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Abstract

This paper provides an overview of some of the environmental challenges facing the uranium production industry
in the 21st century. For many years, the linear, non-threshold (LNT) model has been regarded as a prudent
hypothesis for radiation protection purposes. This paradigm has been challenged at the same time for both
underestimating and overestimating the risks from ionizing radiation. The reality is that the ability of
conventional epidemiology to distinguish small risks will always be limited by statistical power at low doses. In
the future, there will be increased emphasis on better understanding the effects of ionizing radiation at the cellular
(and sub cellular) level. The concept of "controllable dose" has been proposed as an alternative to the ICRP's
current approach to dose limitation. The concept is that if the most exposed individual is protected, then society
as a whole is protected. A hazard ranking scale based on comparisons to natural background levels of radiation
has been proposed. Adoption of a concept such as "controllable dose" would require a parallel re-evaluation of
the concepts and application of collective dose and ALARA optimization. The protection of non-human biota is
an issue of considerable interest in many countries. The science in this area is rapidly evolving, as are discussions
of a more philosophical nature. For example, should the focus of environmental risk assessment be the
sustainability of the population or should the focus be to limit effects on a single member of the population? The
future of environmental risk assessment should be of great interest to the uranium production industry. A
systematic approach to risk assessment addressing the full scope of potential hazards - environmental, human
health, engineering, financial and others - will be increasingly important in the future. What level of risk is it
reasonable to accept? What is meant by "reasonable"? How much risk can be engineered away, for how long, and
at what cost? This paper explores these issues both from a scientific perspective and from the perspective of what
is "reasonably practicable". From the author's perspective, such issues, conceptually at least, can be addressed
within a risk-based framework for managing hazards.

1. INTRODUCTION

The uranium production industry includes the mining and milling of uranium ores, the
conversion to nuclear fuel materials and the production of fuel elements. The focus of this
paper is on the front end of the fuel cycle which handles natural rather than enriched uranium.
This paper looks at the mining and milling of uranium ores, the refining and conversion of
natural uranium to uranium hexafluoride and the production of natural uranium fuel. The
issues described in this paper are important for planning new facilities, licensing and operating
existing facilities, and decommissioning.

This paper discusses selected environmental issues which affect the uranium production
industry including:

• the use of the linear non-threshold model for radiation protection;
• the concept of "controllable dose" as an alternative to the current ICRP system of dose

limitation;
• the future of collective dose and ALARA; and
• the application of a risk - based framework for managing hazards.
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The role of multi-stakeholder interactions in the development, planning, operation and
decommissioning of uranium production facilities is, and will continue to be, an important
consideration. The role of multi-stakeholder participation in environmental assessments is
discussed in an accompanying session and will not be discussed in this paper.

2. LOW-DOSE AND LOW-DOSE RATE RADIATION EXPOSURE

2.1. Linear non-threshold

Human populations have always been exposed to ionizing radiation: from cosmic rays; from
naturally occurring radionuclides in the air, water, and food; and from gamma radiation from
the radionuclides in rocks and soils. The level of exposure to natural radioactivity varies by a
factor of 10 (or more) depending mostly on where people live and partly, on what they eat or
drink.

Since the beginning of the last century, with the discovery of radioactivity, people have also
been exposed to additional increments of radiation resulting from human activities of various
kinds. Except for that from medical diagnoses and radiotherapies, these are typically much
smaller than the exposures from natural sources.

At low doses (and dose rates) of ionizing radiation, the risk arises principally from damage to
the nuclear material (DNA) in the cell, resulting in the development of radiation-induced
cancer in those exposed or hereditary disease in their descendants. Although the probability of
both cancer and hereditary disease increases with radiation dose, it is generally considered that
their severity (if the effects do arise) does not. These are termed "stochastic" effects, and have
been the subject of reviews by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) (e.g. [1], [2]) and other scientific bodies including
committees of the U.S. National Academy of Sciences (e.g. [3], [4], [5] [6]) and the Atomic
Energy Control Board's (AECB) Advisory Committee on Radiological Protection (ACRP)
[7].

A recent report by the ACRP defines low dose in terms of unavoidable radiation exposure
from natural sources [7]. The ACRP note:

"The average annual exposures to the whole body are roughly 1 mSv
(1,000 (iSv) per year in areas of normal background but this is increased to
over 4 mSv per year in areas of high exposures due to high concentrations of
primordial radionuclides in the soil. Similarly, the average annual effective
dose to the lung due to inhalation of radon and its short-lived progeny from
natural sources might be taken to be about 1 mSv per year, but this can be
increased to 10 mSv per year or even more. On this basis, one might define low
dose rates as anything up to say 10 mSv per year or 0.03 mSv per day."

