTH (release, accidental).

Release Mechanisms (vexanusmbl 6bi6poca/c6poca 3arpssHenuit [13,18]).

Release pathways (myTu pacnpocTpaHeHus guiopocos /copocoe [7,18]) - coctaBHOE
TMIOHSTHE; ONPENEICHUs COCTABIAIOIIMX NPHBEACHSI B release, u pathways.

Release site (“myHkt” [5,7]) - HauGosee 06061EHHOE HANMEHOBAaHHUE MMOTEHLIUATIBHO
ONACHOTr0 KOMIIOHEHTA HCTOYHHKA OMACHOCTH; Yallle BCEr0 3TOT TEPMHH HCIOJB3YIOT
11 0603HAYEHHs IPOMILTONIAIKH, 3arPSA3HEHHOTO y4YacTKa NPOU3BOICTBEHHOM
TEPPUTOPUH, B TOM YHCJIE CEIBCKOXO03SCTBEHHOTO HA3HAYEHUS.

Release site assessment (3arpsA3HEHHbI nyHKM, B CIIOKHBIX ClIydasx - [THT,
paccMatpuBaeMble Kak HCTOYHHK 8b16p0co8 Wi copocos B paMkax RI/FS npoyecca
[5,8]) - yuuThIBaeTCSA BECH CIIEKTP BO3MOXKHBIX 6616p0C08 U COpOCOB OT
UIEHTHUIIMPOBAHHBIX OMACHBIX UCMOYHUKOE U UX COYCTaHUH, pa3MEILCHHBIX B
rpaHuLiax JaHHBIX MPOMIUIONIAIKH, IPOM30HEI, B 001eM ciryvae - [THT
(IPOMBIIIIEHHOW HACEJIEHHON TEPPUTOPHH), WIIN BHE UX, HO CO3JAIOLIMX yTPo3y IS
CYOBEKTOB - peyenmopog, HaxoAsuxcs BHyTpH [/HT, Ha ee TpaHULIaX WIK B
HENoCpeICTBEHHOM OJIM30CTH OT HUX.

Release site assessment: KommenTapuii [7]: [TousTtue “Bcero cnektpa” b16pocos u
cbpocoe ITHT BkmovaeT geibpoc B aTMOCHEPY, cOpOCH B BOJOEMBI, HA TOBEPXHOCTh
CYILH, WIH B MIOJ3EMHbIE BOJOHOCHBIE TOPU30HTHI OHOTO U3 6osee yem 600 onacHbIX
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TOKCHUYHBIX - XUMHYECKUX WM PaJHOAKTHBHBIX BEIIECTB - JJIEMEHTOB, H30TOMNOB,
KOTOpBIE comepatcs B basax [{aHHBIX U 3HaHUi KOoMIbIOTEPHBIX ccTeM MEPAS n
ReOpt. [Tpu MOOENUPOBaHUHN PACTIPOCTPAHEHHS 3a2pA3HEHU, A TAKXKE T030BBIX
Harpy30K, KAHYepOo2eHHbIX PUCKO8 U K8OM MOKCUYHOCMU, OTIACHBIE IPUMECH MOTYT
paccMaTpUBaThCs B ra3000pa3HOM, IaPOBOM, XHMAKOM, MBIIEBOM I TBEPIOM
COCTOSIHUAX. B TakoM BHUI€ OHHM HaXOIATCA HA MeCTe UX 3apoxaeHus (in situ), 1ubo
BBLIXOJIAT 32 MepBOHAYAIbHbIE TPaHHLBI JI0OO0r0 HCTOUYHHKA MOTCHIMAIBHON OMACHOCTH
(hazardous sourses), B Y4aCTHOCTH - 32 PEJIENBI CAHUTAPHOI 30HBI (eX situ)
SHEpreTMYECKHUX, IPOMBILUIEHHBIX WK TPAHCIIOPTHBIX YCTaHOBOK (operable/facility
units), XxpaHWIKIL OTXOAOB (Waste storages), JIN0O MPOCTO 3arpsA3HEHHBIX TEPPUTOPHUIA
(release site).

Remedial Action Assessment System - RAAS (MeTo1010TUsI OLIEHKH
peabunumayuonnvix mep B pamkax CO-AP [7]) - nporpaMMHOe o0ecrneyeHne
KOMIIBIOTEPHOM CHCTEMBI MOAAEPKKH MPHHATHS pelIeHHi Mo npobemMaM 3arpsA3HEHHON
OKpY>KalOIlei Cpelbl, OTXOH0B U 6e30I1aCHOCTH HaceJeHus, pa3paboTaHHOE B
HanmonansHoit Tuxookeanckoit Cesepo - 3ananHoit JlabopaTopun Munsnepro CILIA
(PNNL DOE, Battelle) mis oka3zanus npodeccuonanam u3 ganHoro segomctsa CILIA B
060CHOBaHHOM BBIOOPE MEXaHU3MOB CIELHATbHBIX TEXHMYECKUX MEPONPHUATHIA -
peabunumayuonnvix mep (remedial action), koTopsie 661 COOTBETCTBOBANN Hanuboee
MOJTHOMY PEIIEHHIO MPOGJIeMbl, YTO 00ECTIEUUBAETCs ONTUMH3ALMEH X NMOKa3aTesei Mo
TEXHOJIOIMYECKOM M IKOJOTHUECKOM 3 (HEKTUBHOCTH U CTOMMOCTH, BBIIOTHAEMBIX
coracHo ycranosiieHHo# 3akoHonatensctBoM CLIA (CERCLA, SARA) cnennanbsHoi
npouenyps! aHanusa (RI/FS).

Remedial Action Assessment System: 'ene3uc Tepmuna: Munsnepro CILA B
TeYeHHe yxe Gojiee JEeCsITH JIET Cephe3HO 03a00UeHO HEOOXOAUMOCTBIO NEPMAHEHTHOTO
pelleHus JOPOroCTOAIIEH U HEOTI0XHOM NPoOIeMbl, CBI3aHHON C OYHUCTKOHN U
BOCCTaHOBJIEHHEM MPUEMJIEMOTO COCTOSHHS COTEH 3arpA3HEHHBIX OMAaCHBIMU
BEILECTBAMHU TEPPUTOPHI U 0OBEKTOB - MPEANPUITHIA, pa3OpOCaHHBIX MO BCEH CTpaHE.
Pemienue 3Toii MpoOieMbl B YCIIOBUAX OTPaHHMYCHHOTO BPEMEHH 1 OTHOCUTENILHO
CKPOMHOTO (pMHAHCHPOBaHHs 0Ka3aJ0Ch BO3MOXHBIM IPH BIINIOJHEHUH
MHOTOYHCJIEHHBIX U CEPhEe3HbIX HCCIICIOBAHMIA [0 pucky BO3AECHCTBHH XUMUUECKUX
3arpsA3HEHMI U paqMOaKTUBHOCTH Ha 30pOBbe JIF0Jel 1 000CHOBaHMII Lenecoo6pa3Hoi
CTEMNEHH €ro CHIKEHHs, KOTOPbIE MO3BOJISIOT ONTUMU3UPOBATH 110 CTOMMOCTH U

3 (PEKTHUBHOCTH JEUCTBHUS COOTBETCTBYIOILNE MEXAHU3MBI peabuiumayuoHHbIx Mep, a
TaKX€ BBIMOJTHUTh aHAIM3 OCYIIIECTBUMOCTH HaMeUaeMBbIX IIPOEKTOB, - [0 CYTH
O3HAYaloILHii MPOBeIeHHE MOJEPHU3UPOBAHHOTO TEXHUKO - IKOHOMHYECKOTO
o6ocHoBanud - MTIO (npunsrtas B CILIA a60peBuarypa s 0603HaYeHUs ITOH
npouenyps! - RI/FSs). Pazpabotka RAAS Metomosiornu 6si1a Hauata B PNNL, Battelle
B 1990r. u 3aBepinnack B 1995r. Ipouecc pa3paboTKH BKIIFOYA CO3AAaHHE H
UCTBITAHHUE MATH MOCIEI0BATENbHBIX MPOTOTHIOB. KaXkAblit MpoTOTHI OBLI
nportecThpoBan npodeccronanamu U3 Munanepro CILIA u AreHTCTBa 10 OXpaHe
OKpY>Xalolle Cpeibl, a TAKXKe NMPEICTABUTENSIMH YaCTHOM NPOMBIIIIIEHHOCTH.
OCHOBHOE BHUMaHHe ObIJIO 00palleHO Ha TO, YTOOBI METOHOJIOTHS ONTHMH3HPOBaa
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Tpy X JITTP ¥ CIEUMAINCTOB MO BHEAPEHMIO pe3ybTaToB CO-AP npH BEINOJHEHUH
RI/FS npoyeccos, cBOAsS K MUHIMYMY ()MHAHCOBBIE, MaTepHATbHBIE U BPEMEHHbIE
3aTpatbl. Komanna o6yueHHbIx pabote ¢ HCRA crnienuanucTos, BEINONHAIOMAS paboThl
no RI/FS, MoxxeT 000CHOBaHHO pEKOMEHI0BAaTh ONTUMAJIbHBIE KOMOUHALMU
TEXHOJIOTHH 1S peabunumayuonnvix mep. IIpy 3TOM rapaHTHpY€TCS, YTO TAKHE
pexoMeHaauuu 6y Iy T Haubosee MONHO peaTU30BbIBaTh HOPMbI WIIH TPEOOBaHM,
YCTaHOBJIEHHbIE (heiepaIbHBIMU 3aKOHaMH, WIN OTACIbHBIMU BEAOMCTBAMH, HIIH
MECTHBIMH aIMHHUCTPATUBHBIMH PYKOBOAUTENIAMHU (BCE NEPEUUCIIEHHBIE OTHOCATCS K
Juyam, yNOJTHOMOYEHHBIM NpuHUMams COOTBETCTBYIOILME peuienus, - JII7P). Komanna
AQHATNTHKOB J0JDKHA OyA€T OLEHUTh albTEPHATUBBI peabunumayuoHHbIX Mep,
UCIIONB3Y s MPENOCTaBsEMBIE B UX pacniopskeHHe cucteMoil RAAS naHHele no
nioxasatesiaM 3G (HEeKTUBHOCTH, PEaIbHOCTH BHEAPEHHA, CTOMMOCTH U NIPUEMIIEMOCTH, a
TaKxKe METOIUKU paboThl ¢ U30PaHHBIMU MEPAMHU.

Remedial alternatives (BapuanTsl peabunumayuonnvix mep [7,13]) - aHanuzupyemsie B
pamxax RI/FS npoyecca Texyuiie BapUaHTbl TEXHOJIOTHYECKHMX MPOLIECCOB, KOTOPBIE
SIBJIFOTCSL OCHOBO# U CONEP)KaHUEM peabunumayuorHHbix mep, U BbIOUparoTcs,
OLIEHHBAIOTCS, COMOCTABJISAIOTCS, AHATU3UPYIOTCS, KOPPEKTUPYIOTCS MO TEXHUYECKUM,
JKOJIOTUYECKUM H 3KOHOMHYECKHM IT0KA3aTeNsM, MOCIE YeT0, HAKOHEL,
pexoMeHayroTcs Metogonorueit CO-AP Kk BHEAPEHHUIO.

Remedial investigation, RI (1iccnenoBaHus o MepaM, CHUKAIOLIUE ONACHOCMU U PUCK
[7,13]).

Remediation site (00beKT 1151 MOTEHUHUABHBIX PeabUNIUMAYUOHHBIX MEP 8 PAMKAX
RI/FS npoyeccalT]) - Bto4aeT UACHTU(ULMPOBAHHBIE ONACHBIE UCMOYHUKY
XHMUUYECKUX 3arpsi3HEHUI M PaIHOAaKTUBHOCTH WM 00TyUYSHH, a TaKKe UX COYETaHHS,
KOTOpbIE pa3MeIleHbl B TPaHULIaX MPOMIUIOIIAIKH, MPOM3OHSI, U T.I., B 00LIEM ciydae -
B rpaHuuax /7HT, HO MHOTa ¥ BHE 3TUX I'PaHULl, OJHAKO €CIIH OHHU CO3Jal0T YIpo3y IUis
peyenmopos, pacloNoKEeHHbIX BHYTpH [THT, Ha ee rpaHuuax U aaxe BHe ITHT, oqHaKo,
B HEMOCPEICTBEHHOH OJIM30CTH OT HUX.

Removal technologies (TexHOIOrHYECKUE MPOLECCHI IS Qu3uueckozo ycmpaneHus./
JUK6UOAYUY 3aTPSI3HEHHBIX Cpell, MAaTEPHAIOB WIH UCMOYHUK08 U3mydeHus [13]).

Residual human health effects (ymeHbIIeHUE yiyepba 11s 300pOBbs yenoseka [7,13]) -
TIOHATHE, MPOU3BOAHOE OT TepMUHA human health effect.

