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FOREWORD

A previous report has shown thet, in principle at least, thereis abasisin current UK regulations and
gatutes for the development of criteria, and the gpplication of contrals, for the protection of the
natural environment from any incrementa radiation exposure from radioactive waste management
activities[Woodhead, 1998].

The ams of thisreport are to:

consider what flora and fauna could be ussfully included as reference types across Europe for
radiation dosmetry modelling for the purpose of developing a framework for environmenta
protection;

congder to what level of complexity such models can reasonably be developed given the
recognized congraints on the information that is likey to be avalable (or essly obtainable)
concerning the radionuclide distributions in space and time both within, and externd to, the
organisms, and,

propose a transparent procedure by which the dose factors required for
environmenta dose assessment can be developed for the identified reference flora
and fauna, and up-dated as required.

This report provide a short introduction (Section 1) to the requirements of environmental radiation
protection. Section 2 examines the factors that will influence the radiation exposure of native wild
organisms in contaminated marine, freshwater and terrestria environments and discusses the criteria
that should be congdered in identifying reference organisms to fairly represent the European region; it
then goes on to suggest arange of reference organisms that might be appropriate for the each of the
three environments. The details of the dosmetry models that have been employed in past
environmental impact assessments are discussed in Section 3. These are further consdered as to
ther utility as a bads for determining the radiation exposures of native wild organisms in
contaminated environments that would be adopted within a framework for environmenta protection.
An outline is given of the future work that is necessary to redlise this objective. The fina Section 4
provides an overall summary and conclusions.
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EXECUTIVE SUMMARY

The disposd of radioactive wastes has the probable consequence of increasing the radiaion
exposure of native wild organiams, both now and in the future. The magnitude of this hazard
depends upon the radionuclides in the wastes (their quantities, half-lives and the radiations emitted)
and their behaviour in the biosphere (ther physica and chemicd form). These factors govern the
evolving digributions of the radionudlides, and their concomitant radiation field, in the environment.
The nature, habitat preference and behaviour of the plants and animals - including their cgpacity for
accumulating the radionudlides from their environment - in turn influence the degree of the
incrementd radiation exposure arigng from the wastes. The magnitude of this incrementd radiation
exposure, from both internal and external sources, is the sole determinant of the impact of the
radioactive properties of the wastes on the native plants and animas. It is apparent that any
framework intended to assess and control the impact of radioactive waste disposa on the
environment must include a means of esimating, in advance of any releases, the likdy radiation
exposure of the plants and animals.

Due to the data requirements it would not be possible to assess the exposure of individuas of each
and every species in a contaminated area, nor to make an estimate of the corresponding possible
impact. Recourse must be made to the use of reference (or generic) organisms that can provide a
reasonable representation of the typical plants and animals present in the environment and, therefore,
the range of dose rates likely to be received. The biologicd, physcd and geochemical factors that
influence the possible radiation exposure, and that must be considered in the selection of reference
organisms, have been discussed. The sets of reference organiams that have been used in previous
assessments of the environmental impacts of waste disposal have been reviewed and suggestions
made for additions that would be relevant to the marine, freshwater and terrestrid environments of
the UK and the wider European area.

In the pre-operationd phase of a nuclear facility that is likely to release waste radionuclides into the
environment, an assessment of the possible dose rates to the native wildlife has to rely on dosmetry
modds. These are amplified geometric representations of the reference plants or animas that permit
the estimation of the radiation dose rate to the whole organism, or relevant interna organs or tissues
(e.g., the gonads), from the radiation fields generated by internd and externd sources of a-, b- and
gradiaion. The avalable dosmetry modds, manly reating to aguatic organisms, have been
reviewed, and ther future development, not only for aguatic systems, but dso for the terrestria
environment, has been discussed.

It has been concluded that the existing information on the behaviour of radionuclides in the aguetic
and terredrid environments is sufficient to provide a basis for the selection of reference organisms
for the purposes of environmenta dosmetry. The available dosmetry modes are suitable for
development and incorporation into a framework that would provide for the control of the
incremental radiation exposure arising from the digposa of radioactive wastes and, thus, for the
protection of the environment.
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1. INTRODUCTION

From the very beginning of the nuclear programme in the UK and the attendant practice of rleasing
low-level radioactive wagtes to the environment, in particular to coastal waters, it was recognized
that there would be a concomitant increase in the radiation exposure of the native wild organisms.
This led to the indtitution of a research programme to investigate the tolerance of fish towardsionizing
radigtion (MAF, 1947), and a condderation of the potential radiation effects on fish in the firgt
radiological assessment of the discharges of liquid effluent to sea from the Windscde ste (Dunger,
1952). While it cannot be said that this assessment of the potentia radiation effects in fish was
comprehengive, it included two essentid elements: the estimation of the radiation dose rates from the
contaminant radionuclides, and the comparison of these vaues with the dose rates that had been
shown to cause harm in laboratory studies. These two dements have informed al subsequent
assessments and been the subject of R&D programmes intended to improve our capecity to
edtimate, and ultimately control to an acceptable degree, the potentia impacts of increased radiation
exposure on the environment.

In any practicad scheme intended to limit, or prevent, harm to the natural environment from radiation
exposure, there are iterative links between the objective(s) of environmentd protection, the reevant
targets for dosmetry and the biologica effects of radiation that are of concern. In addition, the
source of the rdease, the range of radionuclides involved, and the recelving medium are likely to
influence the development of a practica management framework.

1.1 Theobjective of environmental protection

The radionuclides rdeasad into the environment from humean activities will have a range of chemicd
properties and speciation, and haf-lives. These will interact with the physicad and biogeochemica
proceses in the locd environment to produce spatidly and tempordly varying radionuclide
digributions. For the great mgjority of radionuclides, at the release rates of concern here, the
gravimetric concentrations of the individua €ementsin the environment are extremely smal, such that
chemica toxicity may be neglected as a source of hazard. Ther radioactive emissons, however,
generate a didly and tempordly varying radiation field.

The concept of protecting the environment from any incrementa radiation exposures arisng from
human activities may be resolved into two primary questions:
- what qudlity, function or attribute of the environment is to be protected? and,
- having determined the object(s) of protective action, what are the criteria by which an
gppropriate degree of protection may be gpplied and, as importantly, which may be used
as abassfor ademondration of compliance?

It may reasonably be accepted that the hazard due to the presence of waste radionuclides in the
environment arises from the interactions of the ionizing radiaion field with the native living organisms,
i.e, from the radiation dose (rate) to the organism (this explicitly excludes the effects of radiation
absorption in the abiotic, chemica and physica, components of the environment that are known to
become significant only at dose rates and doses far higher than are relevant in the present context).
This, however, immediately begs the question: “what is the nature of the risks from the radiation
exposure?’ (In this context it should be noted that the term “risks’ is used in a generad sense to
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indicate “adverse outcomes’ rather than in the more specific sense of the probability of a defined
endpoint, eg., the premature desth of an individud).

A century of radiobiological research has clearly demondrated that there is a wide range of
biologica consequences of irradiation, but that these are al mediated by initid damege a the
biomolecular leve. This is hardly surprisng given tha the absorption of radigtion energy is via
ionizetion - the separation of orbita dectrons from atoms - and this may lead to the break-up of the
biomolecules. Within the findy baanced biochemicd environment of the cdl, such molecular
damage, particularly in the essertid and non-replaceable DNA, may either:

- berepared so that the cdl can survive and function normaly; or

- bemisrepaired giving latent damage that may be expressed in the cdll or its progeny. In the
somdic cdls of animds, this may lead to the initiation of cancer, and in the germ cdls of
any organism, to hereditary defects in offspring. In these two cases, the risk, rather than
the severity of the outcome, increases in some manner (usudly assumed to be in direct
proportion) with the dose received, i.e., they are stochastic responses; or,

- cause the cdl to die (gpoptoss). In this case, the severity of the response - the loss of
tissue or organ function due to cdl desth - increases rapidly with the total dose received
above an effective threshold before saturating. This gives a dgmoid dose-response
relationship, and effects of thistype are termed deterministic.

It is apparent that the initid damage at the molecular level could, in principle, propagate to
successvely higher leves in the biologica hierarchy, i.e., from the biomolecule to the cell, tissue,
organ, individua organism, population, community, ecosystem and, ultimately, to affect biodiversty.
In practice, however, there is a number of factors that may act, Sngly or in combination, to modify
the nature and extent of the propagated damage. Misrepaired damage in asingle cell may predispose
an organism to the development of a cancer. If the host animd has a sufficiently long life expectancy
for tumour development, the end result may be premature mortaity (note thet this is a specific risk
for which it is possble, in principle, to define a probability). The early degth of asngle animd in the
great mgjority of species would be unremarked, but that of a proportion of the population could have
the immediate effect of changing the age-specific mortdity rate for the present population, and,
depending on the age-specific reproductive rate, may influence the future development or
maintenance of the population. It is clear, therefore, that Sgnificant harm a the population leve will
only result from a substantia combined expression of the risk of early mortdity in a proportion of the
individuds in the exposed population.

If sufficiently large, the effects at the population level could have an impact a the community and
higher levels of the biological hierarchy (it should be remembered thet, in a naturd system, dl
populations of organisms will recelve a greater or lesser radiation exposure from the contamination
and that there would be interactions between the responses of the different organisms). In the normal
circumgtance of a population that is being regulated by a variety of intra and inter-species
interactions (e.g., competition for food or habitat, predation, etc.) and environmentd variables (eg.,
the weether), it is possble that some small degree of radiation damage a the individud level could be
accommodated (this is a generd risk Stuation for which it would be very difficult to determine the
probability of a defined autcome). In addition to effects on mortality, these consderations apply with
equd vaidity to the potentid effects of radiation on fertility (induction of cell death in the gonads),
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fecundity (induction of embryo mortality) and hereditary mutation rate (for which selection pressure
adso enters the picture). These are dl dtributes that operate at the level of organs in individua
organisms, but are important for the maintenance of a hedthy population, and potentidly, the
community and higher levels of the biologica hierarchy.

The discusson in the previous two paragraphs indicates thet it is, in principle, possble that the
radiaion damage initidly induced in the cdlls of individud organisms could be propagated up through
the hierarchy of biologica organization and produce effects a each succeeding leve. The question
remains, however, of whether the information concerning any possible radiation effects in individuas,
a the dose rates expected in the environment from controlled waste disposal, could be used as a
bad's for assessing the implications a these higher leves with any certainty. Equdly, it may well be
asked “could any such impact a the supra-individua level be detected?’. In the latter respect, it must
be remembered that it has usudly been very difficult to attribute observed changes in populations of
native flora and fauna to anything other than mgor, and sdlf-evident, factors such as deliberate
culling, loss of food supply or habitat, known endemic disease and s0 on; the effect of the pesticide,
DDT, on bird populations is a notable, and cautionary, exception.