2.2. Risk estimates

For the purposes of radiation protection, it is widely assumed that the probability of inducing
excess cancers or excess hereditary risk in people exposed to ionizing radiation is directly
proportional to the total radiation dose received, even at low doses and low dose rates, and
that there is no "safe" or threshold dose of radiation below which these biological effects will
not be produced. This is commonly referred to as the linear, non-threshold (LNT) model.



For radiation-induced hereditary (genetic) disease, no statistically significant increase has been
detected in any human population, and risk estimates have to be based on the results of animal
studies. No evidence of any significant increase in genetic or partially genetic defects has ever
been observed in any group of irradiated humans that has been studied, including the children
of the atomic bomb survivors [6].

The ICRP [8], in its most recent recommendations for radiation protection purposes, adopted
the LNT model for projecting risks at low doses. In developing its risk coefficients, the ICRP
considered the available epidemiology data, as summarized for example in the UNSCEAR
and BEIR V reports, and applied a dose rate reduction effectiveness factor (DRREF) of 2 by
which risk estimates derived for acutely-delivered low-LET radiation (such as to the survivors
of the atomic bombings at Hiroshima and Nagasaki) were divided. On this basis, the ICRP
adopted the risk (probability) coefficients for stochastic radiation effects, for workers and for
the whole population including children, shown in Table I.

Table I
Nominal Risk (Probability) Coefficients for Stochastic Effects

Exposed Population

Risk (% per Sv)
fatal cancer
non-fatal cancer
severe hereditary
effects

Total

Adult
workers

4.0
0.8
0.8

5.6

Whole
population

5.0
1.0
1.3

7.3

To provide a context for the applicability of the ICRP risk coefficients, consider that in
Canada about 28% of all deaths are due to cancer. Radiation exposures from natural sources
are about 2 mSv per year in Canada. Assuming an average life expectancy of about 70 years
and a theoretical probability of 5 x 10"5 fatal cancers per mSv (i.e. 5% per Sv) for the public,
then the theoretical probability that radiation from all natural sources would induce a fatal
cancer at some point during an average lifetime would be about 1.0%. Applied to the natural
mortality rate from cancer, this theoretically suggests that about 4% (i.e. -^ x 100) of the

normal probability of death from cancer in Canada may be due to natural background
radiation. This comparison is of course dependent on the assumption of linearity. Thus, we
should perhaps say that natural background radioactivity (at the "typical" level) in Canada
might contribute at most about 4% of the background cancer risk.

Although both the linear non-threshold model or the linear-quadratic (without threshold)
models have been widely used for assessing biological effects at low doses of low-LET
radiation, there has been extensive debate as to what the shape of the dose-response
relationship is at doses below those at which radiation-related effects can be directly
determined. Some evidence from both human and animal studies suggests that in certain
cases, notably for the induction of bone cancer by radium-226, a practical threshold dose
exists below which the chance of producing a bone cancer within the normal lifespan is
virtually zero. Below this dose level, the chance of developing a radiation-induced cancer
would be very small, or zero as the word threshold implies. The BEIR IV report [3] preferred
to include the possibility that there could by chance be a small probability of a radiation-



induced cancer even below this practical threshold, so that one should speak more properly of
this as a quasi-threshold (see also [9], [10]). The data on radium-226 and bone cancer in
humans were interpreted by the BEIR IV committee to indicate that:

"The time to tumor appearance apparently increases with decreasing dose and
dose rate. Below an average skeletal dose of about 0.8 Gy [16 Sv], the chance
of developing bone cancer from 226Ra and 228Ra during a normal lifetime is
extremely small - possibly zero." [3]

There is also some evidence of a reduction of cancer rates on exposure to very low doses of
radiation, resulting from the stimulation of repair mechanisms overall; however, UNSCEAR
1994 [2] concluded

"Extensive data from animal experiments and limited human data provide no evidence
to support the view that the adaptive response in cells decreases the incidence of late
effects such as cancer induction in humans at low doses" [2].

Cancer occurs naturally (in the absence of enhanced radiation exposure) at an appreciable rate.
Thus, at low doses it is difficult to determine with reasonable certainty what the level of effect
may be, and indeed whether any effect attributable to radiation has occurred. The mortality of
the atomic bomb survivors shows statistically significant dose response down to
approximately 50 mSv [9].