Residual source inventory (ungenmapu3zayus 0CTaTOMHBIX ucmouHuxos [7,13]) -
COCTaBHAs 4acTh 3-X NMPOLEMYP, KOTOPhIE BBIMOJIHAIOTCS NMPH aHAJIW3€ MapaMeTpoB,
OTIPENENAIOIINX NPUIOIHOCTD 3arpsi3HEHHBIX cpel k 00paboTke, MpH COMOCTaBIEHUH
aHaIU3UpyeMbIX BapuaHToB CO-AP, 1, KOHEYHO, NIPH OLIEHKAX 3HAYEHHUH pucka,
KOTOPBIi JOCTUraeTCs B pe3yIbTaTe MPOBENCHUA peabunumayuonnvix mep. K
003006paszyiowyum cpedam (exposure media) B RI/FS process 0THOCSAT 3arpsi3sHEHHbIE
cocrasistomiue Oxp.Cp. - BO3AyX, BOABI, CyIlIa; OMACHBIE U1 310POBbS YEIOBEKA
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BE€IICCTBA U MaT€pUAJIbl, B TOM YUCJIE UCMOYHUKU I/I3JIy‘-ICHI/II71; 3arpsA3HEHHYIO IHUILY,
PACTHUTEIBHOIO U XKUBOTHOT'O NNPOUCXOXKACHUS, U T.A. U T.II. - BCE, YTO B KOHTAKTaxX C
MNOTCHUHAJIbHBIMH PCUUIIUCHTAMHY, - YEJIOBEKOM, IIPEACTABUTEIIAMHU q)J'lOpLI H ¢)aYHbI,
CTaHOBUTCA HquHHOﬁ HX 9KCNOHUpOBAHUA, A, CIIEAOBATEIIBHO, CO31ACT yCJIOBUA A1
OJTy4€HUA 003 U MOCJIEAYOIHNX ymepGOB, BBIPAXXACMBIX puUckamu U Keomamu
onacHocmu 06JIquHI/I}I.

Rio 1992 Conference Recommendations (Pexomenoayuu Kongpepenyuu PHO —1992)-
Peur unet o pexomenpauusx Kondeperunu OOH no Oxkpyxatoeit Cpene u
PassuTHio, cocrosBiueiicsa B Puo-ne-XKaneiipo B 1992r. OHu cBOIATCS, B INIaBHOM, K
CHCTEME MOCTAHOBJIEHHIA U TpeOOoBaHMUil 110 TaK Ha3bIBAEMOMY ““Ycmoiiuugomy
passumuio”’ — VP (Sustainable development).

Rio 1992 Conference Recommendations: I'ene3nc. OpUriHaJIbHBIM HCTOYHHUKOM
pexoMeHnaumii sisiiace “KoHuerms VP, ” paspabotaHHas paHee MexIyHapOIHOH
Komuccueit OOH no okpy»xarolueii Cpelie U pa3BUTHIO, U3BECTHOM 10 UMEHEM
“koMmuccun bpynrinann.” KoHuenuus B 1eJ10M BbIpakalia ONITUMU3M B MPUHIUIHAIBHOM
BO3MOJKHOCTH COTJIaCOBAaHUS NEATENILHOCTH YeJIOBEKa C 3akoOHaMH Ipupoasl. Ha sTom
0a3upoBajICa ONTHMH3M B MPOLBETAHHUS YenoBeuecTBa B Oy ayiueM. Maest koMmuccuu
BpyHT/IaH/, 0 CYyTH, OCHOBBIBAETCS Ha HAaTyp GIocockoit cxeMe NpeNCTaBIeHUs
MHpPa KaK HEKOEero €IMHOTO OpraHW3Ma, KOTOpBIH MOXKET Pa3BUBAThLCS B CBA3H C
pacTyIMMHU NOTPeOHOCTAMH YEJIOBEUECTBA H YAOBJIETBOPATh 3TH MOTPeOHOCTH. Llebio
TAKOro OpraHu3Ma HJIM CUCTEMBI ABJISETCS “yCTOHYMBOE Pa3BUTHE” C YUETOM
CYLIECTBYIOLIMX U HAPACTAIOIINX KOJOTHYECKIX, SKOHOMUUYECKHX, MPOMBIIIJIEHHBIX H
PECYPCHBIX ¥ MPOYMX OrpaHUYEHUH.

Rio 1992 Conference Recommendations: MaTematuka. Mnes pexomenoayuii
Kongpepenyuu PHO —1992, chopmynupoBaHHas B pemieHnsax “Tloectka nusa Ha XXI
BeK,” MOXeET ObITh GOpMaIbHO COPMYTHpOBaHa B TEPMUHAX MAaTEMaTHIECKOM 3a1a4H
HEJIMHEWHOTO NMPOrpaMMHUPOBaHHUA, Ile ONITUMU3UPYEMBIMHU MTApaMeTpaMHU LIEJIEBOMH
(GYHKIMH SBJISAIOTCS: KAYECTBO KHU3HH, YPOBEHb SKOHOMUYECKOTO pa3BUTHUS U
9KOJIOTHYECKOro OJIaronoryyus, a B Ka4ecTBe OrpaHMYECHHI UCIIONb3YIOTCS MTOKA3aTENH
cocmosnus okpyscairoweti cpedwl (state of environment), 3xocucTeM M OXpaHAEMBIX
Teppuropuit. OmMHAKO Takas 3aa4a CTOJb (aHTaCTUYECKHU CIIOXKHA, 4TO 6e3
3HAYMUTEJNIbHBIX MPUOIIKEHUH U YyIPOLICHHUI PELIUTD €€ HE MPEACTaBIISAETCS
BO3MOXHEIM. KpoMe TOro, OTCYTCTBYET IMOJIOKUTENBHBIH OIBIT peIeHU MOA0OHBIX
3aJa4 U3 NPOILIOi UCTOPHH HAYKH, IaXKe Ul ropa3fo 6oee MpOoCThIX UCXOIHBIX
yCJIOBUIA, YeM BBILIEYNOMSHYThIE. J[0 CHX IOp COXPaHAIOTCS HE TOJILKO Pa3TM4YHBIE
B3MVIAZBI, KaK HAa caMy MpoOiieMy, Tak U Ha crlocoObl ee pemeHus. [IpuHIMNHaNbHbIM, Ha
Halll B3[JIs], ABJIAETCA pa3Hasi OLEHKA COCTOSHUSA YCTOHYMBOCTH 61ochepbl. MoxkHO
BCTPETHUTD, HANIpUMep, neccumucmuyeckue oyenxu [Jloces, Poccusi]. B cooTBeTCTBHH C
HUMU, OHochepa 3eMITH yKe HaXOAUTCS B YCJIIOBHAX XKECTKOTO IKOJIOTHIECKOTO
KpHU3KCa, TaK KaK BCTYMUJIa B mepuox katactpodsl. [Iopor ycTOHIMBOCTH YET0BEYECTBO
Tepenuio B Hayayle BeKa, KOra OHO NPEBBICIIIO BEJIMYHHY NOTPeOIeHNs NEPBUYHOM
GHOJIOrUYeCKOM MPOIYKINH, TOITYCTUMYIO JUIsSl KPYTHBIX TO3BOHOYHBIX, U
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COCTaBJISAIOILYI0 OK0JIO 1% oT Beceit Guonpomykuuu. KcTaTh, 3TOT IOPOr MOKHO
BBIPA3UTh B €MHKIIAX SHEPIUH, TOUHee MOITHOCTH. KpuTHueckas MOMHOCTE Oy neT
COCTaBJIATh, MpuMepHO, 1TBT. DTo Ta 3Heprus (MOIHOCTH), KOTOPYIO YENOBEK, HE
Hapyiuas u He 1e(OpMUpYs OKPYKAIOLLYI0 Cpedy, MOXKET HCIIOJIL30BaTh B CBOMX LIENIAX,
3TO - KPUTHYECKUI OKa3aTeNb NpelebHONH MOIIHOCTH, KOTOPas OTBEACHA IJIs
pa3BUTHs 3eMHOM LMBUIM3aLUH 0 - JloceBy. OnHaKo, CYIIECTBYIOT U
onmumucmuyeckue oyenxu [P. MakHamapa. “Coxpanenue 3emnu. CTparerus
noiIep)KkuBaeMoro npoxxuBaHus,” 1991]. CornacHo UM, KpUTHYECKHI MOPOT HECy el
€MKOCTH 3eMJu ellle He HapynieH. CiieyeT JUlib AEPKAaThCs B NIpelesaxX Hecy e
eMKocTH 3eMin U Bce Oynet B mopsake. Kcraty, BellIeynoMsaHy Tasi KOMUCCHSA
BpyHT/IaH/ B LIEJIOM TakxKe BhIpa3uiia ONTUMH3M O OyTyLeM YEJI0BEYECTBA, IPH
YCJIOBUY COMIaCOBaHUA €ro AEATENBHOCTHU C 3aKOHaMM NpUpokl. Kpome Toro,
NOHMMaHKe 3aKOHOB M MOKa3aTesieil pa3BUTHA BOOOILE, U YCmOouiiu6020 B YaCTHOCTH,
BUIMMO HE MOXeT OBITh €IHHBIM [UIS BCEX HAPOAOB U CTpaH [cM. coopHukH “TlyTH
Espa3sun, Pycckas uHTeIMreHuus U cyas6sl Poccun,” 1992 u “Pycckas ¢punocodpus
cobcTBenHocTH 18-20 BB.,” 1993]. B COOTBETCTBUM 3TUMH U APYTMMH HU3BECTHBIMH HaM
OlIEHKaMM 3THOJIOTOB, HAPObI CTpaH 3amnana UMEIOT BPOXKIEHHOE 9KCNAHCUOHUCMCKOE
MUponoHumanue, TOJKAIOLIEE UX K CBOe0Opa3HOMY OCMBICTIEHHIO IPUPOIBI U HY XK1
IOpyrux HapoaoB. Kak ciencTBusa 3T0ro MUPONOHUMAaHHMSA - MHIUBULY ATACTHIECKHUI
KaIUTaIM3M, HACH “MUPOBOM IIMBUIIU3AIMHK” MO 3aMaHOMY 00pa3ily, CTPEMIIEHHE K
HEOrPaHUMYEHHOMY POCTY MPOU3BOJCTBA U MOTpebaeHus U T.11. [Toka M nockobky 3anan
COXpaHsAET TaKoe MUPOIIOHUMaHUe, OH HE CIIOCOOEH IOBEPUTD B PEAJIBHOCTh YIPO3bI
COLIMAIbHO 3KOJIOTMYECKO kaTacTpodbl (OTCrOa ¥ ONTUMHU3M MakHamapsl U
Bpyurtnann). OnHako Takas karactpoda He HenszOexHa B CTpaHax 3amaja, a TaKxKe, U
MOXeET OBbITh JaXke paHblIe, - B CTPaHaX, MOJUUHEHHBIX 3anagy 3KOHOMUUECKHU U
naeoJormdecku. Bmecrte ¢ TeM M3BECTHO, UTO IPYTHe 3THOCHI UMEIOT MHOE BPOXKIEHHOE
MHUpONOHUMaHKeE. SINOHIaM, HampuUMep, MPHUCYILa HALIEIEHHOCTh Ha
COBEpIICHCTBOBAHUE CBOETr0 XO35AICTBA U MPUPOIAHOTO OKPYKEHHA B KOPIIOPATUBHBIX,
HO He MHIMBUAYaJbHBIX UHTEpecaX. B 3Toit cBa3u SAnoHus umeer 6oee eCTECTBEHHBIE
3THOKYJIbTYpHbIE PENNIOCHUIKY IIepexoa K ycmouyusomy pazsumuio. Pycckas
ITHUYECKas Wes TAK)Ke HalleJieHa He Ha KCIIAHCHUIO, a Ha YNops0oYeHue Xxaoca
obwunneIMu yeunusmu. I103TOMY Unes ycmotinugozo, mo ecmuv 60nee ynopsi0o4eHHOzo,
yem 00 cux nop, pasgumusi CO3By4YHa U pyCCKOMY MUPOITOHUMaHHIO. BaxkHO UMETh B
BHUILY, YTO STHOKYJIBTYPHOE MUPOIIOHUMaHKE U OTBEYalollee eMy OBEACHUE HAPOAOB
CTpaH CyIIECTBYET OOBEKTHBHO, M HE NMOJIAETCS MPOU3BOIBHOMY “yiydmieHo.” C
MO3UIMHA 0OBEKTUBHOTO 3THOJIOTHYECKOTO 3HAHUSA 3amnaj TaKoB, “‘KakKiM OH POXKIEH,” U
€ro CTpeMJIEHHE BCEX U BCE “BECTEPHU3UPOBATh” TAK)KE ECTECTBEHHO, KAK ECTECTBEHHBI
CTpeMJIEHHS ¥ IIPUOPUTETHI APYTHX KYJIbTYDP, U OCOOEHHOCTH OpYruX 3THOCOB. [JI.
IllectoB, u ap. [ToapoOuee cM. coopHuku “Ilytn EBpasuu, Pycckas MHTEUIUreHIMA U
cyan6bl Poccun,” 1992 u “Pycckas ¢unocotus cobecrsennoctu 18-20 BB.,” 1993.]