1.2 Conclusions

The primary concluson from this brief discusson is that if the radiation exposure from radionuclides
in the environment produces no discernable effect in any of these (or, indeed, any other) attributesin
the individud organisms, then it is inconcaivable that there will be any effects at the population and
higher levels of organization. This conclusion is consonant with that developed in the case of chemicd
contaminants (Haux and Forlin, 1988). It dso clearly identifies the biologicd level - the individua
organism - a which it is gppropriate to focus attention in order to provide for protection of the
environment, and the action to be taken - the redtriction of the radiation exposure of the individud. It
is conggtent with the UK Wildlife and Countryside Act (UK-Parliament, 1981) that specificaly
provides for the protection of individuals of some species of plants and animals. In addition, it
provides for the concerns expressed for the protection of individuals of rare or endangered species
athough it is accepted that, in these cases, the application of a higher degree of protection might be
judtified.
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2. THEIDENTIFICATION OF TARGETSFOR DOSIMETRY
AND REFERENCE ORGANISM S

From the brief introductory discussion, it has been concluded that:

1. the individud organism is the appropriate focus for action to provide for environmenta
protection; and

2. any required degree of protection can be achieved by applying gppropriate limitsto the radiation
exposures of theindividua organisms.

All the native flora and fauna in the immediate vicinity of a rdease of radioactive materids into the
environment are potentidly at risk of harm from the increased radiation exposure. It is very unlikely,
however, that al the necessary information would be available, or could reasonably be obtained, to
undertake a detailed risk assessment for every species - this would require the estimation of the
(time- and space-dependent) dose rate for individuas of each species, and the availability of species
- gpecific dose rate/response relaionships for dl the effects endpoints of interest. The fird step isto
accept that it is not possible to consider dl the native species - recourse must be had to the use of
reference or generic organiams for both dosmetry and the assessment of potentia radiation effects.
In these circumstances, it is necessary to amplify and generdise the process of dose assessment
whilgt retaining sufficient realism for the results to achieve credibility.

It has aso been clearly recognized that radionuclides released into the environment would become
more or less widdly disiributed depending on their chemical nature and half-life. Thereis, therefore, a
range of biologica, physca and geochemica factors that will influence the choice of relevant targets
for the purposes of dose assessment in any system amed a providing for the protection of the
environment. What, then, are the criteriathat shoud be gpplied to this process?

2.1 Influences on the radiation exposur e of native organisms

2.1.1 Biological factors

Given that the rediation field will show spatid and tempora variability, it is congdered essentid that
the chosen range of reference organiams should include sufficient examples to demondrate the
influence, on the dose rate, of differing habitat preferences, behaviour, and the innate capacity of the
organiams to accumulate radionuclides. This process is d<0 likdy to result in the sdection of
representative species from the main trophic levels. The purpose is to encompass the range of dose
rates likely to be experienced by dl the native organisms within the contaminated area. This may be
termed salection on the basis of “radioecologica sengtivity”.

The radiobiologicd literature is consgtent in showing that there are consderable variaions in
radiosengtivity between species, between tissues and organs within individual organisms, and
between different stages in the life cycles of many individud species. The firgt source of variability is
reduced, but not diminated, when comparisons of acute responses (usudly mortdity) are made on a
consgent bass (eg., the effects of differences in metabolic rate between the homeothermic
mammas and the poikilothermic vertebrates and invertebrates are taken into account), and when the
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effects of chronic low-leved irradiation are examined. The second source of variation in
radiosengitivity must be consdered when it is known or suspected thet there will be sgnificant
differentid accumulation of radionuclides within the tissues of the organiam; this helps to identify
potentid targets for dosmetry at the sub-individud leve. The find source of variation becomes
ggnificant when radiation effectsin the individuad are consdered in the context of potential impacts at
the population leve; i.e, it is not only the surviva of the individud thet is of concern, but dso its
capacity to contribute, through its total reproductive performance, to the maintenance of a hedthy
population. Agan, this implies important targets for dosmetry at the sub-individud leve. This
variability provides a second bass for the sdlection of the range of reference organiams, i.e, their
radiosengtivity, insofar as this can be assessed with the available informetion.

A find factor that might need to be taken into account relates to the concept of the ecologica
ggnificance of particular types of organism, i.e, do they have an important role in the normd
functioning of the community? An example might be the grasses in a meadow system. This may be
termed selection on the basis of “ecologicd sengtivity”.

Collectively, these three factors:

- radioecologicd sengtivity;,

- radiosengtivity; and,

- ecologicd sensitivity
may be employed to guide the sdection of an appropriate range of reference organisms, and target
tissues and organs, for the purposes of dose rate assessment.

2.1.2 Physcal factors

Physica processes act, primarily, to disperse the radionuclides released into the environment under
controlled or accidental conditions. Air and water currents transport the radionuclides away from the
source, and the associated turbulent conditions cause dilution. For releasesto air, dry deposition and
washout by rain then lead to accumulation by vegetation and at the soil surface. In agquatic systems,
depending on their chemica natures, the radioelements are partitioned to a greater or lesser extent
from the soluble to the particulate phase, and sedimentation leads to accumulation of activity on the
beds of lakes, rivers and the sea. Contaminated fine sediment can be resuspended by currents and
wave activity (particularly during storms) and trangported by the tides and resdud currents to low
energy areas where redeposition can occur, e.g., on sat marshes in estuaries. These factors again
relate to what has been termed radioecologica sengtivity.

The physcda hdf-lives of the radionuclides in the release control the extent to which their distributions
come to an effective equilibrium with environmenta processes - if the rate congtant of the
environmenta process is of the same order as the radioactive decay congant, then effective
equilibrium is atainable and fluctuations in the release rate will be dosdy followed by the resultant
changes in the environmenta concentrations. All other factors being equd, this dso tends to mean
that nudlides with short hdf-lives remain rdatively closer to the point of release, and that there will be
a greater range (as well as greater quantities) of radionuclides in this area to make a contribution to
the tota radiation exposure.
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The find dgnificant physcd factor relaes to the nature of the radiations emitted by the different
radionuclides and their typica ranges in tissue, i.e,, aout 50 nm for a-particles, 1 - 2 cm for b-
particlesand 0.1 - 1 m for x and g-rays. Depending on the radionuclides involved, this governs the
relative importance of interna and externa sources of exposure for different sizes of organism. For
example, it is probably not necessary to specificdly consder very smdl organisms, such as a
bacterium, for three reasons. fire, the quantity of radionuclide that can be incorporated into the
organism a the concentrations that could be reasonably be expected in the externd environment are
0 gmdl that a nuclide decay in its “lifetime’ would be improbable; second, even if a decay did
occur, the great mgority of the energy would be dissipated outsde the cell (this factor would dso
apply to tissues such as fungd hyphae that are extremdy fine athough extended and may have
ggnificant total mass); and, third, the radionuclides outsde the cdl, but within the radiation range,
would be a much more sgnificant source of exposure (it could approach Dy for the radionuclide
concentration in the externd medium, see chapter 3). The ranges of the radiations dso indicate the
scde on which the didribution of the radionuclides needs to be known if reasonably accurate
estimates of the dose rate to specific targets are to be made.

2.1.3 Geochemical factors

The soecific chemicd form of a radionudlide in the effluent (if this differs from tha of the
corresponding eement in the environment) may differentialy influence its initid behaviour. However,
the long-term behaviour of the mgority of radionuclides in the environment is controlled by the
chemicd nature of the eement, i.e., the radionuclides become incorporated, with some time delay,
into the naturd geochemicd cydes of the labile fractions of the corresponding dements (this
effectively excludes the greeter part of the minerd fraction in the mgority of cases).

For radionuclide releases to the lower amosphere, dry deposition and washout by rainfal are
reaively rapid dthough, as the Chernobyl accident has shown, there can be widespread dispersion.
In the terregtria environment, the major concerns relate to radionuclide retention by vegetation and in
the surface layers of the soil. Here it condtitutes an externd source of exposure for the plants and
surface-living and burrowing organisms. The soil type influences the radionudide partitioning into the
s0il solution where it becomes available for uptake into plants and transfer into the foodchain - there
representing an interna source of exposure.

Radionuclide trangport by run-off into surface waters, leaching from soilsinto groundwater flows and
deposition from ar to the water surface represent inputs that are comparable to the direct
discharges, i.e,, the radionuclides are introduced into the water column. The primary concern in
aguatic sysems is the partitioning of the radionuclides from the soluble to the particulate phase and
subsequent sedimentation to the river-, lake- or sea-bed. Even with a rdaively low digribution
coefficient (kg), e.g., a value of 350 for *¥'Cs in the seq, this means tha the underlying sediment
becomes a much more significant source of externa radiation exposure than the water. The resdua
radionudlide contamination in the water is a Sgnificant potentia source for accumulation for alarge
proportion of the aquatic fauna, either directly, or viatheir foodchain.
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2.1.4. Conclusion

A consderation of these factors, taken together, provides a reasonable basis for selecting a suite of
reference organisms that can be expected to experience the full range of radiation dose rates in a
contaminated environment, and include representatives that are radiosendtive (either asindividuds or
in terms of specific organs or tissues), and may aso be ecologicaly sengtive.

2.2. Selection of reference organisms

This generd sdection procedure for reference organisms has been most frequently applied in respect
of the marine environment [IAEA, 1988, 19983, b; Pentresth and Woodhead, 1988]. This has
primarily been a consequence of the use that has been made of the sea as a repository for low level
liquid, and solid, radioactive wastes and the ad hoc need to provide some assurance that the
consequent radiation exposures of the native flora and fauna would not lead to sgnificant harm.
These reference organisms could be easly adapted for the freshwater environment. Application in
the terredtrid environment has been much more limited and fewer reference organisms have been
sdected for dosmetric purposes [IAEA, 1992; Amiro and Zach, 1993; Amiro, 1997]. For
contaminated aress in both the aquatic and terrestrid environments, there has been a number of
specific dose rate assessments for loca species of flora and fauna without any suggestion that they
would necessarily be suitable as reference organisms, these models might, however, be adaptable for
this purpose [e.g., NCRP, 1991; Woodhead 1970, 1986].