Overall, it should be acknowledged that below doses of about 100 mSv, the dose response
relation is uncertain. In the near-term, it should not be anticipated that either UNSCEAR
or the ICRP will move away from the linear non- threshold model for radiation
protection. In the future, however, it is expected that further development of molecular
biology will improve our understanding of the mechanisms of cancer and lead to an improved
basis for estimating the risks from exposure to ionizing radiation. Thus, it is important to
consider how this would affect dose limitation and other aspects of radiation protection in the
future. Finally, it should be noted that a new issue, namely the potential for radiation to induce
non-cancer disease mortality such as heart, digestive and respiratory disease seems to be an
emerging issue which will require careful monitoring by the industry [11], [12], [13].

3. APPROACH TO RADIATION PROTECTION

The current system of radiation protection, described in the 1990 recommendations of the
ICRP [8], is based on the policy decision to use the linear non-threshold (LNT) model for
stochastic risks. The LNT model has, for many years, been regarded as a prudent and
reasonable hypothesis for radiation protection [7]. The use of the LNT model implies that
there is some risk for any dose, no matter how small. Even if it were possible to totally
eliminate dose from human activities, dose is unavoidable and any practical system of
limitation must address this. The current [i.e. 1990] system of dose limitation includes three
main elements:

1. justification: that is, the activity must result in more good than harm;
2. optimization: there should be an attempt to maximize the net benefits;
3. limitation: risks to individuals must be kept below acceptable levels.



Clarke [14] has discussed some of the challenges to the use of the LNT model for radiation
protection and suggests it is time to consider a change to the current approach [of the ICRP] to
radiation protection. He has proposed an alternative to the current approach of the ICRP based
on protecting the individual from the risks of ionizing radiation from sources which can
reasonably be controlled. (It should be noted that Clarke's proposal is simply a proposal for
consideration by the radiation protection community and has no special status at the present
time.) The critical element here is to develop an operational definition of "reasonably". Clarke
proposes that

"If the health of the most exposed individual is trivial, then the total risk is trivial-
irrespective of how many people are exposed."

As currently envisaged by Clarke [15], the new protection scheme for doses from [reasonably]
controllable sources would be based on a set of action levels which in turn are based on
multiples of natural background radiation as shown in Table II.

Table II
Levels of Concern and Individual Effective Dose

Category
Serious
High
Normal
Low
Trivial
Negligible

Annual Dose
>100mSv

10-100 mSv
natural background

0.1 - l .OmSv
0.01 -0 .1 mSv

<0.01 mSv

One of the issues with the calculation of collective dose to the public and hence with ALARA
calculations which involved dose to the public, is that, at present, the calculations are most
often unbounded in space and time. For example, in estimating doses, UNSCEAR currently
calculates global doses from an activity for 10,000 years into the future. Such practice results
in the summation of doses to individual, which could reasonably be considered as trivial and
which are very uncertain. A recent study of population dose due to radon-222 from uranium
mill tailings [16] illustrates the problem of unbounded integration of collective dose. SENES
[16] estimates that a large fraction (>80%) of the collective population dose is incurred by
pejople living beyond 100 km of the mill tailings sites. The area-weighted average radon
concentrations in the 100 - 2000 km region around the mine sites are estimated to range from
(essentially) zero to about 0.2 mBq m"3. These concentrations are more than 50,000 times
lojver than typical outdoor background concentrations. Incidentally, even the (area-weighted)
cojncentrations in the <100 km region are factors of 200 or more lower than background
concentrations. Beyond 2000 km, the incremental concentrations are lower still, with
individual doses in this region estimated to be more than a factor of 3,000 below the 10 u.
Sv y"1 dose rate suggested by Clarke [14] as being negligible. In many respects, it is the use of
unbounded collective dose, combined with LNT which has resulted in large expenditures for
remediation of contaminated sites. It seems likely, as we move into the 21st Century, that
international and national bodies will be reviewing the system of dose limitation and the
role of collective dose.



4. RISK

From a general perspective, risk is a factor in every action being taken and every decision
being made. Even in the case of the "do nothing decision", an element of risk may be present.
Thus, to discuss risk in a meaningful manner for a particular audience requires some
agreement on the scope and nature of decisions required, along with a uniform basis for the
discussion of the risk assessment and a process that allows appropriate interaction with and
feedback from potentially affected stakeholders.

There are many different forms of risk, depending on the scope of the question under
consideration and the perspectives of the various stakeholders. Moreover, the various
stakeholders may also, or perhaps are likely to, have widely varying opinions as to the "value"
of a potential hazard. For example, acid drainage1 may have the potential to affect a local
fishery. The value assigned to the potential (temporary) loss of the local fishery by local
fishing enthusiasts, regulators, NGOs and the company might be quite different.