Rio 1992 Conference Recommendations:KommenTapmii. [IoHATHO, UTO HaneAThCA Ha
peanuszaumio Pexomendayuti Kongepenyuu PHO —1992 Ha npakTHKE Ha IN106aIbHOM
ypOBHE HauBHO. BMecTe ¢ TeM, LIEHHOCTh TaKOii ITOCTAHOBKH CTOJIb )K€ OYEBUIHA, B TOH
Mepe,, B KaKOoi ee Pe3yJIbTaThl MOTYT OBITh HCIIOJIB30BaHbI KaK 3aJaHusd, WK “yCTaBKH’
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IUIs OPHEHTALIMK M KOJIMYECTBEHHOTO TUIAHMPOBaHUs paboT Ha HIDKEJIEXKALIMX YPOBHAX.
VIMeHHO 3/1eCh OHU JOJDKHBI OBITh MpeoOpa3oBaHbl B KOHKPETHBIE [UIAHOBBIE
N0KA3aTeNH, ¥ TOJILKO Ha MECTHBIX MITH JIOKAJIBHBIX YPOBHAX MOTYT OBITh NPEBPALIEHEI
B pPEAIbHbIE PE3YJIBTATHI, COOTBETCTBYIOLIME 00IHUM Pexomenoayusm Konpepenyuu
PHO —1992. 3HaYNTENBHYIO POJIb B 3TOM MOXET ChIrpaTh pelleHHe NpobieM
JMKBHIALMH HacJieQus MPOLLIoN xonoaHoit BoitHel (the past Cold War Legacy), u
NpUMEHEHHE [ TOArOTOBKH ONTHMAIIBHBIX penreHuit memooonoeuu KYP (OOAP v
COAP v OBP; FCRA v HCRA v RPA). Bxoasl cuCTeM KOMITBIOTEPHON MOAIEPKKH
(CKII), co3naHHbIE Ha OCHOBE 3TOI METOOJIOTHH, TOTOBBI BOCTIpHHUMATh
cooTBeTcTBYIOMME Pexomendayusim Kongepenyuu PHO —1992 3ananus/ycraBku. Ha
Beixogax CKIT st uL, MPUHUMAIOIIUX OTBETCTBEHHbIE PELMIEHHSA IO YCMOUYUBOMY
paszéumuro TEPPUTOPHUIA U MPOU3BOJACTB, OydyT POPMUPOBATECS COOTBETCTBYIOLINE
npemioxenus. Mcnons3osanue 31ux CKIT (MEPAS, RAAS, ReOpt, etc.) mossonser
MOJArOTABJINBATH U MPUHIMATh OOOCHOBAHHbBIE U KAUECTBEHHbIE PELIEHHA HA MECTHOM H
pervoHaIbHOM YPOBHSX, B paMKaxX PEKOMEHIALUN M0 yCmouyusomy passumuio, C
YYETOM OrpaHHYEeHHBIX PECYpPCOB M TpeOOBaHMIi OOIECTBEHHOCTH K MOBBIILIEHHIO

3¢ peKTHBHOCTH 3aTpaT Ha peau3alMI0 TaAKUX PEKOMEHIALMA.

Risk (Puck [ 3,5,13,18)), - nousTHe, HICHTUGULIHPOBAHHOE HIKe B pyOpHkax Risk
Analysis u Risk estimation; noHaTHe puck B MpaKTHKE HauboJiee YacTo HCMOJB3YETCA
€O CJIEIYIOIIAMH OTIpeIe/ICHUAMU: oyeHenHblll (assessed); nosceonesnulii (everyday);
nosmopsrowuiics (recurrent); nosvluiennuil, 6 cpasHenuu ¢ ponom (elevated);
nodoarowuiics konuvecmeennol oyenke (quantifiable); nocmosnno npucymemeyrowjuii
(ever-present); nomenyuanenwili (potential),; npenebpescumo maneiii (negligible),
npuemnemuiii (acceptable); nenpuemnemuiii (unacceptable); npunumaemviii (accepted),
npupoonwiii (natural); npogpeccuonanvuuiii (occupational); Henpogheccuonanvhulii
(non-occupational); npamot wiu Henocpedcmeennviii (direct); pacuemnuiii (calculated,
estimated), pymunnuwiii (routine), ceszannuiii c pazsumuem mexnuku (technology-
assodated risk),; cosoxynnuiii (integrated, overall); cymmapnuiii (total),; coyuanvruiii
(social); cpasnumenvubiii (comparative); cpeonuii (average); cyujecmeenHblil
(substantial); mexnonozuueckuii (technological); oeticmeumensuviii, pakmuyeckuii unu
peanvuuiil (actual), cmamucmuueckuii (statistical), npoenosnuiii (forecasting),
ypesguiuaiinbiii (extraordinary, emergency), sxcnryamayuonnuii (operational);
aKkobbl cyuwjecmsyiowyuii unu npednonazaemviii (alleged), ons 300poswva uenosexa (health
risk),; ons nacenenus (public risk); ons oxpyscaioweii cpedwr (environmental risk);
cmepmu unu cmepmenvruiii (mortality),; asapuiineiii (accidental); eocnpunumaemorii
(perceived),; cenemuueckuii (genetic), eunomemuueckuii (hypothetical);006posonvhutii
(voluntary),; nedobposonvrueiii (involuntary); oonycmumuiii(allowed), uznuwinuii
(undue); uckyccmeennuviii unu anmponozennuiii (artificial); konmponupyemorii
(controlled), kxpamxocpounuiii (short-term); oonzocpounuviii(long-term); Hakonnennoiii
(cumulative); omoanennvix nocneocmeui (delayed effect risk); omnoorcennuii
(delayed), nynesoii (zero); omnocumensnuiii (relative).

Risk Analysis (ananus pucka3,7,13,18]) - 6a30Boe MOHATHE CHELMATbHOM 06acTH
sHaHuii. Cpei OCHOBHBIX 3a/ay 3Toi obyacty, pemaeMblx B pamkax RI/FS npouecca u
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Metoposniornd HCRA: 1) BeIABIEHUE, YUET U UOeHmupuxkayus paqualioOHHbIX U
XHMHYECKHX OMAcHOCTel Ha JaHHOM TeppuTopyH (inventory, identification) 1o
MpOBeJeHHs] BOCCTAHOBUTEIIBHBIX MEPONPUATHI; 2) pacyeT COOTBETCTBYIOIIETO UM
pucka (baseline risk estimation), u u3y4eHue ero pacnpeneaeHusa B IPOCTPAHCTBE U BO
BpEMEHH; 3) paHocuposanue UCMOYHUKO8 ONACHOCHY TI0 HCXOHBIM IIOKA3aTeNIAM pucka
(baseline risk analysis); 4) MOBTOpHBI! y4YeT U uoenmugukayus paIHaliOHHBIX 1
XMMMYECKHX OnacHOCTel Ha nanHoM npennpustuu (facility, installation) win nanHoi
3arpA3HEHHOMN TeppuTopuH (site, release site, waste site) nmocne nposeaeHus
BOCCTAaHOBHUTEJIbHBIX MEPONPUATUH, HAKOHELl, pacyem pucka OT ONACHOCTEH,
OCTaBLIMXCS MOCJIE MPOBeaeHus peabunumayuonnvix mep (residual risk estimation) u
HOBBIX, KOTOPBIE MOTYT MOSBUTHCS KaK MOOOYHBIM NPOTYKT BHEAPEHUS HEKOTOPBIX
BOCCTAHOBHTENBHBIX TeXHOJOTUi (secondary stream); MOBTOpPHOE U3yU€HUE
pacrpeieNieHus pucka B IPOCTPAHCTBE U BO BPEMEHH, ¥ PAHXXMPOBAHUE OCMAMOYHbIX
UCMOYHUKOE OTIACHOCTH 110 JOCTUTHYTBIM MoKa3aTenaM pucka (residual risk analysis).

Risk Analysis: Coser: Ins mons3oBateneit merogonorueit HCRA u3 ctpan
BOCTOYHOEBPONENCKOTO peruoHa, B TOM 4ucie -u3 6pBiux pecmy6nuk CCCP, moryT
OBITH MOJIE3HBI HEKOTOPbIE MOAPOOHOCTH M3 JaHHOM o6nacTu 3HaHuil. Bo-nepBhIx, mox
pyOpukoit Risk Bl HaiineTe nepeBoa Ha pycCKuii A3bIK GOJBIIMHCTBA MOHATHH,
UCTIONb3YeMbIX B BAF u BAP. OHHU, BUIUMO, He TPEOYIOT JalbHEHIINX KOMMEHTApHEB.
Bo-BTOpBIX, HIXXE PaCCMOTPEHBI 60Jiee coaepKaTebHbBIE KATETOPHU PUCKA, KOTOPhIE
MEI [OJIaTalIH 11eJ1ecO000pa3HbIM CHaOIUTh OOUIMPHBIMM KOMMEHTapHAMH.

Risk Analysis: KommenTapmii 1: Pe3ynpTaTsl aHaJIn3a, BBIOIHAEMBIE C MPUMEHEHHUEM
nokasaTeJieif pucka, XOpoLIo 3apeKOMeHI0BaIN cebs B MpoLeLypax NOArOTOBKM U
ONTUMH3ALMK JaHHBIX IS PUHATHA 000CHOBAaHHBIX penreHnil. OHY B 0COOEHHOCTH
yOOOHBI P OLIEHKE U COMOCTABICHNH COLMAIBHO- 3KOHOMUUYECKUX 3((deKToB
HeraTMBHOTO BO3JEHCTBHUS TEXHOTEHHBIX OMACHOCTEH Ha 3J0POBLE U XKU3Hb, KaK
OTHENBHOr0 YeJI0BeKa, TaK U IPyIII JIFOAEH, B IPEANOI0KEHUHN MO3UTHBHOTO BIMAHHA
peabunumayuonHbix Mep. BMecTe ¢ TeM, HCIONb30BaHUE METOAOJIOTUH U MOKa3aTee
pucka 1enecoodpasHo TOraa, U, MOXeT ObITh, TONBKO TaM, IIe pealu3alus
peabunumayuoHHbIx Mep anpruopy Mpeanoiaraet 3aTpaT 3HaYUTENbHBIX (UHAHCOBBIX,
MaTepUaIbHBIX U COLMATIBHBIX pecypcoB. IMEHHO B TaKUX CIIy4asX, OYyeHKa U aHanu3
PUCKA TTO3BOJIAET COMOCTAaBUTh BO3MOJXKHBIE COLIUAIBHO- 3KOHOMHYECKHUE MOCIIEACTBHSA U
IIPUHATH €JMHCTBEHHO MPaBIIEHOE PEIICHUE O Le1eco00pa3sHOCTU AEHCTBHA, - TO €CTh,
NPUMEHEHUS peaduniumayuoHHbix Mep WK 6e31eUCTBUA - OTKa3a OT HUX. TakuM
00pa3oM, ananus pucka MOXKHO pacCMaTpUBATh KaK OCHOBY MaKCHMHU3MPYIOLIETO
MOBeIeHUs CyObEKTOB pa3HbIX HEPAPXUUECKUX YPOBHEN B YCIOBUAX PHIHOYHBIX
OTHOILIECHHUH.

Risk Analysis: MaTtemaTuka 1 [11]. HengocTaTrouHO KOPPEKTHBIM C MATEMaTHYECKOM
TOYKH 3PEHHs, HO XOPOIIO OTPaXKaroIIUM JIOTHKY GOJIBIIMHCTBA BHIYHUCIIUTENBHBIX
MpOoLe Ty P, MOXKET CITYKUTb NPEACTABJICHHE O PACUETE UHOUBUOY ANbHBIX PUCKOE YEPES
npousseaeHue Tpex komnoHeHT: R = R1¥R2*R3. B stoMm BeIpaxkenun 13 [8,9,10,11]: R
- ypogenw pucka; R1 - BeposaTHOCTH (U1 YK€ CBEPIIMBLINXCS COOBITHI - 4aCTOTa)
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BO3HHUKHOBEHHS COOBITHA WU SBJIECHUSA, KOTOpbIe 00yCIOBIMBaIOT POPMUPOBAHHE U
JeicTBHE BpeAHbIX (GakTopoB; R2 - BeposTHOCTH (HOPMUPOBAHUS OIMpPENEIEHHBIX
ypoBHe# (hu3yeckux NosieH, yIapHbIX Harpy3o0K, 1oJiel KOHUEHTPAMH BPeIHbIX
BEIIECTB B Pa3IMYHBIX CPEIaX U UX JO30BBIX HArpy30K, BO3ACHCTBYIOIIUX Ha JIONEH U
npyrue 00bekTsl 6uocdepsl; R3 - BEpOATHOCTB TOT0, YTO YKa3aHHbIE BhILIE YPOBHU
noJieit ¥ Harpy30K NPUBEAYT K ONpPEIENeHHOMY YIIepOy: YXYAMEHUIO COCTOSHUSA
310pOBbS U CHI)KEHHIO XKU3HEIEATENBHOCTH JIIOAEH, B TOM YHCJIC JICTAILHOMY
NOPAXKEHUIO, MOPAXKEHHUIO TEX WIHM HHBIX MOIYJISALMI XKUBOTHBIX U PACTEHU, CIBUTY
PaBHOBECHOTO COCTOSHHS 9KOCHCTEM, SKOHOMUYECKOMY yIepOy U T. Il

Risk Analysis: KommenTapuii 2. B aHanuse onepupyioT TpeMs 6u0amu pucKkos:
UHOUBUIY ANLHBIM, KOJIEKMUGHBIM Wil CymMmapreim (total), u coyuanvruim. Paznuyaror
TaKXe MO - BUIBI PUCKOB, KaK UHOUBUOYANbHO20, MAK U KOIEKMUBHO20 - MO
cmoxacmuueckuti U 0emepMuHuposannblii puckuy. Bee onpeneneHus, NpUBOIUMbIE
HiKe, OYTyT OTHOCHTBCA K [IEpBOMY MOJBHIY, NOCKONBKY 6 pamkax RI/FS npoyecca, a
TaKxKe B 00ECTIEUNBAIOIIMX 3TOT MPOIECC KOMITBIOTEPHBIX MPOrpaMmax (Harnpumep,
MEPAS), a takxe B MeTononornd HCRA, onepHpyIOT TOJBKO CO CIOXAcmuyecKumu
puckamu. OnHaKo GOpMYIIBI 115 pacyerTa 0emepMuHUpOBAHHBIX PUCKOS TaKxKe Oy Xy T
NpUBE/ICHbI, B BUIE UCKITFOUEHMSI.