2.2.1 Referenceorganismsin the marine environment

The mogt extensve single lig of reference organisms thet has been selected, with some consideration
of these criteria, to represent the marine environment is [IAEA, 1988; Pentreath and Woodhead,
1988]:

- Fish: radiobiologica studies have shown that these are probably the aguatic organisms
most sengitive to the effects of chronic irradiation [IAEA, 1976, 1988; UNSCEAR,
1996]. Assessments for pelagic and benthic species alow the contribution of g-
radiation from the underlying contaminated sediment to be highlighted. Fish generdly
show aredatively low capacity for accumulating radionuclides,

- Large crustaceans: these organisms generaly have higher concentration factors for
radionuclides than fish, thus increasing the relative importance of the internal source as
compared with fish. Again, assessments are made for pelagic and benthic species and,
being smaller than fish, serve to demondtrate the relative importance of the b- and g-
emittersin the sediment;

- Benthic molluscs: these organisms generdly have higher concentration factors than the
previous two groups and, with smaler sze, show the influence of these factors on the
dose rates from internal and external sources; and,

- Small crustaceans: if it is assumed that the concentration factor data available for
surface-living zooplankton are applicable, then these organisms would have the highest
concentration factors for most eements. Also, being the smalest organismsin this
selection, and congdering both pelagic and benthic types, they show most clearly the
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effect of these factors on the rdative contributions to the dose rate from internd and
external sources.

In comparison with the potentia selection criteria discussed in the previous section there are,
however, some obvious omissions. For the reference organisms listed, thereis no provision to take
account of:

- @ther preferential accumulation of the contaminant radionuclides into particular tissues
or organs. To agreat extent, thiswas atacit recognition of the lack of relevant datain
the mgjority of cases. Pentreasth and Woodhead [1988] did, however, briefly consider
the potentid effect of thisfactor in agenerd manner;

- or differentid tissue or organ radiosengtivity. Thisomisson s, again, largdy areflection
of the lack of relevant deta, but there is sufficient information available to indicate that
the ecologically important process of gametogenesisis reatively radiosengtive. It
would seem sengible, therefore, to provide for the specific assessment of the radiation
exposure of the gonads in those Situations where the particular radionuclides, the
source distributions and the organism behaviour indicate that these factors could
increase the dose rate to these organs relative to that to the whole body;

- or different ages of thelife-cycle - itisimplicit that adult organisms are being
considered. Earlier studies[Woodhead, 1970; IAEA, 1979] had considered the
problem of radiation dosmetry for fish eggs (devel oping embryos), and these could
have been incorporated into the assessment with little difficulty.

In addition, the ecologicdly important phytoplankton was not included in the lig of reference
organisms for coastdl waters considered by Pentresth and Woodhead [1988], athough it has been
consdered in other contexts [IAEA, 1976; Woodhead, 1973a]. Marine macrophytes are dso
conspicuous by their absence but have been included in previous generic assessments [NRCC,
1983]. A seabird [Woodhead, 1986], a sedl [Pentreath and Woodhead, 1988] and awhae [IAEA,
1998b] have aso been considered in site-specific assessments. Potentid candidate organisms for the
marine reference set, taking due account of the factors discussed in section 2.1, are listed in Table 1.

2.2.2 Referenceorganismsin the freshwater environment

Studies related to the freshwater environment have been more limited, and there has been little
development, in terms of reference organisms, beyond the set sdected in [IAEA, 1976], i.e,
phytoplankton, zooplankton, a mollusc, a crustacean and a fish. Individud Ste-specific assessments
have, however, consdered a range of additiona organisms including aguetic plants, insects, turtles,
aligators, musk rats and ducks [NRCC, 1983; NCRP, 1991]. A notable absentee, with a life-cycle
slit between the aguatic (embryonic and larval phases) and the terrestrid (adult phase)
environments, is a reference amphibian. In view of the generic amilarities between the marine and
freshwater environments in terms of the criteria discussed in section 2.1, it is to be expected that
there would be some equivaence between the ligts of potentia reference organisms (see Table 1.).
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Tablel. Potential reference organismsfor the purpose of environmental dosimetry.

The marine The freshwater Theterrediria
environment environment environment

Pelagic phytoplankton Pelagic phytoplankton Tree

Macrophyte Macrophyte Shrub

Pelagic zooplankton Pelagic zooplankton Herb

Benthic mallusc Benthic mallusc Germinating seed
Small benthic crustacean Small benthic crustacean Fungus

Large benthic crustacean Large benthic crustacean Caterpillar

Pdagic fish Pdagic fish Socid insect
Benthic fish Benthic fish Wood louse

Fshegg Fsh egg Earthworm

Seal Amphibian Herbivorous mamma
Whde Smdl aguatic mamma Carnivorous mammd
Seabird Duck Smadl burrowing rodent

Woodland bird

2.2.3 Referenceorganismsin theterrestrial environment

The generic terredtrid organisms that have been included in previous assessments are: a vascular
plant, soil microflora, soil invertebrates, a large herbivorous mamma, and a fruit/seed esting bird
[IAEA, 1992; Amiro and Zach, 1993; Amiro, 1997]. This lig of reference organisms is clearly
partid, and could be extended by the application of the sdlection criteria outlined in section 2.1.

For the terrestrid environment there are two rel ease scenarios to consider: a controlled or accidental

release to the atmosphere in gaseous or aerosol form, and the remobilization of radionuclides from a
surface or geological waste repository into the near-surface groundwater as a consequence of neturd

R&D TECHNICAL REPORT P350 9



processes. A third source that might be consdered is the use of contaminated surface water for
irrigation.

From the viewpoint of environmenta dosmetry, a release to the atmosphere has two phases: in the
near-field and & short time-scales, the contaminated cloud is a Sgnificant source of exposure, and in
the longer term and at dl distances, dry depostion and washout reduce the sgnificance of the
atmogpheric source relative to the contamination on the plants and the soil surface. At al stages, the
experience of the Chernobyl release appears to indicate that the woodland systems are more
effective in intercepting and retaining the airborne activity by the process of dry depostion than
meadow or pasture environments; this can, however, be substantialy modified by the frequency of
occurrence and quantity of rainfal which often resulted in upland Stes becoming more contaminated
than neighbouring lowland aress.

Contaminated groundwater, with the inevitable redistribution of the radionuclides between the soluble
and particulate phases, would be comparable to the late phase of a release to the atmosphere when
the greater part of the activity is in the surface layer of the soil. Irrigation with contaminated surface
water would, smilarly, be comparable to the washout phase of a release to the atmosphere.

Within the woodland system, the plants show a range of sengtivities to chronic irradiation - i.e, in
terms of mortality, coniferous trees > deciduous trees > shrubs > herbs > fungi - but thereisrdatively
little comparetive information on the effects of such exposure on gametogenesis and reproductive
capacity [UNSCEAR, 1996]. Purdy biologicd factors that are likely to be dgnificant for the
sdection of targets for dosmetry include the facts that: green plants are the primary producers, tree
growth and the production of seeds arise from meristem tissue in agrid buds, whereas for grasses the
merisem is a or near the ground surface; many shrubs and herbs can regenerate from sub-surface
vegetative growth points; virtudly al plant seeds germinate on, or just under the soil surface; and,
fungi have a quite different lifestyle and are very important in bresking down and recycling biologica
materid. These factors indicate that the meristem in arange of green plants, the fungd fruiting body,
and a germinating seed, are candidates for incluson in the list of reference organisms (see Table 1.).

There is an enormous range of invertebrate species, with contragting lifestyles, in the terrestrid
environment, and it is clearly impossible to congder them dl. From the brief discusson in the previous
paragraph, it may be concluded that the woodland canopy and the litter layer at the soil surface
would be two environments giving externa exposures at the high end of the range. The sdection of
potentia reference organisms could include:

- aleaf-consuming insect larva (caterpillar) in the canopy;

- a nectar-feeding socid insect (bee). This could double as the adult form of the
caerpillar and dso represent the biologica transport of contaminated materid -
pollen and nectar - to the hive where it would lead to externa and internd irradiation
of both the current generation of workers and, through the exposure of males and
gueens, the next generation;

- alitter-inhabiting detritivore (wood louse); and,

- aneathworm.
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This would gppear to include a sufficient variety of habitats and life-styles to indicate the effects of
these factors on the dose rate and, more importantly, show the range of dose rates likely to be
experienced.

Radiobiological studies show that the vertebrates are the most radiosendtive of the terrestrid
organisms, in terms of ether mortality or reproductive capacity [UNSCEAR, 1996]. Further
congderation of feeding habits and hebitat occupancy lead to the sdection of a reference herbivore
(deer), a carnivore (fox), a smal burrowing omnivore (rodent) and a bird (the European blackbird
could be an gppropriate choice as it pends a substantid fraction of its time on the contaminated
ground, and is a consumer of earthworms and litter invertebrates). In dl cases, an attempt should be
made to estimate the radiation exposure of the gonads and/or the developing embryo, in addition to
the whole body of the adult animdl.

2.3 Conclusions

A brief discusson has been given of the factors that could influence the sdlection of reference
organisms for the purpose estimating the radiation dose rates in contaminated environments. These
have been consdered, and the reference organisms proposed for the marine, freshwater and
terredtria environments are listed in Table 1. It is not suggested that these selections are necessarily
comprehengive but they should give a fair representation of the range of dose rates likely to be
experienced from both interna and externa sources of contamination in these environments.
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3. THE DOSIMETRY MODELS

It has been noted above that the biogeochemica behaviour and the consequent distributions of waste
radionuclides after release to the environment are governed by their individua chemica natures and
peciation. Except for the short-lived radionuclides, the distributions will only rardly come to an
effective equilibrium with the range of environmenta processes in operation. Together with the
fluctuations in the release rates from individua sources, this results in radiaion fields that show large
spatiad and tempora variahilities. This variability is further compounded by the characterigtic ranges
of the radiations that extend from about 50 mm (a - particles in tissue) to many metres (g-raysin ar).
This range of spatid scdes aso gpplies to the organisms of potentid interest, i.e, from
phytoplankton and fish to deer and trees. The tempord scade of interest relates to the generation
times of the organiams and ranges from afew hours (unicellular phytoplankton) to decades (atree).

In principle, this means that the dose rates and accumulated doses should be assessed on these
spatid and tempord scdes and this requires corresponding information concerning the detalled
behaviour and distributions of the radionuclide. In practice, the procedure is smplified to utilize the
actud detall of the information that is redidicdly likely to become avalable. The dose rates are
edimated for unit radionuclide concentrations in a specific source compartment that provides abasis
for estimating consequentid equilibrium concentrations in other compartments to a greater or lesser
degree of detall, depending on the information available. For the aguatic environment, where
authorized liquid discharges are made to the water column and inputs from accidentd releases are
likely to be to the water column or the water surface, the unit concentration is taken to be in the
water (Bq m®); partitioning to sediment and uptake into agquatic organisms is then determined by
gpplication of the relevant didribution coefficients (ky) and concentration factors, respectively. The
Studion is less well-developed for the terrestria environment, but as both authorized and accidental
releases are likely to be to air, it is reasonable to propose that the consequentia dose rates to
terrestrial organisms be related to either a unit concentration in ar (Bq ni®), or, more redigticaly, to
a unit deposition density (Bq n¥). For disposal to landfill or a sub-surface repository, the waste
radionuclides are likdly to be mobilised by groundwater flow; where this migrates to surface waters,
the unit concentration in the receiving water body is the relevant base parameter; if the ground water
intersects the soil surface in trangt, then the unit concentration in the surface soil (Bq kg?) could be
used. These are cases that need to be further explored and developed. The dosmetry models
provide the dose coefficients for the unit radionuclide concertration in the rdevant source medium,
and these can then be applied to the actua or predicted concentrationsin these media.