Life is full of uncertainties. Is it going to rain tomorrow? Will the probable maximum
precipitation (PMP) event occur next Tuesday or the Tuesday after or indeed at all? The fact
that risk inherently involves chance or probability leads directly to a need to describe and deal
with uncertainty. Dealing with uncertainty of course involves not only assessing uncertainty
but the need to communicate uncertainty and the implications of the uncertainty to others.
This is not always an easy task. Not all hazards are valued as equivalent. For example, most
people would consider that a 1% chance of getting a speeding ticket was remote are unlikely
to consider a 1% chance of an airplane crash to be remote. In essence, risk management is a
means of facilitating making decisions affecting risks to human life, environmental damage,
corporate liability, etc. versus available funds.

Risk Management is a decision making process involving consideration of political, social,
economic, and engineering factors which are combined with risk assessment to develop,
analyze, and compare options and to select between them. In general, the objective is to
achieve the optimal (i.e. managing the assets to achieve the "most acceptable" solution) trade-
off between maximizing the benefits and minimizing the risks and costs.

Intrinsic to risk management is an identification of potential risks along with their
characterization and the quantification of the consequences or costs of managing the risks.
Risk management is concerned with weighing or comparing the various risks. It is generally
agreed that Quality of Life issues are important both to individuals and to society as a whole.
Quality of Life is a phrase that is widely used in discussion of local, community and national
objectives for social well being. However, it is not always clear how to measure Quality of
Life issues or perhaps even what the phrase "quality of Life" actually means. Moreover, there
is not uniform agreement about how such valuations should be done, or even what Quality of
Life issues should in fact be considered in such an analysis. Many of these issues are well
discussed in [18] and [19].

Acid drainage, either from sulphur-containing miii tailings or from sulphur-containing waste rock,
represents a large environmental hazard to the mining industry including uranium mining [17]. It can be
anticipated that concerns over acid drainage and consequent management costs, especially those for
decommissioning, will increase as society's interest in environmental risks increases.



The establishment of formal integrated risk management principles for decision making
involves major technical challenges including socio-economic valuation of risks (e.g. with
respect to human life, for example, morbidity, mortality, years of life added or lost and
increasingly various of the less tangible issues related to Quality of Life [19]). Some
issues are not as readily quantifiable in a common metric (typically monetary) and the
risk management, cost benefit framework must be able to address these issues in the
future.

From an environmental and human health perspective, technical risk assessment practitioners
often define "risk" in some manner that essentially states it as being the product of the
frequency or probability of a potential hazard combined with the potential consequences
associated with the specified potential hazardous event if it occurs. Thus:

Risk = ^ (probability of hazard z')x (consequences if hazard i occurs
overall
relevant
hazards

The literature describing hazard identification and how to assess consequences, if the hazard
occurs, is large and these subjects are not discussed further in this paper. The issue of when a
hazard is "reasonably probable" is briefly discussed below.

5. WHAT IS "REASONABLY" PROBABLE?

It is now a common requirement for trusts to be established for the decommissioning of mines
and other fuel cycle activities. The idea is that the operator provides guaranteed funds to
undertake preventive or remedial measures to avoid environmental risks associated with
possible hazards that may arise at some future time. One example might be the periodic
replacement of the cover or some other engineered structure associated with mill tailings.
Another example might be the chance of an accidental release of uranium (or hazardous
chemical) from a uranium processing facility. Another purpose of the fund would be to
provide monies which could be used to remediate any loss of containment and environmental
damage that might result from say, the failure of a section of a tailings dam with consequent
spread of tailings to the environment.

In determining the necessary level of funding, the stakeholders, typically the company, various
regulators, and increasingly various NGO's and members of the affected public must negotiate
the amount of money that to be set aside and the details of the financing. If the long-term
environmental integrity of a site is dependent on man-made structures then these features will
need to be maintained and possibly replaced on a periodic basis. The funding for the trust fund
would then consider such future costs, perhaps on a discounted basis.

An important aspect for the viability of the trust concept is its schedule of funding. An
unnecessarily large up-front expenditure might unnecessarily restrict development of an
otherwise economically and environmentally sound project. The schedule and amounts of
payment needs to reflect the anticipated risks and when these risks might be expected to
occur. For long-term considerations, the NRC distinguishes between timeframe for design
objectives and actual performance (e.g. reclamation to provide reasonable assurance of control
of radiological hazards for 1000 years to the extent practical, but in any case, for at least 200
years). Risks that are expected to occur only after the engineering life of a structure, say for



example 100 to 200 y, would require a relatively modest present value capitalization as
opposed to some event which might reasonably be expected to occur within say a 20 y or 30 y
window. Thus, what is reasonably possible and when such events might occur is an important
consideration.