Risk Analysis: Individual risk (unousuoyanvnuiii puck) - BEpOATHOCTb, 8 BO MHOTHX
MPUJIOKEHHUSX - YaCTOTa BOSHUKHOBEHUS, IOPaXKaloIUX BO3AEHCTBUMH ONpPENETIEHHOTO
BUJA U HHAMBHUIA: CMEPTh, 3aboneBanue (carcinogenic risk), TpaBma, oreps
TPYIOCIOCOOHOCTH, BO3HUKAOLIKE NIPU pealn3alliy ONpeJeIeHHbIX OMacHOCTEH B
ompeeJIeHHO! TOYKe MPOCTPAHCTBA - TaM, IJie HaXoAuTCcs MHAMBHA. [Ipu pacuerax
OMpe eS0T 3HAYEHHS UHOUBUOYANBHO20 PUCKA KAHLIEPOT€HHOr0 3a00/IEBaHUA -
PaIHaLMOHHOTO, U - UHOUBUOYANbHO20 PUCKA KaHUEPOTeHHOTo 3a60/1eBaHus -
XMMHYECKOr0. DTH 640bl pucka UCTIONB3YIOTCS Ha TepMUHanax cucteMbl MEPAS kak
6a30Bbl€ - CTAHAAPTHBIE BBIXOBI.

Risk Analysis: Individual risk & hazard quotients in MEPAS (unousudyanvnuiii
puck u keomwl onackocmu 6 MEPAS [5,14]) - B nporpamme MEPAS puck
KaHyepozeHHbll, OT PaIMallMOHHBIX BO3JEHCTBUMH, pacCUUThIBAaETCs 1o gopmyrne: Rr,rp
=H * Drp * 2.555*10E+4, (3mechb ¥ n1ajee COXpaHeHbl 0003HAYEHU OPUTUHAIIOB), THE:
* - 3yaK mpousBeeHus; Rr,rp - puck 6 meuenue srcusnu MpU MOIHOCTH €XXEIHEBHOM
9KCNO3UYUOHHOU 00361 PATUOAKTUBHOTO 00yueHus - Drp pextr/nens); a H -
KOH8epCUOHHbLY (hakmop pucka. B cOOTBETCTBHHU ¢ pekoMeHaanuii HanyoHansHOi
Axanemueit Hayk CILA 1992r, H Beipaxkaercs uudpoii 3a601€BaeMOCTH pakoM B
6*10E-4 ciyyaes /Ha 1 rem 3KCIO3MLMOHHOMN 00361 PaJHOAKTUBHOIO 00 TyYeHus,
nojrydyaeMoii B Tedenue Beeit xusuu (70 net). Uucnennslit ko3ddunuent 2.555%10E+4 -
3TO BCEro Ha BCEro KoJiMuecTBO AHel B 70 romax (IH) yenoBedYeCcKoi )u3HU. B Tol xe
nporpamme MEPAS xanyepozennsiii puck, HO OT XMMUYECKHUX BO3IECHCTBUM,
paccuuTsIiBaeTcs 1o uHoit gopmyite: Re,rp =1 - exp(- D,rp * q,k), rae: * - 3Hak
npousBeieHUs; Re,rp - gepxuss epanuya pucka Npy €XEIHEBHOM 3KCIIO3ULHMHU YEIOBEKA
00301 MOLIHOCTBIO D,rp (6e3pa3MepHas BeIMUUHA), B TeUeHUE Bcel 70-1€THEH XKU3HHY,
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a q, k- 3HaueHue dakropa CPF mis naHHOrO K-TOr0 XUMHYECKOTO COEAUHEHNA

(xr* nens/mr). [anee, 00beIUHEHUEM KAHYEPO2EHHO20 PAOUAYUOHHO20 U
KaHyepo2eHH020 MOKCU4ecKo20 pucka, B BbluucauTenpHoit cxeme MEPAS,
dopmupyetcs kpumepuii (B opurusaie - parameter): Rmax,r = maximum (Rrp), no
BEJIMYHHE KOTOPOTO CYAAT O KAHYEPO2EHHOM CYMMAPHOM 3¢ghekme OT BO3NEHCTBUS Ha
MHIMBH]IA UCCIeayeMoii (-MBIX) OTacCHOCTHU(-Tel) U YCJIOBUIT JaHHOTO perroHa. B
BBIp@XEHHHU Kpumepus: Rmax,r - MaKCUMaJIbHBIH, TpUBeAeHHBIN K 70 - TETHEN XKHU3HHY,
PUCK 0151 uHOUBUOA, MPUHAIJICKAILETO K pacCMaTpUBaEMOM IpyIIe HACENEHHs, U
OLIEHEHHBI 10 J030BBIM MapuipyTaM “r” 1is Bcex 7713 (usage locations) naHHOro
paiioHa, ¥ TaKXe M0 BceM OTpe3kaM BpeMeHH. Kak 3KBUBAJIEHT pucka B IPOrpaMMe
MEPAS ucnoss3yercs NOHATUE KEOMbl ONACHOCMU - MEPBI ONIACHOCTH IS 310POBbS
YeJioBeKa OT BO3AEHCTBUS PAa3IMUHbIX XUMHYECKUX 3arpA3HEHUI U BUIOB
paguoakTUBHOCTH. DTa Mepa ucnosb3yercs B American RI/FS process kak 3KBUBJIEHT
pucka, HO Ul He KaHLEPOTEHHBIX XMMHUYECKHX TOKCUKaHTOB. OLIEHKa xgombi
onacnocmu BeImonHAeTCs 1o popmyie In,rp = D,rp/RfD,k, rae: In,rp -
KOJIMYECTBEHHBIN MOKa3aTeslb MHAUBUAY AJIbHOTO yujepba i 3M0POBBS OT He
KaHLEPOTeHHBIX XUMUKATOB (Oe3pa3MepHas BeJMYHHa); D,rp - MOIHOCTb €)XXeAHEBHOM
9KCNO3ULMOHHOM 003b1; RfD,K - MUHUMAaJIBHO - omacHasg 0o3a K-Toro TOKCH4€CKOTO
BEILIECTBA.

Risk Analysis: Individual risk in Norms of Radiation Safety in Russia, 1996
(unousudyanvrelli puck 8 "Hopmax paouayuonnoii bezonacnocmu P®-1996¢2 [E, 15])- B
HPFE-96 puck nipeanaraercst paccuuThiBaTh o gopmyie: r = p(E) * r(e) *E (3zecs u
Jlajiee cOXpaHeHsl 0003HaYeHus opuruHana [15]). B aroii popmyse: r -
UHOUBUOYanbHbLY pUcK BOSHUKHOBEHUs CTOXacTHueckux 3¢ ¢exTos; E -
UHAUBUAYaNbHAs 3 dexTuBHas 0o3a; p (E) - BEpoATHOCTH COOBITHIA, CO3AIOILUX 003y
E; r(e) - k03 PULUEHTHI pucka om cmepmenvbHo2o paka, a TAKKe OT CEPhE3HBIX
HacleICTBEHHBIX 3P (EKTOB U He cmepmenbro2o paxa (IPUBEIEHHOTO 110 BpeRy K
MOCJIECTBUAM OT cMepTebHOro paka). Koaddunuenr pucka “r” npemnaraercs
rioylarath paBHeIM 5,6 ¥*10*E-2 1/4en-3B B city4yasx o0qyueHus npodecCUOHANOoB, U I =
7,3 ¥10 *E-2 1/4en -3B, Kxor[a OLIEHUBAETCS PUCK OIS HACENEHU.

Risk Analysis: Total risk in MEPAS (xonnrexmusnuiii unu cymmapuuiii puck B MEPAS
[S, 8, 18]) - onpenenseTcs ans MOEH, HAXOAAMXCS B PWIEraloIUX K ONacHON
NPOMIUIOLIA/IKE paliOHaX, U MOABEPraloUXCs BO3AEHCTBUIO TEXHOTCHHBIX UCHMOYHUKOS
onacHOCTH; Berycisercss B MEPAS kak cymma puckoe 1o BceM A030BBIM MapIIpyTaM,
C Y4ETOM 4YHCJIa JIIOAEH, paCoIOXKEHHBIX Ha 3THX MapuipyTax: Rt= Sum([p=1,2...P]*
Sum [r=1,2,.Rp]*Rrp*Ppr (coxpaHneHsl 0603Ha4ueHNs OCHOBHOTrO opuruHana[18]). B
3TOM BeIpaxkeHuu: Rt - cymmapneiii puck, paccanuTaHHbIi 111 OTpaHUIEHHOTO
NPOMEKYTKa BpEMEHH “t” U1 M0AeH, MOABEPraouuXcs JaHHOMY OITaCHOMY
Bo3zeicTBuro(Oe3pa3MepHas BeJIMYKMHA); P - HHIEKC, Wik Homep T173 (usage location);
P - o6uree konmyectBo 7713 B 1aHHOM peruoHe (site, installation); r - uHnekc, wiu
HOMep, A030BOTO MapupyTa; Rp - konudecTBo do3o6bix mapuipymos ans “p” -toit T113;
Ppr - yncyo moneii B “p”-toii T3, pacmosararoluxcs Ha “r”’-ToM 003080m
mapuwpyme; Rrp - unousuoyanvuviii puck Ui TOIeH, pacroyioxKeHHBIX B “p”-To#t T113,
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¥ HAXO[SLIUXCS HA “r”-TOM J030BOM MapIupyTe. BrluuciseMsblii mokasaTens BeIOpaH
101 GOPMHpPOBaHUA KPUTEPHS, XapaKTepH3yIoLIero 3¢pQexT BO3ACHCTBHA HCCIEMYEMOM
OMacHOCTH U YCJIOBUIi JaHHOTO PErMOHA Ha HAaCEJICHHE.

Risk Analysis: Total risk in Norms of Radiation Safety in Russia, 1996,
(xonnexmuenvlti unu cymmapuulii puck 8 HPE-96 [15])- 01 OLEHOK HCHIONb3YETCA
dopmyna: R=p (S(e)*r(e) *S(e) (3nech 1 nanee coXpaHeHbI 0003HaYEHHA OpPUTHHANA
[15]). B aTom BelpaskeHuu: R - konnekmugHeiii puck BOSHUKHOBEHHUS CTOXACTHYECKUX

s dexToB; S(e) - kosexTuBHast 3¢ dexTUBHBIE 003a; P(S(€) - BEpOATHOCTb COOBITHI,
cozparomux 103y S(e); r(e) - koapGUIMEHT pUcKa OT CMEPTENBHOTO paKa, CEPhE3HBIX
HacneICTBEHHBIX 3 (HEKTOB M HE CMEPTENBHOTO paka (IPHBEAECHHOIO MO BPEMdy K
HOCNENCTBUAM OT CMEPTENBHOTO paka). Tak Ha3bIBaeMblif K03 QUINEHT PUCKA PaBEH: I
=5,6 *10*E-2 1/4en-3B mna npoeccHoHanbHOro obmydenus, ur = 7,3 *10 *E-2 1/4en-
3B s Hacenenus. B HPF-96 nnst cCOOBITHI € TSXKEBIMU NOCIEACTBUAMH OT
JETEPMUHUPOBaHHBIX 3 dekToB KoHcepBaTUBHO MpHHUMaeTcs: r = p (E), R = p(E) *N,
rae: N - 4YHCIIEHHOCTh MOITYJISILUY, TIOABEPraloeics paliallMOHHOMY BO3AEHCTBHIO B
no3e E > 0,5 38.; r, R, p (E) - unousuoyaneneiii u konnexmugHwlii pucku BOSHUKHOBEHHSA
HOCNENCTBHIA OT JeTEPMUHUPOBaHHBIX 3¢ dexToB, E - uHAuBUAYaNbHAs 3O PeKTHBHAL
003a, a p(E) - BepoaTHOCTb COOBITHIA, co3natomux a03y E.