3.1 Radiation dosmetry

From the earlier discussion it may be taken as given that the biologica effects of radiation are the
result of ionization processes in tissue. Because ionization is the separation of orbita eectrons from
the parent atoms, a process that requires energy, this results in the absorption of energy from the
incident radiaion field. This leads directly to the definition of the radiation dose as the quantity:

R&D TECHNICAL REPORT P350 12



absorbed dose, D = de Q)
dm

where de is the mean energy imparted to matter of mass dm (see [ICRU, 1998] for fuller details).
The quantity, absorbed dose, has units of J kg*, and this is given the specid name gray (Gy).
Although this definition rdates to a limiting domain, in practica radiation protection the absorbed
dose is usudly determined as the average vaue over some specified biological entity - atissue, organ
or the whole body.

At the low dose rates and low tota accumulated doses characterigtic of the mgjority of environments
contaminated by authorized releases, it may well be that microdosmetric considerations become
important, i.e,, the digtribution of asorbed energy divided by the mass of the individud cell or cell
nucleus (the presumed primary targets for radiaion action) becomes extremely inhomogeneous. In
this case, the quantity:

specific energy, z :S , 2

where e is the energy imparted to the matter of mass m in the defined target, may be more rdevant
to the determination of the consequent radiation effects. The unit of the quantity specific energy
remains the J kg*, and this retains the specid name gray (Gy). The specific energy may be due to
one or more (energy deposition) events, i.e., the passage through the defined target mass m of one or
more directly ionizing particle tracks. The probability that the specific energy is £z is given by the
digtribution function F(z), and the probability dengty, f(2), isthe derivative of F(2):

drF(2)

f(2) = 3

Both F(z) and f(z) are dependent on the absorbed dose.

From a consderation of microdosmetric factors, DNA repair processes, experimenta radiobiology
and epidemiologica studies of tumour induction in the atom bomb survivors, it has been concluded
that low doses and low dose rates of low LET radiation are less than 2.10° nGy and 6.10° nGy H*,
respectively [UNSCEAR, 1993]. Beow these levels, it is to be expected that the response
relationship for stochastic effects would be linear with dose.

3.1.1 Theneed for dosmetry models

Due to the requirement to assess the absorbed dose rates from both externa and interna sources of
a- and b-paticles and g and xrays, to smdl and large, sedentary and mobile, organiams in the
preoperationd phase of the development of anuclear facility, it is not possible to employ instrumental
methods. For dl these Stuations, it is necessary to develop computational methods using dosmetric
models. The smplification of the description of the environmental behaviour of the radionuclides has
dready been referred to above. A further degree of smplification must be obtained by reducing the
implicitly complex morphologies of the reference wild organisms to regular geometric solids that are
amenable to mathematical manipulation. For example, the numerous, morphologicaly complex,
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extengble gppendages of a crustacean (together with thelr radionuclide content) are smply
incorporated into a body that is represented by a solid dlipsoid (see below). Provided that the
implications of the underlying assumptions are recognized, it can be demondrated that the estimates
of dose rate obtained using these smplified models do give a reasonable indication of the radiation
exposure of organisms in contaminated environments.

Physical descriptions of the processes by which energy is transferred to tissue from a- and b-
paticles and g and x-rays have been developed theoreticaly from first principles and given
mathematica expresson [seg, for example, Johns and Laughlin, 1956; Evans 1968; Bichsd, 1968].
These expressons are, however, very complex and, due to the energy-dependent and stochastic
nature of the processes involved, are not easy to apply to red Stuations in the environment [Roesch,
1968]. This has led to the development of Smpler empirica expressions, involving energy-dependent
parameters, to describe the absorbed dose distribution about point sources of a- and b-particles
and grays [Loevinger et al., 1956; Berger, 1968, 1971; Harley and Pasternack, 1972; 1AEA,
1979]. These expressions can then be integrated over defined source distributions to give an estimate
of the dose rate at gpecified points in tissue [Loevinger et al., 1956]. The determination of the dose
rate a different points within the target volume provides a basis for estimating the average dose rate
to the tissue or organ [Browndll et al., 1968; Elleit and Humes, 1971]. Although rdaively smplein
concept, this approach can be developed, as necessary, to accommodate more complex organism
morphologies, and more detailed information on the time- and space-dependent radionuclide
digtributions as it becomes available.

3.1.2 Thebiologically-effective doserate

There is a very substantial body of experimenta evidence to indicate that the absorbed dose of high
linear energy transfer (LET) radiation (a-particles) required to produce a given biologica effect is
less than that of low LET radiation (-particles and g-rays) - the relative biologicd effectiveness
(RBE) phenomenon [eg., Sinclair, 1985]. The relative biologica effectivenessis defined as:

RBE = absorbed dose of 250 kev x-rays required to produce agiven biological response.
absorbed dose of specified radiation required to produce the same effect.

For human radiologica protection practice, this phenomenon is taken into account by applying
dimensonless radiation weighting factors (w;) to the absorbed doses from the different radiationsto
give aquantity caled the equivaent dose, where:

equivdentdose, H = w, x D.

The unit of the quantity, equivalent dose, remains the J kg* but it is given the specid name Sievert
(Sv).

In an environmental protection context, it has been suggested [Pentreath, 1999] that a specific
quantity be defined, i.e,

Dose Equivdent Floraand Fauna, DEFF = w, x D.
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Although this quantity has the unit J kg* and could, in principle, take the specid name Sv, it was
additiondly suggested that it be given the specid name DEFF to avoid confuson with human
radiation protection practice. (It should be noted that the alocation of specid names for derived units
in the International System of Units (1) is at the discretion of the Bureau International des Poids et
Mesures). For the usud case of a mixture of radiation fieds in a contaminated environment, the
totdl, biologicaly effective, radiation exposure would then be given by:

DEFF = w(b,g) X D(b,g) + w{(a) x D(a)

In this manner, the equivalent doses to a tissue or organ from the different radiations may smply be
summed to give a sngle measure for the total biologicaly effective radiation exposure from the
radionuclides present in a contaminated environment.

The vaues of the radiation weighting factor (then the Quality Factor, Q) origindly chosen by the
ICRP [ICRP, 1977] for use in human radiological protection were broadly related to the LET of the
radiaions, and the default values were 1 for b/g radiations and 20 for a-particles. The current vaues
of w, (compatible with the Q and numericaly the same) have been chosen to be representative of the
RBE vdues determined for the induction of stochastic effects (principaly cancer, but to the extent
that this response is initiated by sometic mutation, it would also apply to heritable mutations) [ICRP,
1991].

A smilar gpproach, initidly based on comparisons of LET, could be employed in respect of the
exposure of the floraand fauna. At the present time, therefore, it seems reasonable to propose that a
provisond w; value of 20 be applied in respect of the a-radiation absorbed dose rate to the tissues
of wild organisms, with the recommendation that dl the available data be reconsdered from an
environmental protection viewpoint (this mplicitly assumes thet the wi(b,g = 1). In this review,
particular emphasis should be placed on the experimental RBE data that are available for: the species
of organism that correspond to each of the reference (generic) organisms chosen to be representative
of the different environments, the endpoints of reevance in an environmenta context; and, low
dose/dose rate exposures from both b/gradiations and a -particles. Although, in principle, thisreview
could lead to proposds for a number of differing wi(a) for the variety of generic organisms and
endpoints of interes, this level of sophidtication is unlikely to be judtified by the uncertainties in both
the raw data, and the assessments of the absorbed dose rates for the contaminated environment. The
more pragmatic gpproach of selecting a single representative value would have the twin virtues of
amplicity in application and the production of comparable quantities for the totd, biologicaly
effective, doses/dose rates, i.e., the DEFF, for the flora and fauna

3.2 Dosimetry models

3.21 The point source dose distribution functions

A dosmetry modd is a bags for estimating, through computation, the radiation exposure of an
organism from a source of radiation. Provisond lists of generic organiams that might be sdected to
represent the marine, freshwater and terrestria environments have been given in Table 1. Asnoted in
Chapter 2, some of these generic organisms have dready been employed for practica assessments
of radiation exposure in existing, or potentially, contaminated aress.
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The smple geometries adopted for these examples of dosmetry modes are given in Table 2. These
geometries, then, become the targets for which the dose digtribution is determined by the integration
of the point source dose functions over the rdevant radiation source distribution. For ease of
computation (see Section 3.1.1. above), empirical expressions have been developed for gpplication
in the aguatic environment [|AEA, 1976; 1979].
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Table2. Thesimple geometriesthat have been adopted for generic organisms.
Organism Geometry  Dimendons Mass Reference
cm kg?
Phytoplankton ~ Sphere Diameter 6.510™" IAEA, 1976
510°
Fish eggs Sphere Diameters: 27107,9.1107 IAEA, 1979
0.08, 0.12 and 0.2 and 4.2 10°
Zooplankton/ Ellipsoid Magor axes: 1.6 10° IAEA, 1988
smadl benthic 6.2x31x16 NCRP, 1991
crustaceary/ a
amdl insect
Large benthic Ellipsoid Major axes: 2.010° IAEA, 1988
crustacean 3.1x1.6x0.78
Benthic mollust/ Ellipsoid Magor axes: 1.010° IAEA, 1988
alargeinsect 25x1.2x0.62 NCRP, 1991
Pelagic and Ellipsoid Major axes: 1.0 IAEA, 1988
benthic fish 45x8.7x4.9
Seabird and Ellipsoid Major axes. Totd - 0.6 NCRP, 1991
duck Solid tissue a an average
dengty of 0.8 g cm™:
15x11x7.6 0.55
Feathers at an average
dengity of 0.33 g cm® and
ovedl dmensons
21x16x 11 0.05
Sedl Ellipsoid Major axes. 58 IAEA, 1998b
180x 35x 19
Whde Ellipsoid Major axes: 10° IAEA, 1998b
450 x 87 x 48

& Apart from the seabird/duck, the organisms have been assumed to have a uniform body density

of 1gcm?.
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For a-radiation, the empirica point source dose distribution function has the form:

where:

Stopping power (MeV um ')