Industry surveys of chief financial officers and legal counsels at Fortune 500 companies found
broad differences in the interpretation between what value separates "reasonably possible" the
gray area between "probable" and "remote" events [20]. The paper concluded that not all
"like" contingent liabilities are treated similarly, and went on to recommend that the Financial
Accounting Standards Board Statement (FASB) [21] should attach probability definitions to
the terms as follows:

• probable - greater than 70 % likely to occur,
• reasonably possible - (likely) between 20% and 70% chance of occurrence, and
• remote - less than a 20% chance of occurrence.

From a statistical perspective, one might consider that remote events correspond to unlikely
events (e.g. events to occur by chance alone). A common selection of this probability are 95%
confidence intervals or p-values of 0.05 and these both imply that something more extreme
(perhaps remote) would happen by chance only 5% of the time. This would suggest an upper
bound for remote events could be 5%. This value is also near the lower values of probabilities
given by the survey respondents [20].

6. ECOLOGICAL RISK ASSESSMENT

Potential risks of radiation to the environment have been the subject of much discussion over
the past few years and have been the focus of various recent symposia (e.g. [22], [23], [24]).
UNSCEAR 1996 [22] has provided a recent overview of the scientific literature on effects of
radiation on the environment. The ICRP has established a Task Group to define terms of
reference for a working group on environmental risks [15].

In Canada, recent initiatives of the federal department of the environment have assessed all
aspects of the uranium fuel chain, from mining and milling through to power generation and
waste management. The tiered Priority Substance List (PSL-2) assessment considered both the
chemical toxicity and the radiological toxicity of the radionuclides released ([24], [25]). The
study found that only uranium has the potential to result in chemical toxicity for uranium
mines, mills and waste management areas. The draft PSL-2 has been issued for public
comments following which, it is likely that the evaluation will move to the risk management
stage. This is especially important for facilities such as those in the Elliot Lake area which
have already been subjected to intense public and regulatory scrutiny through comprehensive
environmental assessments which include an evaluation of risks to the environment and which
are already decommissioned.

It is beyond the scope of the present paper to review the draft PSL-2 document. However, it
should be noted that some aspects of the draft PSL-2 document are controversial and subject
to ongoing debate. One example, is the determination that 21 ppm U in lake sediment is toxic
when sediments in many lakes in Canada exceed this level naturally.



A few of the issues arising from the PSL-2 evaluation include the determination of relative
biological effectiveness (RJBE) for various receptors and endpoints, the development of
expected no effect values (ENEVs), and the selection of appropriate ecological receptors and
endpoints for evaluation. To illustrate, assessment endpoints are usually formal expressions of
the actual environmental values to be protected (e.g. fishable and swimmable waters).
Measurement endpoints are specific, measurable environmental features that can be related to
particular assessment endpoints. For example, fish production and survival could be
determined for a lake or stream and used as a measurement endpoint that relates to the
assessment endpoint of maintaining fishable waters. A further question is how big an effect on
the population, 1%, 5% or 50%, is required to affect the viability of the population.

In view of the current international interest in environmental risk, it seems clear that
this subject will be of cautionary interest to the uranium industry in the future.

7. CONCLUSIONS

Abundant and reliable electrical energy is crucial to support economic, health and social
needs. Nuclear energy should be a major energy provider, especially with the ongoing
concerns with greenhouse gas emissions and global warming. However, many of the public
are suspicious of nuclear energy and have concerns with environmental, safety and
decommissioning issues associated with the uranium fuel cycle. These concerns must be
addressed thoroughly and openly for the nuclear option to remain viable. From the author's
perspective, the risk assessment/risk management framework is well suited for this purpose.
The industry will have to accept that the LNT model is likely to be used for many years and
provide strong argument that even with LNT, that at low doses and low dose rates, the risks
are small. Alternatives to the current system of dose limitation are required. In particular, it is
important to revisit the concept and application of collective dose when there is no limit either
spatially or over time to the integration. The industry must also develop methods to take
account of the full range of risks, whether they be health, environment, corporate or social
within the risk management framework. The current "hot button" is environmental risk (i.e.
risk to non-human biota). Above all, the industry must be thorough, open and willing to work
with multiple stakeholders to develop a defensible and coherent approach to risk management.
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