Risk Analysis: KommenTapuii 3 [12]. E1ie oHa pasHOBUIHOCTb PUCKA - COYUANTbHbIT
(social risk) onpenesnseTcs kak 3aBUCHMOCTb BEPOSTHOCTU HeXeJNaTeNnbHbIX “COOBITHI,”
COCTOSILIMX B MIOPaXXEHUH HE MEHEe OTIpeeNIeHHOro yncia moaei. Ipu stom
MpearoJiaraeTcs, YT0 OHH MOJBEPraloTCs MOPaXKAIOLUIUM BO3IEHCTBUAM ONPEAETIEHHOTO
BHIa (CMepTH, 3a00JIeBaHKUAM, TPAaBMaM), KOTOPbIE MPOSIBIAIOTCS NIPU peaIu3aliii
OTIpeIENeHHbIX OMacHOCTEN. BenmnunHa coyuanvno2o pucka NpoONOpLUHOHATIbEHA YHCITY
JIIOfIel, HaXOAAIIMXCS MO BO3AEHCTBHEM U3y4aeMoil ONTaCHOCTU. DTa pa3HOBUIHOCTh
pucka TPUMEHSETCS Ul XapaKTepHCTHKU MaclITaboB ONIACHOCTHU NIPU aBapHAX U
karactpodax. B merogonorun RI/FS n HCRA He ucnione3yercs.

Risk Analysis: KommenTapuii 4 [7]. Cmamucmuueckuii (statistical), nomenyuanvnuiii
(potential) u npocrnosnuiii (forecasting), - ciegyromue pa3sHOBUIHOCTH PHCKa, KOTOpBIE
TaKXKe MCTIOB3YIOTCs B aHatu3e. OHU pa3IM4yaroTcs Coco6aMu MoTyYeHuUs
KOHKPETHBIX BEJIMYMH, IMEIOT CBOU crienuduyeckue 00acTi UCIIOIb30BaHUsA, U HE
MOTYT 3aMEHHUTb OJJMH JPYTOro B IPaKTHYECKUX NpuiokeHusx. Tak, cmamucmuyeckutl,
WK pempo - puck, ONPENIENAeTCs CTATUCTHIECKUMH METOJaMU Ha OCHOBE U3MEPSEMBIX
¥ HaKaIuIMBaeMbIX (paKTHYECKUX JaHHBIX (Yallle BCEro TaKk pacCUUTHIBAIOTCS
“npupoonsre pucku”). Ilpn pacuerax puck cmamucmuyeckuii UHOUBUOYANbHbIT
MHTEPIPETHPYIOT KaK MaTEMaTUYECKOE OXKUAAHUE Yujepba, BOSHUKAIOILETO MPU
aBapusx, kaTacTpodax M ONAcHBIX MPHPOIHBIX sBIeHUIX - R(MO). Bennunna
CMAamucmuyecko20 UHOUBUAYanbHO20 PUCK, TO €CTh, - R(IMQ), BbIpakaeTcs
MPOU3BEICHUEM BEPOATHOCTH cOOBITHA R1 Ha CTENEHB €r0 THKECTH, BEIPAKEHHYIO B
Buze yuyepba R3 toro unu nHoro poza. OgHaKo NpH TakoH OLIEHKE YCIOBHO M0JIaraor,
4TO BEJIMYHMHA yujepba umeet demepmunuposanroe 3Hadenne (R3 = det =Y), To-ecTb
€ro BEpOATHOCTHAA MPHpoa He yuuTbiBaeTcs. OObIYHO NPHHUMAIOTCS BO BHUMaHHE
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BCEBO3MOJKHbIE BUIBI OMACHBIX MPUPOIHBIX ABIEHUI, IPOHCILECTBU, aBapuii 1
karactpo¢, NPUMEHUTENBHO K JAHHOMY O0BEKTY, @ OLIEHKY UHOUBUOYAIbHO20 PUCKA
NPOM3BOIAT KaK CyMMY MpOU3BeIeHU BEPOATHOCTEH Yka3aHHBIX COOBITHI HA
cooTBeTcTBYMOMIKE YepOsl: R(MO)= Sum (i=1,..n)[R1i*Yi]. 3necs: R1i -
BEPOATHOCTH MOSIBJICHHA JAHHOTO OMAacHOro i-ro cobbITHA, a Yi - BEIMYHHEI yIIEp6OB
MpH KaXIOM i-OM COOBITHH. [lomenyuanvhulii puck OLEHUBAETCA aHATUTHYECKUMU WIH
BBIYHCITUTEILHBIMA METOJAMH, U, KaK PaBUJIO, C IOMOLIBIO CIIELHMAILHO
pa3paboTaHHBIX KOMITBIOTEPHBIX MPOrPaMM, B TOM YHCJIE MOAIEPXKUBAIOLINX CHCTEM
RAAS u MEPAS. IIpoenosnuiii puck pacCUUTBIBAETCS MMOCPEACTBOM HECIIOKHOM
anreGpanyeckoii mpouexypbl 06beAMHEHNA YACTHYHO U3MEPEHHBIX M IPYro# 4acTu
BBLIYHCJIEHHBIX JAHHBIX. B 3TOM cMbICIIe, MHOXXECTBO 3Ha4EHUI pO2HO3H020 pucka
OJHOBPEMEHHO NPHHAIIEKUT JBYM He NEpPEeCceKarolUMCs MHOXKECTBaM 3HAYE€HUM
cmamucmu4eckozo U nomenyuanbho2o puckod. CooTBETCTBYIOLIHE CUCTEMBI HHOT 1A
Ha3bIBAIOT “THOPHAHBIMK: H3MEPUTEILHO-KOMIBIOTEPHBIMH CHCTEMaMHU. B rubpuansIx
cucTeMax IMOAIEPXKKH OLEHKa MOCNIeICTBHI OMACHBIX BO3AEHCTBUI GasupyeTcs Ha
aNIrOpuTMax OINpeeNIeHUs HPOocHO3HO20 pucka. IIpuMepoM Takoi KaTeropuu M Takon
CUCTEMBI MOXET OBITB puck, paccunTbiBaeMblii Ha MEPAS B pesxuMe 1ojauy Ha ero
BXOJbI IPEIBAPUTENBHO U3MEPEHHBIX B Oxp.Cp. KOHLEHTpaLUii 3arpsa3HUTENEH.

Risk Analysis: KommenTapuii 4 [7,11]. [Tocneqnue nse u3 paccMaTpUBaEMBIX 31€Ch
KaTeropuii pucka - pymunnuoiii (routine) u agapuiineiii (accidental) - TEpMUHEI,
MCIIOJIb3YEeMBIe MPU COOTHECEHHH OLIEHOK pucka C AMHAMWYECKMMH YCIIOBHAMM 3aJa4H.
Pymunnweiii puck COOTBETCTBYET CTallMIOHAPHBIM WM KBa3H- CTALIMOHAPHELIM YCIIOBHUAM,
KOTJa B MaTeMaTHYECKUX ONMCAHUIX U3MEHEHUAMH BO BpeMeHHU npeHeOperaroT. Takue
pacyeThl XapaKTEPHBI [T OLEHOK pUcKa, BBIMOJHIEMBIX B IIPEATIONOKEHNH
HOPMAJIBHOTO - IOBCEJHEBHOTO HCIOJIb30BAaHUSA 3arPA3HEHHBIX TEPPUTOPHI MITH
OMacHEBIX TEXHOTEHHBIX UCMOYHUKOE TI0 UX TIPIMOMY Ha3HaueHHIo. TakuM o6pasom,
DYMuHHbLE PUCK UCTIONB3YETCs, KOTAa Hal0 OUEHUTH MOCNIENCTBHSA pymunHOU (AHAJIOTHH
- HOPMAJIbHOM, PETJIAMEHTHOM, WITAaTHOM) SKCILTyaTal[uH WX UCNI0Ib30BaHUS OOBEKTOB
paanaloHHO- XUMHYECKOM onacHoCcTH. EMy Hanbonee Oiu3ka kaTeropus
NOMeHYUANbHO20, U, OTYACTH NPOSHO3HO20 PUCKO8. 31EeCh COOBITUAMH, KOTOpPbIE MOTYT
00yCJIOBIMBATh BO3HUKHOBEHHE HEXENATEIbHBIX NOCIEICTBIN - UHOUBUOY AbHBIM
puckos, 6y IyT gu1bpocel u copocsl, IEPEBO3KA U Muepayus MaTEpUAJIOB WIH IPOIYKTOB,
CofleprKallMX BpeJHble BellecTBa. [IepuoIMIHOCTS M MacIuTabbl TAaKMX COOBITHI C
XOpOLTMM MPHOJIMKEHHEM MOTYT ObITh OTHECEHBI K JETEpMHHUPOBAHHBIM. DTO XK€
OTHOCHTCS M K OCHOBHBIM MapameTpaM (pU3MYEeCKUX MOJIeii- paAHalluOHHOTO,
3JIEKTPOMAarHUTHOTO, TEIUIOBOTO U Jp., KOTOPbI€ HETaTUBHO BO3JAEHCTBYIOT Ha OOBEKTHI
XHBOM mpupoasl. Kak ciefcTBre NpUHATHIX AommyieHui (cM. MaTemaTnka 1, u
KommenTapnii 4), nepriit MHOXXUTENb R1 06111€eii 1ornyeckoil mpouemyphl,
3aMKCaHHOM B BU/E MPOU3BEIECHUS U3 TPEX COMHOXUTENEH, MOXKET ObITh NPUHAT KaK
HEKOTOpas MOCTOSHHAs BeJIMYMHA, - KO3(QGULUEHT, a IPH BBINOJHEHHH HECIOXKHOTO
HOPMHPOBAHUA U PaBHbIM enuHuLe. Toraa yacTHas JIOTHKa NPOLEAYpbl OLEHKHU Oy aeT
yMpoOIlleHa U CBECHA K MPOU3BENCHUS IBYX COMHOXHTENEH - CIIy4aHHbIX BEIHYHH: R =
R2*R3. B pamkax Takoil 4aCTHOH JIOTUKH ONpeAeaeHUl IIOCTPOEHBI aJITOPUTMBI
BBIYHCIIEHHI HOMeENYUuaibHo20 U npoeHo3nozo puckos B pamkax RI/FS npoyecca v B
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HPFE-96, - Te, KOTOpBIE MPUBEAEHBI B Hayayle JaHHOTO MOSICHEHUS (CJIeAyeT NPHUHATS,
KOHEYHO, BO BHUMaHKE pa3HULly B 0003HaueHUsAX, TO €CTh, 4TO R= Rr,rp wiu Re,rp,
R2 =Drp, a R3 = H unu q). PaccmarpuBas GpopMyJibl M TEKCTHI IUTHPY EMBIX
ompeeeHuil JIErKO 3aMETUTb, YTO B NPAKTHYECKHUX NMPHUIIOKEHHUAX, KAKOBBIMH
ABJIAIOTCA pacyeThl, Ipou3BOANMEIe, Hanpumep, B MEPAS, BBoaMTCA €lie 0JHO
YMPOLIAIOIIEE PACUETHI MPEANOIOKEHHE. A MIMEHHO - IIOCJIEIHUH COMHOXUTE/b OOLIEH
JIOrH4ecKoi npouexypsl R3 BbIpaaeTcst TaKKe AETEPMUHUPOBAHHBIMU BeJMYMHaMu H
WK (. Aéapuiinblii puck COOTBETCTBYET HECTALIMOHAPHBIM YCJIOBHSAM HU3y4YaeMOro
00beKTa, KOraa B €ro MaTeMaTHYECKOM OTNMCAaHUH W3MEHEHUAMH BO BpPEMEHU
npeHeOpeupb Hesb3s. COOTBETCTBYIOLIME OLIEHKU pucka OTHOCAT K JMHAMHYECKHUM.
[MocneaHue Yallle BCEro BBIMOJIHAIOT MPUMEHUTENBFHO K HEIUITATHBIM - aBapUHHBEIM
COCTOSHUAM 3arpA3HEHHBIX TEPPUTOPHIA UITH OMACHBIX TEXHOTEHHBIX UCMOYHUKOS.
Aeapuiinblii puck UCTIONB3YIOT VTSl OLIEHKH MOCIEACTBUI aBapuii Ha 06beKTax
panuauuoHHON U XMMUYeckoii onmacHocTH. EMy Takke Hanbonee 6JM3Ka KaTeropus
MOTEHIHMAJILHOTO, ¥, OTYACTH IPOTHO3HOTO pucko8, HO B GOpMe, CyIIECTBEHHO Goee
CJIOXHOM, 4eM B CiTyyae pymunHozo pucka. CI0XXHOCTb OTYaCTH CBs3aHa C

HE Oy CTUMOCTBEO IPUHATUS TOIYINEHUS O JETEPMHHUPOBAHHOCTH COOBITHIA, -
cOOBITHA 31€Ch ABJIAIOTCS CITyYalHBIMHU BEJIMYUHAMHU, OTYACTH - C MHOIOYHMCIIEHHBIMU
HEOoNpeeJIEHHOCTMH Ha BCeX dTarnax NMpOU3BOJUMBIX OLEHOK [5,6,7,8,9,10,11].