)
D) =210 (A48 neynBg (4
rr

is the dendty of the medium (assumed to be soft tissue, freshwater or seawater with
adensity of 1 g cnmi®);

is the distance between the point source and the target point (mm) andislimitedtor
£ R(Eaem), therange of an a-particle a the emisson energy E.em;

is the stopping power of the medium (assumed to be tissue at a density of 1 g cmi®)
at the emisson energy of the a-particle:

- #Ea 0 Mev mm*, and may be obtained from Fig.1; and,
e dr B, o
B = JEaen - AR(Eaem ) Mev mi®, and may be obtained from Fig. 2. The
R(Eaem)

end of the nomind range of the a-particles has been taken to be the point a which
the stopping power falsto one hdf of its pesk vaue and the vaue of R(E;em) can be
determined from Fig.3 (see [IAEA, 1979] for fuller details).
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Figurel. Stopping power asa function of a-particle energy for tissue,

freshwater and seawater .
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The point source dose digribution function for b-particles, origindly deveoped empiricdly by
Loevinger et al. [1956], has been dightly modified [IAEA, 1979] to give a better fit to the scaled
point source absorbed dose distributions for a wide range of radionuclides given by Berger [1971].
The modified point source dose didtribution function for b-particlesin water or soft tissueis

k
(r nr)?

rnr

Dy(r) = iagl- Texpgi- r_(r"lr%_” nrexp(1- rnr)g nGy h' Bg*! (5)
i e

e

where:
rnr rnrél C

3. _e(pgi-T&'iOO fordl 13 —;

g8 ¢ ) rn

_ 459x10" %1 *n®Epny,
- ac(3- e)+e

nGy h' Bg?;

r is the dengity of the medium (assumed to be soft tissue, freshwater or seawater with
adensity of 1 g cni®);

r is the distance between the point source and the target point (cm);

n is the apparent absorption coefficient and has the following dependence on the
maximum b*- or b -particle emission energy:
n=151E;L™ cn? g?, for 0.0186 Mev £ E o <092Mev, and,

n=17.9 E;12 cn? g, for 0.92 Mev £ E o £ 299 Mey;

N is the fractiond number of b*-partides of mean energy Ept/- emitted per
disgntegration;

a isadimengonless parameter given by:
a=1+343exp(-1.41 Eb_ e ), for0.0186 Mev £ Eb_ e £ 2.996 Mev, for

b -particles, and,
a=1.12 for b*-particles of dl energies; and,
c isadimengonless parameter given by:
c=1+0.059 E;)'fnls , for 0.0186MevE E _ £ 2996 Mev, for b-

ax
particles, and,

c=1.45+0507 (E , _ +04)>%
b+ max

,for 0.324 £ Eb+max £ 1.88 Mev for b*-
particles (see [IAEA, 1979] for fuller detalls).

The dtuation for g-radiation is more complex due to the existence of severd different processes of
energy absorption and the fact that scattered radiation represents a dgnificant proportion of the
radiation field incident on the target tissue. For the internal contamination of smal aquatic organisms
(dimensions ~1 cm) with g-emitting radionuclides, it is reasonable to ignore absorption and scattering
and employ the smple inverse square law to describe the radiation field from the point source, thus:
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e
Dr)=459x10? § 2% nGy h' Bq’ ()
Eg rr

where:

=13

IS the true mass energy absorption coefficient, a energy E of the materid (unit

dengty tissue) being irradiated. In the energy range of primary interest (~0.06 - 2.5
Mev) it may be assumed that :_n = 0.03 cn? g* within +10%:

Ny isthe fractiona number of g-rays of energy E; emitted per disintegration; and,
r is the target distance from the point source (cm).

This expresson for Dy relates to the positional dependence of the energy absorption from the ¢
radiation field and not to the energy depostion in tissue which occurs along the tracks of the
secondary eectrons. It will, therefore, tend to overestimate the dose rate to smal organisms, such as
fish eggs or zooplankton, having dimensions of the order of the secondary dectron range. This effect
can be accommodated by the incluson of a modifying factor as follows:

n,E
Dy(r) = 459 107 8 géL exp —(&) u nGy h' Bg* (7)
d

where:
r{0.3Ey) istherange of an eectron with energy 0.3, The required eectron range values
are tabulated in [Berger, 1971].

For internal contamination of the brger aguatic organisms with g-emitting radionuclides, and for
photon irradiation from their external environment (water and sediment), the effects of absorption
and scattering have to be taken into account. In the human radiological field, this has been achieved
by employing the Monte Carlo technique with redigtic source and target geometries in the human
body [Berger, 1968; Browndll et al., 1968; Ellett and Humes, 1971]. Some of the results that have
been obtained can be adapted either directly, or by extrapolation or interpolation, to the geometries
of interest for organisms in contaminated environments. The results have been given in terms of the
energy-dependent absorbed fraction, F (Ey):

F (E) = photon energy absorbed by the target

photon energy emitted by the source
The mean dose rate to the target tissue volume is then:

2 EgngF (Eg)

Dy=576x10" g ———= nGyh"'Bqg™* (8)
Eg m
where:
m is the mass of the target; and,
Ny isthe fractiona number of photons of energy E; emitted per disintegration.
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In the particular case when the target volume and the source volume are coincidentd, then:
Dy =5.76 x 10" Enf (Ey) nGy h* (Bq g*)* ©)

The vaues of F (Ey) have been computed for point and distributed sources with varying geometries,
with and without the incluson of a back-scattered contribution from the externd environment
[Browndl et al., 1968; Ellett and Humes, 1971]. The reciproca dose theorem can be applied to
extend these results [Loevinger et al.,1956; L oevinger and Berman, 1968].

3.2.2 Practical application of the point sour ce dose distribution approach
For a-radiation.

To judify the use of the a-particle point source dose digtribution (PSDD) function, information on
the digtributions of the a-emitting radionuclides on the scale of ~a few nm in tissue is required. In
practice, it is very rare that such detalled information is available from laboratory studies, and even
less so for either naturd or contaminant radionuclides in the environment. In both cases, it would
require the application of autoradiographic methods to generate such detailed information. The
approach has been, therefore, to assume a uniform distribution of the a-emitting radionudides within
ether the individua tissues or, in the worst case, the whole body. In these circumstances, the
absorbed dose rate is given by:

Da(¥) =5.76x 10 § E,n, nGyh' (Bqg??* (10)
Ea
where:
N isthefractiond number of a-particles emitted with energy E, per disntegration.

This is the equilibrium absorbed dose rate in a uniformly contaminated medium of effectively infinite
extent. For a-particles with energy £ ~10 Mev and arange in tissue of £ ~ 100 mm, this is the
Stuation in any tissue or organ with dimensons 2 ~1 mm and in which the radionuclide ditribution
on the micro-scade is unknown. It would aso apply equdly to internd digtributions of a-emitting
radionuclidesin ether terredtrid or aguatic organisms.

Due to its practica interest and importance, the PSDD function has been gpplied in the case of
developing fish eggs [IAEA, 1979] - a case in which there are reasonable prospects of determining
the micro-scde radionuclide digributions, relevant to the naturd environment, from |aboratory
sudies. The geometries of the models adopted are given in Fig. 4 ab and the results of the
caculations for 2°Pu a-particles are presented in Fig. 5 a-b [IAEA, 1979].
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Figure4. Thegeometriesfor thefish egg dosmetry modelsfor calculating the absor bed

doserate:
(@ At apoint insdetheegg from radionuclides uniformly distributed  over

the surface; and,
(b) At apoint ingdethe egg from radionuclides uniformly distributed
throughout the volume of the egg.
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Earlier laboratory studies had indicated that the uptake of plutonium by the developing plaice egg
(Pleuronectes platessa) was quite low. In terms of the amount and rate of accumulation, two
experiments gave differing results (concentration factors (CF) at hatching of 5.8 and 35, or mean CF
over the development period of 2.4 and 14), but it was clear that the grest mgority of the activity
(>90%) was present on the outer surface of the eggs [Hetherington et al., 1976; Woodhead, 1984].
On the assumptions that the 2*****°Pu concentration in the coastal waters of the northesst Irish Sea
was 0.037 Bq I and that a 2 mm diameter egg weighs 4.2 mg and has a surface area of 0.13 cn,
then the mean activity per egg would be 3.7 x 107 or 2.2 x 10° Bq (or 3.0 x 10° or 1.7 x 10° Bq
cmi®). Application of the data in Fig. 5a then indicates that the mean dose rates in the irradiated
portion of the egg would have been about 1.7 x 10° or 9.4 x 10° nGy K. (The cdculaion in
Hetherington et al. [1976] estimated the mean dose rates to be about 9 x 10* and 4.7 x 10° nGy h
!in a spherica shell with inner and outer radii of 0.094 and 0.1 cm. This shell has awidth of 60 mm
as compared with awidth of 39 nm in the PSDD modd used in [IAEA, 1979, and this difference
largely accounts for the difference in the dose rate estimates.)

More importantly, however, Hetherington et al. [1976] pointed out that the actud amount of
plutonium activity on the egg had additiond implications for the dosmetry. A mean plutonium activity
of 3.7 x 107 Bq on each egg for the 17 day development period would correspond to one plutonium
aom disintegration every 2.7 x 10° seconds, or ~31 days, on average, or amean disintegration rate
per egg during embryonic development of 0.54. The Poisson distribution can, therefore, be applied
to determine the proportion of eggs experiencing 0, 1, 2 and 3+ disintegrations, i.e., 0.58, 0.32, 0.09
and 0.01, respectively. Further, assuming that there is a 50% chance that any given a-particle
emitted by plutonium on the egg surface will penetrate the egg, the binomid distribution can be used
to give the proportions of te eggs into which 0, 1 or 2 a-particles will penetrate, i.e, 0.76
(equivdent to receiving no a-radiation dose), 0.21 and 0.03, respectively. In these circumstances, it
is clear that the estimated macroscopic dose rate is quite meaningless. Indeed, it is not immediady
gpparent how such radiation exposures, conssting of one or afew particle tracks passing into small

autonomous biological entities, should be interpreted. These congderations will apply to any smal

organism (particularly phyto- and zooplankton, and the soil micro-fauna), organ or tissue.

The approach, demonstrated here for fish eggs, can be adapted for the estimation of the a-radiation
exposure of any small organism in ether the terrestrid or the aquatic environments.

For b-radiation.

The ranges, in soft tissue, of the b-particles emitted from natural and artificia radionuclides extend up
to about 2 cm. The assessment of the dose rate resulting from the incorporation of b-emittersinto
tissue requires, therefore, information on their internd distributions on the scale of afew mm. Again,
as for the a-emitters, such information is rardly avallable and a uniform distribution must be assumed
in ether the tissues or the whole body. If the organ or organism has dimensions grester than~2 cm,
then the dose rate a the centre (assuming a uniform radionuclide distribution) can be gpproximated

by:
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Dp(¥) =5.76 X 10" § Eon, nGy h' (Bqgh)* (11)
Bp

where:
n, isthe fractional number of b-particles emitted with mean energy E, per
digntegration.