Risk Analysis: 3ameuanue 1 [7].. He paccmarpuBas 6osee noapoOHO MOCIIEAHIOK U3
pa3HOBHIHOCTeN OLIEHKH pucka, HOCcKoJbKy Kk mpoueccy RI/FS ona He umeer
OTHOLIEHHMS, CIIEJIaeM TOJIBKO OHO 3aMedaHue. I1epBbiit MHOXUTENb R1 0o6mmei
JIOTHYECKOH MPOLIEAYPEI B 3TOM CIy4yae He MOXeT OBbITh MPUHAT paBHbIM €IUHULE. B
COOTBETCTBYIOIIMX METOAMKAX €ro 3HaUEHH, a TAKXKE COIMY TCTBYIOLIME pacyeTam
BEJIMUUHBI HEONpeaeJeHHOCTel, 000CHOBBIBAIOTCS U OLIEHUBAIOTCS JOCTATOYHO
CJIOXHBIMH CIIOCO0aMH, a MPOBENeHHE PacyeTOB OOBIYHO CBS3aHO CO 3HAYUTEIBHBIMU
METOANYECKAMH TPYAHOCTAMHU. KpoMe TOro, OTMETHM, I MOJHOTH MHpOpMaLHH e1le
IIBE KaTETOPHHU pUCKo8, KOTOpbIE He 4acTo UCTIONb3yroTcs B nponexypax RI/FS, onnako
MOTYT BCTPETHTBCA B IIPAKTHYECKOM NEATETBHOCTH - paHHUe U NO30HUe PUCKU. DTUMHU
HOHATHAMH MOJIB3YIOTCS, €CJIH HE0OXOIUMO MOJYEPKHYTh BPEMS NPOSIBJICHHA
nocjaeacTeuit. Hanpumep, korna oneHka OTHOCUTCS KO BPEMEHH T10CNE 9KCHOHUPOBAHUSL
(obnyuenus). [Ipyroii mpuMep UCIOIB30BaHMA - KOTJa Ha0 MOAYEPKHYTH IOPOTOBBIi
XapakTep CBA3M do3a - 3dpdekT 1 paHHUX NposBiIeHu nocneactuil. K pannum
puckam, 1js pafualMOHHO 00YCIIOBJIEHHBIX 3P (EKTOB, OTHOCAT CMEPTH, a TAKXKE MPE -
HOpPMaJTbHBIE COCTOSIHMSA (Y TOMJIIEMOCTD, TOLIHOTBI M PBOTHI MOCJIE OCTPOro 06LIEro
00Jry4eHus NorjomeHHbIMEU do3amu Gosee 1 I'p = 100 pan), ¢pubpo3s! nerkux. K
[I0Ka3aTeJIAM NO30HUX PUCKOE - IETAIBHBIN pak, He JeTaJbHble PaKH IIUTOBUIHOM
XeJe3pl, KOKU M MOJIOYHOM XeJie3bl, a TakxKe HacleACTBEHHbIE 3 (EKTHI.

Risk Analysis Methodology for Environment and Health, RAMEH (o6mas
METOMOJIOTHH aHAIU3Q pucka VT peLIeHUs NpobeM okpyoicarouell cpedsl U 300po6b4,

MAPOCS3 [1]).

Risk assessment, RA (oyenxa pucka [7,13,18])
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Secondary waste stream (OTOKH 8mopuunbix omx0006 [1,7,13]) - ucmounuxu
NOMeEHYUANbHBIX pUCKA U onacHocmu B GOpMe 3arps3HEHHBIX 103000pasyomuX U
reocpen, 3arpA3HEHHBIX NPOXYKTOB MOTPEOICHUS U OTXOJ0B, KOTOPHIE MOTYT
BO3HHMKHYTB 11ocyie npuMeHeHns TexHonoruii RI/FS. Mx oTiMiue oT ucmounuxos
[IEPBUYHBIX B TOM, YTO IIOTOKH BTOPUYHBIX OTXONOB BO3HUKAIOT KaK HEM30eXKHBIH
06GOYHBII NPOLYKT IPUMEHEHHs HEKOTOPBIX BOCCTAHOBHTENBHBIX TEXHOJIOTHH. B
pe3yJbTaTe IPOAOKAETCA PacIPOCTPAHEHNE PaIHalIMOHHO M TOKCHYECKH OTMACHBIX
ra3oBbIX, XHIKHMX HIIH TBEPABIX MPHUMECEii, KOTOPbIE PAHEE CONEPKAIUCH B HCXOIHBIX
sblOpocax WM copocax. CieoBaTeIbHO, MPOLECC OLEHOK pucKa, PAHKUPOBAHMA
BTOPHMYHBIX UCMOYHUKOE TIO CTETIEHH ONIaCHOCTH, BRIOOPA M OMTHMHU3alIMH HOBBIX
texHosoruii American RI/FS process, 1 T.[I. MOXET, @ HHOTIa U IOJKeH OBITh
NPOJOJKEH 0 BTOPOMY KpYTY.

Site (npomwrunennas nacenennas meppumopus - ITHT [T]) - yaie BCero 3To -
NPOMILTOLIA/IKA, MPOM30HA, BKIIOYAIOIIHE “UAEHTHGHULUMPOBAHHbIE” UCHOYHUKY
onacHoctH (identification)

Site: Cenesnc [7]: “Site” - npuMep ogHOro U3 Haubosiee XOPOIIO U3YYEHHBIX B paMKax
American RI/FS process TUIIOBBIX HHAYCTPHAJIbHBIX paiOHOB, OJTHAKO BKIIFOYAFOIIMX
OTHOCHUTEJIBHO XOPOILO pa3BHUTHIH arpapHblii cekrop. O6aagaeT BceMU NpU3HAKaMU
“o6beKTa 1A peaburumayuonnvix mep” kax pesynomam CO-AP (remediation object).
MOoXeT BKIHOUATh JIFO0YIO U3 LIECTH IPYIII NPeABApUTENHHO BBIABIEHHBIX (inventory,
identification) ucmounukxoe onacHeIX BHIOPOCOB U cOpPOCOB, B O0ILLEM CITyyae —
“oTxomoB” (Waste), WK JTOObIE COUeTaHUA IPYII TaKUX UcmoyHuxos (waste sites).
ITHT MOXeT BKIIIOUaTh Pl mexHonamozennvix 304 - TI13 (usage location) u sBisercs
Ha¥MeHbILeH 10 IUIoINA1 TePPUTOPHUEH, T KOTOpOi pa3pabaThIBarOTCs
pexomenmaunn HCRA. B rpanuuax /7HT MoryT ObITh pPEIIEHBI 1Ba BUIA 3a1ay 110
ONTHMU3ALNH 80CCMAHOBUMENbHBIX MEPOnpUsmul. A UMEHHO, MOXKET ObITh HalleH
rino6aibHbl onTUMyM [Uist Beeil /THT, 1160 JTOKadbHBIE ONTUMYMBI IS KaXJI0ro U3
OpeanpUsTHii, UIX KOMIUIEKCOB, Y4aCTKOB 3arpA3HEeHHOH TeppuTopuu, 1713, u T.11.,
BXOJAIIMX B COCTaB WX NpPEACTaBJIAIOIIMX AaHHY0 [THT.

Site Conceptual Model, Typical (konyenmyanvnas mooens TPOMBILIEHHOM
HaceJieHHO Tepputopui - [THT, yyacTka TEppUTOPHH, IPOM3OHBI, MPOMILTOLIAIKH
[13]) - pacueTHas MozeNib HICHTH(PUIMPOBAHHOTO €ANHUYHOTO HCTOYHHKA ONACHBIX
6b16p0OCO8 WA c6pocos. BKIIOYaeT: OMUCh 3a11acoB HAECHTU(PHLUHUPOBAHHOTO
3aepsznumens (contaminant inventory), nepeueHs CBOHCTB HICTOYHHKA ONaCHOCTH
(source and media properties); XxapakTepUCTHKY MOTEHUHAIBHBIX 00306bIX Nymeil
(exposure pathways).

Site-specific knowledge (cBeeHNs 0 3arpA3HEHHON TEPPUTOPHH) - UMEIOTCS B BULLY T€,
KOTOpbIe HEOOXOIMMO UMETh M YYUTBIBATh NIPH MOJAETUPOBAHMH.

Source (ucmounux 3arpszaenns OxpCp u 0o3006pazyrouux cpeod [7,18]).
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Source properties (csoticmeéa ucmounuxa [7,13]) - merononorueit HCRA
paccMaTpUBAIOTCS IBa OCHOBHBIX THUIA UCMOYHUKO8 XUMUYECKHX 3aTPA3SHEHHUM U
paZnOaKTHBHOCTH U PaIMOAKTUBHOCTH U 00Ty 4EHHH, U, COOTBETCTBEHHO, /BA
pa3IMYHBIX MEPEUHs uX CBOMCTB. [1epBbIif THIT - 3TO UCMOYHUKY TIEPBUYHBIX 6616p0CO8
1 c6pocos 1 00my4eHuit. K HUM OTHOCAT ucmouHuxu pa3sHoro ypoBHs, U €CTECTBEHHO
omMyarmuMucs ceoiicteamu: 1.1. OGBEKTHI C yCTaHOBJIEHHBIMH MECTOIONOXKEHUAMH
8b16p0co8 WK cOpocos. K TaKOBBIM NMPUHAIEKAT: 3arPA3HEHHBIE TPAHIIEH, TIPY IbI -
OTCTOMHMKH, 6aCCEeMHBI BEIIEPKKH, U T.I., @ TAK)XKE Pa3IMYHOrO poJa Hal- U MOA3EMHBIE
MPOM3BOICTBEHHBIE 31aHUS, XPaHWIHIIA U KOMMYHHKAIMU C BO3MOXKHBIMH
HEIUIOTHOCTAMH B HMX, U, HAKOHELI, pe3epByapbl, MOTHIIbHUKH, BBITSDKHBIE TPYOBI U
npou. CBoiicTBa ucmouHuko8 ONpeaesIeHsl IPOCTPAHCTBEHHO - BPEMEHHBIMH
KOOpAHHATAMHU TO3ULIMH, 13 KOTOPBIX 3arpsa3HeHHs MoryT noctynats B Okp.Cp. 1.2.
OObeKTBI, IKCIUTyaTHpyeMbIe IO CXOKHM pernaMeHTaM (operable unit). 3xecs
cgolicmea UCmouHUKa ONpeeseHbl apaMeTpaMy KOHTPOJIA STHX 0OBEKTOB, WIIH
MOHHUTOPHHIA COCTOSTHHA 06CITYKUBaeMbIX XPaHMWIHL, JIN0O0 napaMeTpaMu
KOHTPOJIMPYEMBIX MOA3EMHBIX BOJ, F€0JIOrHYECKUX IUIACTOB M npou.; 1.3,
PazHo0Gpa3Hble MPOMBIIILIEHHbIE OOBEKTBI, OHAKO peATU3yIOIHe 6IM3KUE N0 LEIIM
crnoco6aM U CpelICTBaM peabuiumayuonnvie mepul. IckoMble cBoiicTBa MOTyT 1u60
3amaBaThcs nosis3oBareneM Metononorun HCRA, nu6o, HanpoTuB, ONpeaensThes
OJIHOM W3 COCTABJIAIOLIMX 3TOr0 KOMIUIEKCa, - HanpuMep, cucteMoit MEPAS. K
UcmoyHuKam TaKKe OTHOCAT TaK Ha3blBaeMble “‘@mopuunble nomoku omxo006.” HTak,
UCMOYHUKY TUMA 2, BO3HUKAIOT B PE3yJIbTaTe €CTECTBEHHOTO pacpOCTpaHEHH B
Okp.Cp. 3aTps3HEeHHH, WIH HCKYCCTBEHHO - KakK CJIEACTBUE NPOBENECHHA npoyeccos
nepepabomku unu 06pabomku ra3oBbIX, XKUAKHUX WM TBEPABIX paldallMOHHO TN
TOKCHYECKH 3d2pA3HEeHHbIX Cped, a TakkKe MaTEPUAIOB U ucmouHukoe obmydyenus. B
cootBercTBuH ¢ MeTononorueit HCRA, cBoiicTBa ucmouHuxo6 BTOPOro THUIa
BLIABJISIOTCSA NMPH OLEeHKe 3G (PEKTUBHOCTU Meponpusimuii ho peabunumayuu, i
0053aTeIbHO BKIIOYAIOTCS B IIEPEYHH BBIXOIHBIX Moka3areneid MTI0.

Source term (XapakTepHCTHKA ucmounuka 8b16pocos /copocos [18])

Stages of “life cycle” of hazardous technologies: R&D, Project making,
Manufacturing & Construction, Assembling, and also Decommissioning and
Preserved (cTanuu “srcuzHenHo2o yukna”’ ONacHbIX TEXHOJOTUM: “Hay4YHO-
HccrIenoBaTeNbCKas,” “mpoeKkTHas,” “nponU3BOACTBEHHAs,” “MOHTaXKHas’; a TaKKe
“CHATHS C KCIUTyaTauuu” U “XpaHeHHs JEMOHTUPOBAHHBIX OMACHBIX OOBEKTOB™).

State of object/envoronment/territory (cocmosanue obvexma, Oxp.Cp., meppumopuu
[19])- BBIpakaeTcs B TEOPUH UAEHTU(UKALMH, ONTUMAILHOTO YNPABICHUA U
CreHaIbHOM pa3fiesie BhICIIEeH MaTeMaTHKH, HA3bIBaeMOM “anreOpoii MpoCTpaHCTBa
COCTOSTHUIT” yepe3 MOCPENCTBO TaK Ha3bIBAEMBIX “nepemennvix cocmosnus’” (variables
of state). CTporocts 1 HEABY CMBICJIEHHOCTh OTPEENICHUs] HOHATUSA “cocmoanus’

NpsSMO BIIMAET B JajibHeiieM Ha 060CHOBaHHOCTh PENIEHUS 3a1a4l BeIOOpa
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a/IeKBaTHBIX TEXHOJIOTH ANs peabunumayuonnvix mep 6 pamrxax RI/FS npoyecca,
MOCKOJIBKY TaKOe pelleHre 6a3upyeTcss Ha MaTeMaTHYeCKUX NpoLexypax ONTUMH3alHH.