For smdler organs and organisms, use may be made of the b-radiation PSDD function.

The b-radiation PSDD function has been applied to the case of developing fish eggs [Woodhead,

1970; 1AEA, 1979]. The geometry of the modds is as given in Fig. 4 ab and the results of the
cdculations for a number of variants are given in Fig. 6 ad. In Fg. 6a, the influence of the egg Sze
and the maximum b-particle energy on the dose rate a the putative postion of the developing
embryo (0.1x the egg radius from the egg surface) can be seen for radionuclides on the egg surface.
The dose rate per unit activity (Bg cmi® of egg surface) increases as the egg radius decreases due to
the increased proportion of the egg surface that is within the range of the low energy b-particles. For
the three egg sizes considered, the dose rates converge at the higher b-energies because essentidly
al of the energy is deposited at the target Ste by the low LET portion of the initid part of the b-
particle tracks and the increasing activity on the egg shell with increasing egg radius, dthough dl

within range of the target, is goproximately (and coincidentaly) counteracted by the increasing
distance (0.1 x radius) of the target point from the egg surface. In Fig. 6b, the variation of the dose
rate through the egg is shown for the environmentally important radionudide pair, ©Sr-*Y, for two
different egg Szes. Asisto be expected, the egg sze has a Sgnificant influence on the radid variation
of the dose rate for the low energy *Sr b-particles but is of little consegquence for the higher energy
%V radiation (but bear in mind thet, in absolute dimensions, the curves for the smaller egg would be
contracted towards the ordinate relative to those for the larger egg). Fig. 6 ¢ and d show the
corresponding dependencies for the case of the activity uniformly distributed throughout the egg. For
an egg a more than afew cm from any water boundary, the dose rate a the point P indde the egg
from b-emittersin the surrounding water issmply:

Du(P) = Dy(¥) - Do(P)y nGy h* (Bqg®)” (12)
where:
Dy (P), isthe doserate a the point P from activity uniformly distributed within the egg (see Fig
6. ¢ and d) evaluated at the concentration of the radionuclide in the water.

The full expressons and greeter detall are given in [IAEA, 1979].
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Figure 6. (a) Variation of absorbed doserate (at OP = 0.9r) asa function of the maximum b-

particle energy for radionuclides uniformly distributed over the surface of eggs of
differing radii.

(b) Variation of b-particle absor bed dose rate within the egg for *°Sr-*Y uniformly
distributed over the surface of eggs of differing radii.
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For organisms or organs with dimensions of the same order as, or less than, the ranges of the b-
radiation in tissue (< ~ 2 cm), the dose rate at their centre will be less than D,(¥) evauated at the
radionuclide concentration in the organism whole body or the organ. In this case, the organism or
organ is divided into a sphere and a succession of partid shells centred on the point of interest (see
Fig. 7). The dose rate a that point isthen smply the sum of the contributions from the sphere and the
individua segments evaluated a the radionuclide concentration in the tissue using the b-particle
PSDD. Using this approach, the dose rates at the centre of some of the reference organisms have
been determined; the results, as a fraction of the corresponding Dy (¥ ), are given in Fg. 8 for the
smd| crustacean, the mollusc and the large crustacean, as a function of the mean b-particle energy. In
[NCRP, 1991], the smdl crustacean model was taken to be applicable for a small insect, and the
mollusc mode for alarge insect. For the larger organiams, if there is no relevant information on the
differentid digribution of the radionuclides within the potentidly important target tissues, the b-
radiation dose rate to tissues at greater than ~ 2cm from the body surface is effectively Dy (¥)
evaluated at the mean radionuclide concentration in the whole body. Again, the b-particle dose rate
a the centre of the organism from activity in the water is given by:

Dy(0) = Du(¥) - Dy(0)y nGy h* (Bqgh)* (13)
where:
Dy (0),, the dose rate a the centre of the organiam from activity uniformly digtributed within the
body (see Fig 8), and D,(¥) are evauated at the concentration of the radionuclide in the
water;

and from activity in the sediment is given by
Dy(0) = 0.5{Dy(¥) - Dp(0)} nGy h* (Bqg?)* (14)

where:
Dy (0)y, the dose rate at the centre of the organism from activity uniformly distributed within the
body (see Fig 8), and D, (¥ ) are evaluated at the concentration of the radionuclide in the
sediment, assumed to be uniform over distances of the order of the maximum b-particle range
(~2 cm).

The influence of differentid radionudide digributions within the body has been invedtigated in a
generd way [Pentreath and Woodhead, 1988]. Here, the cases of 16 mg and 1 g dlipsoidal target
organs centrally placed in 1 and 1000 g dlipsoida bodies, respectively, are consdered (i.e., so that
the data in Fig 8. may be used). It is assumed that the radionuclide concentration in the organ is
ether 0.1x (discrimination) or 10x (preferentid accumulation) the assumed mean whole body
concentration of 1 Bq g* (this dlows the caculation of the radionuclide concentration in the
remainder of the body surrounding the organ), and that the digtributions are, otherwise, uniform. Fig.
9 provides the reaults in terms of (sub-) multiples of the dose rate a the centre of the body that
would have resulted from a uniform digtribution of the same totd quantity of radionuclide throughout
the whole body. At low b-particle energies, where the ranges are less than, or of the same order as,
the dimensons of the target organ, the dose rate scaes proportionately with the radionuclide
concentration in the target organ, but a higher energies (and longer ranges) the dose rate falls below
proportiondity for preferentiad accumulation in the target (curves A and C), and increases above
proportionaity where there is discrimination (curves B and D). Off-centre organs at |less than the b-
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particle range from the body surface can be treated using the same gpproach, but this has yet to be
done.
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Figure7. Thegeometry of the dosmetry model adopted to represent a small
mollusc or large insect, and a schematic indication of the partial spherical
shell method for estimating theb -particle absorbed doserate at the
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Figure8. b-particledoserate, asa fraction of Dy (¥ ), at the centre of the
geometriestaken to represent the bodies of aquatic organisms, from a
uniform digtribution of radionuclidesthroughout the volume, as a function
of themaximum b -particle energy.
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larger body. The absorbed doserate at the centre of the organ is given relative
to that which would be délivered by the assumed uniform whole body
concentration of 1 Bq g™

CurveA. A 1 gorgan centrally-placed in a 1000 g body with preferential accumulation to a
radionuclide concentration 10 x the assumed mean whole body radionuclide
concentration of 1 Bq g™

CurveB. A 1 gorgan centrally-placed in a 1000 g body with preferential discrimination
giving a radionuclide concentration 0.1 x the assumed mean whole body
radionuclide concentration of 1 Bq g™

Curve C. A 16 mg organ centrally-placed in a 1 g body with preferential accumulation to a
radionuclide concentration 10 x the assumed mean whole body radionuclide
concentration of 1 Bqg™.

CurveD. A 16 mg organ centrally-placed in a 1 g body with preferential discrimination

giving a radionuclide concentration 0.1 x the assumed mean whole body
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The particles generated by b-decay have a distribution of energies ranging from zero to a varigble
Eomax that depends on the nuclide and its decay scheme. Auger dectrons and the el ectrons produced
by the internal converson of g-rays are, however, mono-energetic. The former are generdly of such
low energy that thelr ranges in tissue are less than the smdlest dimensons of the mgority of
organisms and organs considered as targets for dosmetry; it is gppropriate, therefore, to use D(¥)
evaluated at the Auger emisson energy for the absorbed dose rate. The energies and ranges of
conversion dectrons can be significant, e.g., 1.82 MeV and ~ 0.9 cm, respectively, for #Y, and the
dose rate at the centre of a smal organism from internal sources will be less than D(¥ ). Thedatain
[Berger, 1971] can be used to estimate the absorbed fractions for mono-energetic dectronsin small
organs and organisms (see Fig. 10).
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The same approach is appropriate for interna sources of eectrons and b-particles in terredtrid

organisms (as noted above, the geometry of the small crustacean has been used to represent a smal

insect and that of the mollusc, a large insect). The estimation of the dose rate from externa sources
of eectrons and b-particles in the terrestrid environment is subgstantialy rmore complex due to the
inhomogeneous dengity digtribution - it islikely thet the radiation flux will be incident on the organism
after passing through the air and, possibly, plant materia, from sources that are cm to metres distant.
In these circumstances the PSDD functions are not applicable and an aternative gpproach remains to
be devel oped.

For g-radiation.

Fish eggs are generdly sufficiently smdl that the g-ray PSDD function (Eq. 7) can be employed. The
results for **’Cs on the surface of, and uniformly distributed within, eggs of two different diameters
aregivenin Fig. 11 aand b, together with those from the application of the Smple inverse square law
for comparison [IAEA, 1979]. As would be expected, the incluson of the eectron build-up factor
reduces the dose rate as compared with the smple inverse square law.

In the more usud Stuation, in which it must be assumed that the contaminant g-emitting radionudlides
are uniformly digtributed throughout organisms with dimensions greater than eectron build-up range,
the published data [Browndl et al., 1968; Ellett and Humes, 1971] have been used (with
interpolation or extrapolation) to determine the absorbed fractions (F ) for a number of the generic
aquatic organisms listed in Table 1. The results are given in Fig. 12 and it can be seen that the smaller
the organiam, the smdler is the amount of the g-ray energy emitted from internal sources that is
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absorbed within the organism. The mean dose rate to the organism from the internd sources of g
radiation can then be caculated from Eq. 9.
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Figure 11. Variation of absorbed doserate inside fish eggs of differing radii for *'Cs
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(a) over thesurface of the egg; and,
(b) throughout the volume of the egg.
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The effects of the differentid accumulation of g-emitting radionudides in interna organs has been
consdered, in a general way, by Pentreath and Woodhead [1988]. Use was made of the published
vaues for the absorbed dose fractions for point and distributed sources in 1 g and 100 g elongated
dlipsoids [Ellett and Humes, 1971] and the reciprocity theorem [Browndl et al., 1968]. This
showed that, if 100% of the totd body burden of a nuclide is presert in a centraly-placed target
organ of 1% (1 g) of the body weight, then the g-ray dose rate to the organ is approximately 30x
greater than the mean dose rate to the whole body (100 g) from the same total quantity of activity
uniformly distributed. In a more usual case, in which 25% of the total body burden resides within the
organ, the dose rate would be increased by a factor of 5; for larger organisms, the factor would be
greater, and for smdler organisms, less. Smilarly, it can be shown that if the radionuclide is not
accumulated at al by the target organ, the g-ray dose rate to the organ is little different to the mean
dose rate to the whole body from the entire, otherwise uniformly distributed, body burden.

Themean gray dose rate to the organism from activity in the water (assuming a postion >~1m from
the sea surface or the seabed) is given by:

DyM) = Dg¥) - DgM), nGy h* (Bqg’)* (15)
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where:
D¢(M)., the mean dose rate to the organism from activity uniformly distributed within the body,
and Dy(¥) are evauated at the concentration of the radionuclide in the water;

and from activity in the sediment is given by

DyM) = 0.5{Dy¥) - D{M), } nGy h* (Bqg"™* (16)

where:
D¢(M)., the mean dose rate to the organism from activity uniformly distributed within the body,
and Dy(¥ ) are evauated a the concentration of the radionuclide in the sediment.

Eq. 16 implicitly assumes that the g-emitting radionuclides are uniformly distributed in the seabed to a
depth greater than the mean free path for absorption (i.e., >~1m), hence the inclusion of the factor of
0.5 (for auniformly contaminated, effectively semi-infinite space). In many Stuations, it is known that
the concentrations of the anthropogenic radionuclides decline with depth (haf-value depths up to 10s
of cm) due to radioactive decay, limited input histories, low bioturbation and/or sedimentation rates,
etc., and in these cases, afactor of 0.25 (rather than 0.5) yields more redigtic etimates of the g-ray
dose rate from the seabed [IAEA, 1976].

The approach of using the published data to estimate the absorbed fractions could be adapted for
internd sources of grays for the geometries representing the generic terrestrid organisms. For
externd gray sources, however, the absorption mean free path in air of 10s of m and the presence
of dengty inhomogeneities, eg., vegetation and soil surface topography, mean that an dternative
approach, probably employing Monte Carlo methods for generic environmental geometries, must be
developed.

The techniques discussed in this Section for estimating radiation dose rates have been gpplied in a
number of ingtances for exiding, or potentidly, contaminated environments. Rather than give
extengve Tables of the reaults, the references are summarized in Table 3. A number of the modds
listed in this summary correspond to those suggested for the reference organismsin Tables 1 and 2.
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Table 3. A summary of references giving results from the use of environmental
dosmetry models described in Sections 3.2.1. and 3.2.2.

Organism

References

Pelagic phytoplankton

Pelagic zooplankton, smdll
benthic crustacean, small
insect or larva

Fish eggs

Benthic mollusc

Large benthic crustacean

Pdagicfish

Benthicfish

Sedl, dolphin

Whde

Duck, coat, gull

Alligator

Turtle

Smadll polychaete worm
Large gastropod mollusc

Pearl oyster
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Woodhead, 1973a; IAEA, 1976.

Woodhead, 1973a; IAEA, 1976, 1988, 19983, b;
Hoppenheit et al.,1980; OECD/NEA,1985;
Pentreath and Woodhead, 1988; NCRP, 1991;
St-Pierre et al., 1999.

Woodhead, 1970; Hetherington et al., 1976.
IAEA, 1976, 1988, 19983, b; OECD/NEA,1985;
Pentreath and Woodhead, 1988; NCRP,1991;
St-Pierre et al., 1999; Woodhead, 1973a.

IAEA, 1976, 1988, 19983, b; OECD/NEA,1985;
Pentreath and Woodhead, 1988; Woodhead, 1973a.

IAEA, 1976, 1988, 1998a, b; OECD/NEA,1985;
Pentreath and Woodhead, 1988; Woodhead, 1974;
St-Pierreet al., 1999.

IAEA, 1976, 1988; OECD/NEA,1985; Pentreath et
al., 1973; Pentreath and Woodhead, 1988;
Woodhead, 19733, b, 1974; St-Pierre et d., 1999.

Pentreath and Woodhead, 1988; Camet et al .,
1992; |IAEA, 1998b.

IAEA, 1998b.

Woodhead, 1986; NCRP, 1991, IAEA, 1998b;
St-Piereet al., 1999.

NCRP, 1991.
NCRP, 1991.
IAEA, 1998a
IAEA, 1998a

IAEA, 1998a
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Lobster IAEA, 1998a.

3.2.3 Theteresrial environment

A cursory examindion of the summary in Table 3 immediately shows that the aguatic environment
has been the mogt thoroughly studied; this is quite Smply a consequence of the extensive use that has
been made of surface waters for the disposal of low-level liquid effluents, and the deep ocean as a
repository for low-level solid radioactive wastes. Most nuclear sites do, however, make discharges
to the amosphere. These have implicaions for the terrestrial biogphere in terms of radiation
exposure from the radionuclides, either when they are airborne or following dry/wet deposition, and
there has been some development of the requisite dosimetry models.

It has been noted & severd points in Sections 3.2.1 and 3.2.2 that the terrestrid system is more
complex, in terms of the dosmetry of externa sources, due to both the much extended ranges of the
b- and g-radiations in air and the presence of the substantid density variations between air, soil and
plant and animd tissues. In the aquatic environment, it is reasonable to assume an equivaence (at the
level of accuracy required for environmenta impact assessment) between the surrounding water and
soft tissue in terms of radiation absorption and scattering properties.

The problems of estimating the absorbed dose to terrestrid animas from externd sources of g
radiation have been discussed in [UNSCEAR,1996]. It was concluded that the smple derivation of
the absorbed dose rate from an estimate of ar kerma would not be possible because it would
depend on the assumptions of photon field uniformity, secondary eectron equilibrium and no photon
scattering; these would be unlikdly to be valid in a contaminated environment with inhomogeneous
digributions of both the radionuclides and materia dengties.

Nevertheless, Jacobi and Paretzke [1986] have made approximate estimates of the absorbed dose
rates to the leaves of deciduous trees and the needles of coniferous trees from externd sources of b-
and g-radiation. They assumed that there was radiation equilibrium in air, that scattering could be
neglected, and that the ratios of the mass energy absorption coefficients and eectron stopping
powers in ar and leaf/needle tissue could be taken as unity. Under these assumptions the absorbed
dose ratesto the leaf/needle tissue from externa b- and g-radiations are;

D, =g, Ca NGy " (17)

D, =g,Ka nGyh* (18)

where:
C, and K , are, respectively, the cemaand kermaratesin air, in nGy h; and,
gp and g4 are dimensionless geometrical factors to take account of the attenuation of the
incident radiationsin the tissue.
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The value of g,, was taken to vary between unity for high energy b-particles and zero for the low

energy b-particles unable to penetrate the leaf/needle cuticle and irradiate the cell growth layer at
around 0.1 mm depth; the value of g, was taken to be unity and independent of g-ray energy. A

complementary approach was used to estimate the dose rate from internal sources. It is of interest to
note that the important Stuation of surface cortamination was not addressed. A deficiency in this
dosmetry modd is that it implicitly assumes that the leaf or needle is an isolated entity and does nat,
therefore, take account of sources in other parts of the same tree or the effects of sdf-shidding. It
might also be more relevant to estimate the dose rates to the growing buds rather than the mature
leaves/needles athough this does, of course, depend on the radiation effect endpoint of interest.

A gmilar degree of smplification was adopted in [IAEA, 1992] in estimating the absorbed dose
rates to a generic plant and anima from internal and externa sources. For interna sources, the D(¥)
vaue for the radionuclide was reduced by a geometrica factor reevant to the radiaion type and
energy, i.e., unity for a-partices; unity for b-particles except in the case of *P for which avaue of
0.5 was adopted; and, 0.1 for g-rays. The dose rate to plant tissues from externa sources of g-rays
deposited on the ground was estimated to be 3.3 times that for humans (available from published
sources). This value of 3.3 takes account of the variations in geometry and occupancy between
plants and humans. For externa sources of b-radiation, it was concluded that, even for high energy
emitters such as ¥P and Y, the exposure would be less than 10% of that from the contamination
on, and in, the plant. This contribution was, therefore, ignored.

A similar agpproach was followed for the generic anima. For internd sources, the geometrica factors
for the reproductive tissues for a-, b- and gradiation were taken to be unity, unity and 0.3,
respectively. The dose to animd tissues from external sources of g-radiation was assumed to be the
same as that for plants.

Amiro and Zach [1993] and Amiro [1997] have estimated the dose conversion factors (DCF) for a
number of generic terredtria organiams - a plant, a mamma and a bird (in addition to pelagic and
benthic freshwater fish) - from interna and externa sources of radiation. The underlying dosmetry
modeds were generdised and were made deliberately conservative to ensure that any consequent
action provided the environment with the benefit of the doubt. For the radionuclides taken up into,
and assumed to be uniformly didributed within, the organiams, it was assumed that dl the emitted
energy was absorbed within the tissue, i.e., the absorbed dose rate was equivalent to D, , o(¥)
evauated a the radionuclide concentration in tissue (e.g., Eq. 10). For organisms with dimensions
>~2 cm, this is a reasonable assumption for a- and b-particles, for the mgority of organisms,
however, it would lead to substantia over-estimates of the dose rate from the internal  g-emitters.
(Note that in [Amiro and Zach, 1993] the dose rate to the animal thyroid from °| was increased by
afactor of 10 to account for the preferential accumulation of this eement in the organ; this approach
was not carried over into [Amiro, 1997]). There are many potentia sources of externa exposurein a
contaminated environment, with different radionuclide concentrations in each compartment
depending on their varying biogeochemical behaviours, and sgnificant smplifications had to be made.
Although the behaviour of the individua species of animas and birds dso has a sgnificant influence
on their potentia radiation exposure, this was neglected and three generic Stuations were consdered
for the terredtrid environment:

Immersion in contaminated air - It was assumed that the target organismwas Stuatedat 1 m
above a plane boundary (the soil surface) in a semi-infinite, uniformly contaminated volume of air

R&D TECHNICAL REPORT P350 39



with a dengty of 1.189 kg mi°. This particular geometry was originadly developed for humeans
[Holford, 1988, 1989] and will give conservetively high values of dose rate for organisms that
predominantly live closer to the ground surface; it will, however, underestimate (by a factor < 2) the
exposure of organisms, e.g., the swift, that spend alarge proportion of their lives high inthe air.

Immersion in contaminated soil - It was assumed that the target organism wasstuated 0.1 m
below the plane surface (boundary between soil and air) of a semi-infinite, uniformly contaminated
body of soil. This geometry, appropriate for plant roots, litter fauna and burrowing animas, will give
conservatively high vaues of the exposure from the soil source to plants, and to animas that live on,
or above, the soil surface.