State of object: MaTemaruka [7,19]: IIpaktuuecku Jiro6bie Gusdeckue 00bEKTHI
MOTYT OBITh OMHUCAHBI CHCTEMAaMH OOBIKHOBEHHBIX AU (PepeHIHANBHBIX YPAaBHEHUM, UITH
ypaBHEHHIA B YACTHBIX MPOM3BOIHBIX HIIM Pa3HOCTHBIX YPaBHEHMH Ha N€TEPMUHUCTCKON
WK CTOXaCTHYECKOi ocHOBe. OOBEKTHI, OMUCEIBaeMbIe N depeHInaIbHBIMU
ypaBHEHHSIMH B YaCTHBIX MPOM3BOAHBIX, B CBOIO OYEPEb, MOTYT OBITh
anmpOKCUMHUPOBaHbl OOBIKHOBEHHBIMH AUP(PEPEHINANBHBIMU yPAaBHEHUAMH, KOTOPEIE
CoJeprKaT TOJIBKO MPOU3BOIHBIE MO BpeMeHH. M, HakoHell, mo6oe U3 0OBIKHOBEHHBIX
G GepeHIHaATBHBIX YPaBHEHUM MOXXHO peoOpa3oBaTh B CHCTEMY

i epeHIHaTBHBIX YpaBHEHHIA TEPBOro nopsiaka. B cBoro ouepens, cucrema u3 “n”
JIMHEWHBIX TU(QepeHIHaIbHbIX YPaBHEHHI IEPBOTO NMOPSIKa ONpeNeseT MOJHOCTHIO
CBO€ pellieHre JHIIb B TOM Cllydae, Korja 3aiaHbl Bce ee K03()(ULUEHTb! H H3BECTHBI
“n” HaualpHEIX yCJIoBUM. HavanpHble ycaoBus 06pa3yroT “n”- MEpHBIif BEKTOD,
KOTOPBIH MOJHOCTBIO ONPENENSET CocmosHue 0ObEKTa B HAYaJIbHBI MOMEHT BPEMEHH
t1 (nmpenmonaraeTcs, YTO Bce BXOJHbIE U BO3MYIAOIIIE BO3AEHCTBUA H3BECTHBI C
MoMeHTa t1 U qanee). YKa3aHHbBIM BEKTOpP HA3bIBAETCS 6EKMOPOM COCMOAHUAL 00bekma B
MOMEHT BpeMeHH t1, a €ro KOMIIOHEHTHI - HepeMeHHbIMU COCHOSAHUA.
CooTBeTCTBYIOIEE BEKTOpHOE AU hepeHInaTIbHOEe YPAaBHEHUE HA3bIBACTCS yPAGHEHUEM
cocmosanus obwvexma. Ono umeer sun: X'(t) = AX(t) + ZF(t) + BU(t); roe: X(t)= {xi(t)}
1 X'(t)= {x"i(t)} - TPaHCTIOHUPOBaHHBIE BEKTOPHI COCTOSHUA OOBEKTA pa3MEPHOCTH N U
€ro nepBas MPOU3BOIHAS, Xi — “NEPEMEHHBIE COCTOSHUA"; A, Z, B - MaTpHIIbl

k03¢ QULUHEHTHI pa3MEPHOCTBIO N*n, n*l, 1 n*m cooTBetcTBeHHO; U= {ui(t)}, F={fh(t)}
- TPaHCIIOHMPOBAHHBIE BEKTOPBI BXOAHBIX (YIPABIIAIOMINX U BO3MYAFOIINX)
BO3JENCTBHM Ha 0OBEKT Pa3MEPHOCTHI0 M=< n, w<>n. M3MepseMble BbIXOAbI 0OBEKTA B
TAKOM CJIydae MOTYT ONpeAeNAThes B (yHKIUH BEKTOpa cocTosHud, Kak: Y(t)= CX(t),
rae Y(t)= { yj(t)} - TpaHCIOHMPOBAHHBIM BEKTOP BBIXOJHBIX CHI'HAJIOB 0OBEKTA
pasMepHOCThIO V =< nj C - MaTpHuua K03 PHLUHEHTOB pa3sMEpHOCTHIO V¥n. IMEHHO K
TaKOMY BHIy MaTeMaTH4eCKOro MpeACTaBICHUS MOTYT OBITh CBEECHB] ONTMCAHUA U
MaTeMaTHYECKUE OCHOBAHH MOCJIEMYIOIUX OLICHOK U PEICHHUH,, KOTOpbIE
BBITIOJIHSIFOTCS IPUMEHHUTENBHO K 00bEKTaM, aHAIU3UPYEMBIM 6 pamkax RI/FS
npoyecca.

Sustainable Development, SD (¥cmoiiuusoe pasgumue — YP) — obecnieueHue
cOalaHCHPOBAaHHOTO PEIIEHHS COLMAITBHO-3KOHOMHYECKUX 3a/1a4 U npobiemM
COXpaHeHus! OIaronpUsATHON OKpYyKaroLIell cpesl M MPUPOJHO-PECYPCHOTO NOTEHIMAIa
B LIEJIAX YIOBJIETBOPEHHUS MOTPEOHOCTEM HBIHEHETO M Oy TyIUX MOKOJIEHUH MOAEH.

Sustainable Development: KommenTapuii. Heo6xoquMeIMu mpu3HakaMy nepexoa K
YCmouuusomMy pa3eumuro SBISIETCS AOCTIKEHHE cOAIaHCHPOBAHHOTO
¢yHkumonupoBanus Tpuansl: [Tpuponnas cpena — Hacenenue —
[TpousBoacTBO/OKOHOMHKA. B 3T0if (haze pa3BUTHA MEXaHU3MBI pa3paboOTKU U
npuHsmMusl peulerut NOJHKHBI ObITh OPUEHTHPOBAHBI HA COOTBETCTBYIOILHE IPUOPUTETEI,
YYUTHIBATh MOCIEICTBUS PEATH3ALMHI 3TUX PELICHUH B IKOHOMUUYECKOM, COLMAIbHOM,
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9KOJIOTHYECKOM cepax, a Takke MpeLycMaTpuBaTh Hauboee MOJIHYIO OyeHKY 3ampam,
661200 U puckoa. IIpu 5TOM PEKOMEHIYETCs PYKOBOJICTBOBATHCS ClEAYIOIMMH 06LIMMHU
KPUTEPUSIMH: HUKaKas X031CTBEHHAs JEATENbHOCTh HE MOXKET OBITh ONpaBJaHa, €Ciu
BBITOJIa OT Hee He NMPEBBILIAET BBI3bIBAEMOro yiuep6a; ymep6 okpysxaromeii cpene
JOJDKEH OBITh Ha CTOJIb HU3KOM YPOBHE, KaKOH TOJHKO MOXKET OBITh Pa3yMHO JOCTUTHYT
C Y4€TOM SKOHOMHYECKUX W COIMATBHBIX (HaKTOpOB.

Technology Analysis (ananuz mexnonozuii - TEXHOJIOTUYECKHUX MPOLIECCOB 8 PAMKAX
RI/FS npoyecca [7,13]) - Npou3BOAMTCS MO MHOTHUM I10Ka3aTeNSM, KOTOpBIE
paccMaTpHBAKOTCS B PYTHX y4eOHBIX 610kax JaHHOro Kypca rno metoponornn HCRA.
3aK/IOuUTENBLHOM, OABOAALIMM UTOTH aHaU3a MexHono2ui, SBIsAeTCs OlleHKa b deKTa
UX MPHMEHEHUs, KOTOPHBII XapaKTepu3yeTcs M0 pe3yasTaTaM 06paboTku nepsuuHbix
8b10p0OCO8 U cOpOCcoa8, a TaKKe 10 ONMACHOCTH GMOPUYHBIX NOMOKO8 3aZPA3HUMENell U
paduoakmugHocmuy - OTIOCPEIOBaHHBIX UCHMOYHUKO8 KAHLIEPOT€HHOTO pucka 1
TOKCHYECKO OMaCHOCTH, B BUIE 3arPSI3HEHHBIX reocpe] - aTMOoc(epHOro BO3myxa, BOJ,
no4s U “orxonoB.” Kpurepuit ananuza mexnonozuii TakoB [5,6,7]: ecnu nmokasarenu
OMACHOCTH 8MMOPUYHBIX HOMOKO08 3azpA3HUmeneti u paduoaKmueHoCmu y 1I0BJIETBOPSIOT
3a/IaHHBIM 1IEJIIM OYHUCTKH, TO aHATU3UPYEMbIE TEXHOJIOTHU peabunumayuoHHbx Mep
CUHWTAIOTCH MpUeMJIEMBIMU. B cityyae ke, Korja 3aJaHHbIX Lieneit He yIaeTcs
JIOCTUTHYTh, TO, B COOTBETCTBHHU ¢ MeTononorueit RI/FS npoyecca n HCRA HyXHO
Oynet onpo6oBath Apyrue Habopsl TEXHONOTHI U3 HMEIOLIErocs, HAMPUMED, B CUCTEME
ReOpt nepeuns, 1 T.4. Tak MPOJOJHKAIOT A0 TeX MOp, noka: 1ubo OyxyT
YAOBJIETBOPEHHI MOCTaBJIeHHBIE TPeOOBaHMs, 100 UCTOLIEH nepeyeHsb u3 100
TEXHOJIOTHI peabunumayuonnvix Mep, Cofepxalnuxcs B 6a3e JaHHbIX cucTeMbl RAAS.

Technology Analysis: KommenTapmii [7]. K ananusupyemsiM B meTogosnorud HCRA
otHocaT Gostee 100 TeXHONOTHM, KOTOPBIE KIIACCUYULIUPYIOT MO Py MPU3HAKOB!
[MepBas rpynmna NpU3HaKoOB — “agpeca MPUMEHEHUs,” KOTAa TEXHOJIOTHH Pa3INYatoTCs B
3aBHCHMOCTH OT YJAJIEHHOCTH BOCCTAHABJIMBAEMBIX 0OBEKTOB OT IEPBHYHOIO
UCTOYHMKA OMACHOCTH: Ha 1) “mecmuuie” (in situ) u 2) “yoanenneie” (ex situ). Bropas
rpynna MpU3HakoB - GyHKUMSA “MecmHublx” TEXHONOTHIA: 3) “yoanenus,”
“nepemewyenus,” “‘eb1603a” U T.J1. 3arPA3HUTENEH WM 3azpa3HeHHbIx cpeo (removal); 4)
“paspywenus” unu "ynuumoocenus” (destruction) 3arpA3HAIOIIMX BELIECTB; 5)
“3akpennenus” unu "'c@sa3vi6aHus”’ XUMHYECKUX 3aTPA3HEHUN M PaJOaKTUBHOCTH
(immobilization); 6) co3panus “3awumnsix obonouex” (containment); a taxxe: 7)
“mexnonoeuyeckozo konmpons” (engineered control); u 8) “peenamenmnozo konmpona
u obenyxcusanus” (institutional control). TpeTbs rpymnmna npu3HakoB - QyHKLUH
“yoanenHvlx” TEXHOJIOTHIA: IPOLIECCH 9) “pazdenenus” 3arpA3HIIOMIUX BEILIECTB
(separation); 10) “paspywenus unu ynuumooicenus” 3arpA3HAIOLINX BELIECTB
(destruction); 11) “3axpennenus unu cea3viganus’ XUMHUYECKUX 3arpsA3HECHUA U
paguoakTBHOCTH (immobilization); a Taxxe nepeBo3ka TPaHCIIOPTOM WIIH HHOE
nopo6Hoe 12) “nepemenyenue” 3arps3HEHHBIX M PaIlOaKTUBHBIX MaTEPHAJIOB
(material handling); 13) ux “xpanenue” (storage); wiu 14) “yoanenue mamepuanog”
OT MECT IUIOTHOTO MPOXKUBaHUs JMOAEH, (ayHsl U GIIOPEL, EpEMEILEHHE HX B MECTa
6e3omacHoro “pasmewyenus u xpanenus’ (disposal). UeTBepTas rpynmna npu3HaKoB -
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U3GpaHHbIE MecnHble TEXHOJIOTHH IS peabunumayuoHHux Mep, IPUMEHAEMBIE B TOH
WM MHOM reonioruyeckoii popmauuu: 15) B “gadosusix 3onax” (vadose zone);uwnu 16) B
6000HOCHbIX 20pu3onmax (grounwater aquifer); a taxxe 17) B “nenpomounvix
soooemax” (surface water impoundment). ITstas rpynmna Opu3HaKkoB - KJacCupHKanus
10 BO3MOXXHOCTSIM U [TapaMeTpaM MPUMEHEHUS “yoaneHHbl”’ TEXHOIOTHI K PasIMYHbIM
18) arperaTHbIM COCTOSIHHSIM 3arps3HAIOIINX U PaJ{HOaKTHBHBIX BEILECTB MIIA
MaTepHasioB, HaXOIALIMXCA B TBEPJOM, XKUIKOM WK razoobpasHoM. Hakonew, mecras
rpyIma MpU3HaKoB - M0 Pa3IMYHBIM 3a1a4aM “oyucmku” 3arpA3HEHHBIX TEPPUTOPHIA,
Hanpumep: 19) “obpabomku” unu "nepepabomxu’” 3arpA3HUTENEH B MECTAX MX
cocpenorodenus; 20) “nepemewjenus, ”’ 3aTpA3HUTENIEH, "3aKNI0UEHHbIX 6 U3OAUPYIOUWUE
obonouku,” X myHKTam 06pabOTKH C MOCIETyOIHM KOHTPOJIUPYEMBIM Pa3MELIEHUEM
MPOMYKTOB MepepaboTKy, U T.I.

Technology feasibility analysis (anarus ocywyecmeumocmu IpOEKTOB, BBIIOIHIEMBIH B
pamkax RI/FS npoyecca [5,8,13]) - oaHa u3 cocrasmsromux MT20 -
MOJIEPHHU3MPOBAHHOIO TEXHUKO-3KOHOMIUeckoro obocHoBanms (Feasibility Studies -
FS), BLINOJIHEHHE KOTOPOTro npeanuchiBaercs 3akoHoxareabectsoM CIIA (CERCLA).
B cooTBeTcTBUH ¢ Jorukoii RI/FS npoyecca u merogonorueit HCRA ucnons3yercs
npu 060CHOBaHUHU TEXHOJIOTHIi peabunumayuonnuix mep.

Technology feasibility analysis: KommenTapuii [13]. AnroputMm 1aHHOMH
cocrapisromieit MTOO (Feasibility Study) BkirouaeT KOJMMYECTBEHHYIO OLEHKY
BO3MOXHBIX 3 dekToB nmpuMeHeHus TexHonoruit CO-AP, BbIOpaHHBIX M1 06pabomku
unu nepepabomxu nepeudHslXx 8b16pOCO8 U COPOCo8 paliOaKTHBHOCTH MIIM TOKCHYHOCTH
B Okp.Cp. (primary releases), a Takxe OLEHKY MOKa3aTeleii OMaCHOCTH 6MOPUYHbIX
nomoxoe 3azpssnumeneti (secondary streams). Kommenrtapnii [E]. Eciu, Hanpumep,
cTeneHs obpabomku wiu hepepabomxu 3arps3HUTENEH YIOBIETBOPAIOT 3A0AHHbIM
yenam ouucmxu Tepputopud (cleanup objectives), To BbIOpaHHbIE 171 3THX QYHKUMIA
obpabomxu unu nepepabomki TEXHOJIOTUH peabunumayuoHHble Mepbl TI0 PaBUIaM
RI/FS cuuraroTcs npuemMiaeMsIMU. TOT Xke IMOAX0J UCTIONb3YETCS M IS APYTHX
byHKUMi peabunumayuonnvix Mep. B cilydasx, KOraa 3aJaHHbIX pe3yJIbTaTOB WM
XapaKTEepUCTHK TaKMM 06pa3oM He JOCTUTaloT, IPOBEPSAIOTCA APYrue Habophl
TeXHOJIOrui (U3 UMeroLerocs, Hanpumep, B B/ cuctemsl ReOpt nepeuns), u T.4. Tak
NPOOJKAIOT, 0 TEX MOp, MokKa: JIN60 OyXyT yA0BIETBOPEHBI IOCTABICHHbIE
TpeboBanus, 1160 OyneT UCTOLIEH nepedeHs U3 6osee yem 100 TexHoOrNMit
peabunumayuonnbix Mep, UCNonb3yeMbelx B American RI/FS process.

Technology selection and performance (Bb160p TEXHOJOT Uil peabunumayuu 1 OLEHKa
ux 3¢ ¢exrusHoctH [7,13]) - kmoueBas 3anaya American RI/FS process u
meronosioru HCRA. [pouenypa npuHATHS peLIeHHi BKIIFOYaeT 6 3Tanos: 1).
BriGuparorcs cmpamezuu peabunumayuonnuix mep (remediation strategy); 2).
Crparerum yTOYHSIOTCS ¥ YTBEPKAAIOTCS CONOCTABIEHHEM C HOPMaTUBHBIMU
tpeGoBanusamH (allowed objectives); 3). OueHnBaeTCs NOTEHINANBHOE Ka4ECTBO
NpHHATHIX B 0. 1). U 2). pemenuit (objective logic); 4). YcTaHaBINBaOTCSA MPUHLMIIBI
BbIGOpa TexHojoruii (technology screening); 5). IIpousBoxutcs s160p nepguunbix
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mexnonozut (initial technology screening); u, HakoHew, - 6). [IpuaKMMaeTcs
OKOHYATEJILHOE PELIeHHE IO BRIOOPY aleKBaTHBIX KOHKPETHBIM YCJIOBUAM JaHHOM
TeppuTopun TexHosorui (technology screening).

Transport of contaminants (pacnpocmpanenue/muzpayus XAMAIECKUX 3aTPA3HEHUI 1
paIMOaKTUBHOCTH M pafiHOaKTUBHOCTH [5,8,18]) - ynanenue copocos/evibpocos
PaqMOaKTHBHOTO HIH XUMHYECKOTO BEILECTBA OT HCXOJHOTO MECTOMOJIOKEHHUS
ucroynuka. Paccmarpusatotces npoueccsl Auddys3uu B Oxp. Cp. pacTBOPEHHBIX HIIK
B3BELIEHHBIX B reocpeax npumecei, 1160 nNepeHoc NpUMece IBIKY MU
reocpenam, 1160, HaKOHELl, IEPEMEILEHUE ONAaCHBIX BEIECTB TPAHCIIOPTHHIMU
CpeICTBaMH U JIIOJbMH, pabOTAIOIMMH B KOHTaKTe C HUMH. [TapaMeTpel XAMHYECKUX
3arpsA3HEHHI H paiHOaKTUBHOCTH U PaJMOaKTUBHOCTH B pa3iU4HbIX Toukax Okp.Cp.
OLIEHMBAIOTCA ¢ OMOILBIO MOJieNIeit pacnpocTpanenus (nepeHoca, xuddysun)
XHMHYECKUX 3arps3HEHHUI U paIHOaKTUBHOCTH U PaJMOaKTHBHOCTH.

Transport of contaminants: Tene3uc [2]: TepMuH “mMucpayus” BBEJEH CTAHAAPTOM
6107/6-86 MexnyHapoanoit Opranusauuu no Cranzaptam (MCO) kak
“CcaMOMpPOM3BOJILHOE WIH NPUHY TUTENIBHOE NTEpEMELIEHHE PACTBOPEHHBIX HIIH
B3BELICHHEBIX BEIIECTB MIIK OPTaHU3MOB B BOJHOM o6bekte.” Transport pathway (nymu
nepenoca XMMHYECKUX WIH paAdallHOHHBIX 3arPA3HEHHI)- K TAKOBBIM OTHOCST
KOMITOHEHTBI OKpYKarolleii cpelipl: Moa3eMHble W/ WIN OBEPXHOCTHBIE BOJILI, [IOYBY H
BO3IyX. [10 9TUM nymsm 3arpA3HEHHA MOTYT MEPEMELIATBCA OT NEPEUYHO20 UCMOYHUKA
8v16p0oCc06/copocos K GUOTE U YETOBEKY.

Transport scenario (cyenapuu nepenoca - C.I1. [7,18]) - Bxo4aroT pasHo0Opa3Hble
BapHaHThI EpEeMeEILeHNs 3arpA3HEHHs B MPHUPOIHBIX CpEaax.

Transport scenario: KommenTapuii [E].C./1. co3naroTcs IpU MOAEIUPOBaHHH,
00beIMHEHNEM HECKOJIBKUX nymeli nepeHoca B HEKOTOPYIO MOC/IEN0BATEIbHOCTb,,
KOTOpas XapakTepU3yeT BO3MOXKHOE MepeMELICHHE 3arPSI3HEHHA B OKPYKalOLIEH cpere.
Ipumep C.I1.: H3 nouger 6 ->noo3emMHble 800bl, U3 HUX 8 -> NOBEPXHOCMHbLIE 800bI.

Typical Transport Analysis (THITIYHbI aHATH3 PacIPOCTPAHEHUS/MUSpayuu
XHMHYECKUX 3arps3HEHUIM U PaIHOaKTHBHOCTH) - BKJIFOYaeT aHanus [7]: 1).
Pacnipeenenns KOHIEHTPALHil 3aTPA3HAIOLINX PUMECEH Y HCTOUHUKA 8616pOC @ WIH
c6poca, a TaxKe B MECTaxX PacloNoXeHH peyenmopos (contaminant concentrations at
source and receptor locations); 2). PacpocTpaHeHHs XUMHYECKUX 3arpsA3HEHUHN U
PaarOaKTUBHOCTH M PAIMOAKTUBHOCTH, BEI3BAHHOE BO3MYIIHBIM WIH BOJHBIM
nepenocom (water-driven and wind-driven transport). Mar. Mmonennposanue B RI/FS
process IPOBOIUTCS C Y4ETOM PagHOaKTHBHOTO pacmaja U eCTECTBEHHOIo ocnabieHus
TOKCHYHOCTH 3arpsisuureseii (radioactive decay and natural attenuation).

Umbrellas of safety (“3onmuxu” 6e3onacnocmu)
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Usage location (mexnonamozennvie 3onvl - TI13 [5,8,19]) - y4acTku TeppUTOpHiA, Ha
KOTOPBIX JIFOJU MOJBEPraroTCsi OMACHOCTH MOJTyYEHHs 103 BCIEACTBHE 3arpI3HEHHOCTH
COCTABIIAIOMIMX OKPY>KaIOLIEH Cpelbl: BOABI, MOYBBI, BO3MyXa, IJI€ ITyTH MEpeHoca
XUMHYECKUX 3arps3HeHUit U paliOaKTUBHOCTH MOTYT MEPEKPELIMBATECS WIIM COBIIAaNaTh
¢ 00308biMu Mapuipymamu. TI13 sBAsieTCs HAUMEHbILIEH M0 IUIOINAAY TEPPUTOPUEH, HA
KOTOpO#1 BeIMONHsAIOTCS olleHKH MEPAS.

Usage location: I'enesuc [13,18,19]: TTonaTHe TEXHOMATOreHOM 30HBI ACCOLMUPYETCS 6
pavkax RI/FS npoyecca ¢ nocnennet cpenoii U3 cyenapus nepenoca. B
TEXHONATOreHOMN 30He XOJKHBI OBITh YYTEHBI H PACCMOTPEHBI, TOMUMO OOBIYHO
MIEHTA(GHUIIAPYEMBIX UCHOYHUKO0E OTIACHOCTH U pucka, HapuMep Takue, Kak: 1)
CKB)XUHBI [UTs IOJHATHS TOA3EMHBIE BOJ, U JIp. BOJ03a0OpHbIE YCTPOHCTBA, 2)
peKpealMOHHbIe TAPKH BIOJIb BOJOEMOB, 3) CENIbCKOXO03HCTBEHHBIE YTOIbs M T.IL, 4) a
TaKXKe BCe HaceJleHHbIe TEPPUTOPHUH, PACTIONIOKEHHbIE B pagnyce 80 KM OT KaXI0ro
HCTOYHHKA BEIOpOCOB B aTMOc(epy. Paguyc 30HBI OT UCTOYHUKA COPOCOB, TO €CTh
rpaHMIa ONACHOCTH VIS JIIOAEH OT MECTa MOCTYIJIEHHs XUMUYECKUX 3arpA3HEHUH 1
PaaHOaKTHBHOCTH 8 600y Uiy NO4EY, U COOTBETCTBEHHO “IaIbHOOOHHOCTE” METOIMK
RI/FS npoyecca He OTpaHMYHBAIOTCS.

Waste management (ynpagnenue omxodamu [18]) - KOMIUIEKC MEP U POLEAYP,
HampaBJIeHHbIX Ha: 1) CHIKeHHE MOCTYIUICHHS B Cpely OOUTaHHs YENOBEKa OTXOJ0B
COBPEMEHHOM HHIYCTPHH, - MATEPHAIOB W/WIM YHEPTHH, ONACHBIX I HETO W WK
CMOCOGHBIX HApPYIIMTh QyHKINM OKpYXKaromeit cpensl (source reduction); 2)
BO3BpAIlEHHE B UHIYCTPHAJILHBIH LUK I TIOBTOPHOTO UCIOJIb30BAaHUS NEepepaboTKH
TaKuX SHEPruy W/unu Matepuaios (recycling); 3) yMeHbIIEHUE ONACHOCTH
NOCTYNAKOLIMX B CpeXy OOUTaHUs YeJIOBEKa MaTepHaoB W/ UITH SHEPTUH, B IEPBYIO
Ouepeib,- IOHWKEHHEM KOHLEHTPALMK B Cpe/ie OOMTAaHUI TaKUX MaTepHaJIoB /MK
MOTEHIMAIOB SHEPreTHYECKHX MOTOKOB (treatment); 4) ynajieHue onacHsIX
MaTepUaiOB W/ SHEPTHH OT MECT IUIOTHOTO MPOXKUBAHUA JIF0JIeH, GayHbl H (IIOpBI,
nepeMeIleHHe X B MecTa 0e30MacHOro XpaHEeHHs M pa3MEILEHNE B XpaHIIHILAX
(disposal).
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