Immersion in contaminated vegetation - The geometry of the mode is as above for ar
contamination, i.e., the target organism is assumed © be 1 m above the soil surface. It was aso
assumed, however, that the plant yield was 1 kg miZ with amean plant height of 1 m so that the plant
dengty is 1 kg wet biomass m® of ar. The vegetation immerson DCF vaue (Gy a* Bg™ kg wet
biomass) was then simply obtained as the product of the air immersion DCF (Gy &' Bq™ mi®) and
the vegetation density (1 kg wet biomass m® of ar). This will give conservatively high estimates of
the dose rate from the contaminated vegetation in most instances because it implicitly assumes thet
the vegetation (together with its associated radionuclides) is uniformly ditributed, at adensity of 1 kg
wet biomass mi® of ar, in asemi-infinite volume.

Using the data in [Holford, 1988, 1989], DCF values, derived from these models for 99
radionuclides of interest in the context of a geologicd waste repository, have been tabulated [Amiro
1997].

3.24  General ranges of environmental absorbed doserates

Although the detalled results of the gpplication of the dosmetry modds to red, or potentidly,
contaminated environments have not been given (see Table 3 for references), it is possble to indicate
the generd limits of the radiation exposures for a number of Stuaions [summarized from
UNSCEAR, 1996]. For the natura background, the absorbed dose rates are normally up to ~1
nGy h but, exceptiondly, may be up to 2x10° nGy h. In dl stuaions, a-particles appear to
contribute a substantial proportion of the total absorbed dose rate (the %?Rn + short-lived daughters,
and ?°Po). In environments receiving radioactive wastes, the absorbed dose rates from the
contamination are generdly < 10° nGy h', but may, exceptiondly, rise to ~10° nGy H'. The highest
environmental dose rates have followed accidental releases of radionuclides. In the southeastern
Urals (1957) and a Chernobyl (1986), the initia absorbed dose rates were > 10* nGy h* (and,
localy, > 10° nGy h); these have declined to current vaues of < ~1.5x10? and ~10% nGy H,
repectively. The sgnificance of these ranges of dose rate isthat they indicate the domain of the dose
rate/response relationship over which information for the biological endpoints of interest is required.
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3.25 Futuredevelopments

Asde from the clear requirement to develop dosmetry modes applicable to the terrestria
environment, there is a number of developments that can be foreseen. Once the generic organisms
for the marine, freshwater and terrestrid environments have been confirmed (see section 2) and the
corresponding geometric models defined, the conceptua outline of the process of absorbed dose
rate calculation can be developed. In the case of the marine environment [Pentreath and Woodhead,
1988], it was concluded that the basic datum should be the concentration of the radionuclide in the
seawater, and for the purpose of estimating the dose factors, this concentration was taken to be 1
Bqg m®. From this, the available data on the uptake of the radionudlide into the organisms (the
equilibrium concentration factor - CF (10 n kg™ wet weight) - probably at the level of the whole
body, but a the organ/tissue levd if the rdlevant data are available) and by sediment (the equilibrium
distribution coefficient - kq (10° nT kg™ on adry weight basis)) [see IAEA, 1985] would be applied
to determine the radionuclide concentrations in these compartments. Hence:

radionudlide concentration in seawater;
Cw =1Bqm?

radionuclide concentration in organism (whole body) is.
Cub = CFus Bg kg'; and,

radionuclide concentration in sediment (wef) is.
Gl k- 1)+

f(rs'rw)-l-rw

Cs Bq kg" wet,

where: f isthe fraction of solidsin the sediment (taken to be 0.4 by volume); and,

rsand r, arethe dendties of the solids and water, and taken to be 1.5x10° and 1.0x10° kg
m?, respectively.

These radionuclide concentrations were then, together with the data in Fig. 8, 9 and 12, and the
radiation emisson characteristics of the radionuclides, the input data for the calculation of the dose
factors tabulated in [Pentreath and Woodhead, 1988]. (Note that the dose factors in this reference
are given in terms of mSv h' per Bq ni® of seawater, i.e., the a-particle, and the b-particle and ¢
ray, components of the absorbed dose rate were multiplied by radiation weighting factors of 20 and
1, respectively, to give the dose equivaent rate. It was recognized that this procedure was open to
argument and, as discussed in section 3.1.2. above, this is a question that has Hill to be resolved.)
Pentreath and Woodhead [1988] did not consider dl of the generic marine organisms suggested in
Table 1, and the calculation of the dose factors for the additiond organisms, if confirmed as
necessary, remains to be done. Essentially the same approach would be appropriate for the
freshwater environment.
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In the case of the terrestria environment, there is anumber of steps to be undertaken:

1.

5.

Thus far, an equilibrium Stuation has been assumed, i.e., the time dependence of the evolution of

radionuclide digtributions has not been included in the calculaions. This is an assumption that needs
to be examined to determine circumstances in which it gpplies, eg., atime-averaged CFwasused in
the estimation of the dose rates to developing fish embryos for which the accumulation haf time was
of the same order as the development period [Woodhead, 1970; Hetherington et al., 1976], and it

Decide on the generic organisms that are broadly representative of the European
region taking account of the factors discussed in section 2 (some are suggested in
Table 1);

Define the geometries that will represent these generic plants and animads, and the
environmenta compartments that will be the sources of radiation exposure, eg.,
radionuclides on and in the plant foliage; on the surface, and in the surface layers,
of the sail; and, in theanimas

Use these dosmetry models to generate the terrestrid equivalents of the data
presented in Fig. 8, 9 and 12.

Decide on the basi ¢ radionuclide concentration datum appropriate to the terrestria
environment - as discussed a the dart of this section - i.e, dther a unit
concentration in ar (Bq m°) or a unit deposition density (Bg mi?); it may turn out
to be necessary to use both in different circumstances. From these basic data,
information on interception rates, depostion rates and transfer factors will be
required to generate the radionuclide concentrations in the compartments that will
give rise to the radiation exposures.

Cdlculate the dose factors for the generic organisms.

would dmost certainly be ingppropriate for the Situation of an accidental release.

In terms of redisng a comprehensive set of dose factors for the range of generic organismsthat isto
be identified as gppropriate to the European region, the ided would be an inter-linking hierarchy of

spreadsheets that:

calculated the absorbed fractions for each generic organism geometry, the
identified internal and externd sources of radiation, and each radiation type (a-
, b-particles, x-, g-rays or monoenergetic eectrons). It would be necessary to
have individua worksheetsto caculate:

the parameter values for the point source dose ditribution functions, i.e., for a-
particles A, B and R(Eaen) In EQ. 4 - probably by interpolation from discrete
vaues taken from Fig. 1, 2 and 3; for b-particles n, aand cin Eq. 5, and aso, for
the smaller organism geometries, the proportions of the spherical shells of
increasing radii centred on the target point and included within the geometry; and,
for x- and g-rays, and the smaler organisms. r{0.3E) in Eq. 7 - probably by
interpolation between discrete vaues taken from [Berger, 1971]; for the larger
organisms, the discrete values of absorbed fraction, asin Fig.12, would be used as
the basis of interpolation;
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- contained the radiation emission characteristics for each of the radionuclides of
interest in an addressable form, i.e., the values of n, the fractiona number of
emissons of typer (a-, b-particles, x-, g-rays or monoenergetic eectrons) and
(mean) energy E MeV per disintegration in aformet that is recoverable for usein
cdculations (note that the radionuclide emisson datain [ICRP, 1983] are available
in eectronic form and might be used ether directly, or through adeptation to the
Spreadsheet format);

- contained the data on radionuclide behaviour in terms of CF, kg, interception rate,
deposition rate and transfer factor vaues, and,

- combined these data on absorbed fractions, the radiation emission characteristics
for each radionuclide, and radionuclide behaviour to generate the corresponding
dose factors.

The advantages of having al the models underlying the dose factor values on spreadshects are
threefold: the calculations would be rdatively trangparent; they could be eadly updated as new or
improved information on radionuclide behaviour in the environment became available and, the implicit
framework would be immediatdy available for adaptation to additiond generic (or Ste-specific)
target organs or organisms.

3.3 Conclusions

It may reasonably be concluded from the information discussed in this Section that there is a
subgtantia basis for the further development of radiation dosimetry models gppropriate to native wild
organisms in contaminated environments. The greatest effort probably needs to be directed at the
identification of relevant generic organisms and habitats for the terrestria environment. Once this has
been completed, the remaining work outlined in section 3.2.5. could be undertaken.

It isamog certainly the case that improvements in the accuracy and precision of the estimates of the
dose rates to native wild organisms from radioactive waste management practices will be limited by
the availability of the rdlevant information on the behaviour and ditribution (in time and space) of the
radionuclides both externd to, and within, the organiams, rather than the complexity of the dosmetry
models that could be developed. The acquisition of improved input data for the dosmetry models
would be a resource-expensve activity, and it is likdy that this factor will enforce smplifying
assumptions in environmental dosmetry for the foreseeable future.
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4. SUMMARY AND CONCLUSIONS

4.1 Thepresent position

A previous report [Woodhead, 1998] has shown that, in principle at least, the Environment Act
1995 (including transferred powers) provides a Satutory basis for the establishment of criteria, and
the gpplication of controls, for the protection of the naturd environment from any incrementd
radiation exposure arisng from radioactive waste management activities. It dso showed that the
ability to edtimate the consequent radiation exposure of native wild organisms in the contaminated
environment would be an essentid component of the framework to provide for environmentd
protection. A very brief outline was given of some existing gpproaches to the estimation of the
radiation dose rates to a variety of wild organisms and the results summarized. Due to the practica
impossibility of estimating the radiation exposure of individuas of every species of flora and fauna
inhabiting a contaminated area (the numbers involved and the input data requirements), it has dways
been recognized that it would be necessary to limit the radiation dose rate assessments to reference
(or generic) organisms considered to be broadly representative of the area. The bass for the
section of such reference organisms was not discussed dthough it was determined that the
individual plant or animd, and/or ther internd biological processes, eg., gametogeness, would
represent the appropriate focus for measures to protect the environment.

4.2 Dosmetry targets and reference organisms

For a framework for environmenta protection to have credibility, it is necessary that the dose rate
(and risk) assessment should include a sufficient variety of organisms that the full range of both
environmenta dose rates, and potentid sengtivities to the effects of radiaion, are encompassed.
Although the potentid influences on the degree and sgnificance of radiation exposure have been
discussed in terms of biologicd, physica and geochemica factors, it was determined that the
selection of the representative reference organisms would more usefully be based on consderations
of:

Radioecological sensitivity. The dose rates to the native flora and faunain a contaminated
environment will be influenced by habitat preference, behaviour and innate capacity to
accumulate radionuclides in relation to the tempora and spatid variabilities of the
radionuclide distributions. The latter are governed by the chemical nature of the radioactive
elements and their consequent interactions with environmenta processes, and their half-
lives. This selection bagsis likely to result in the choice of representative species from the
main trophic levels.

Radiosensitivity. There is congderable evidence that the response to irradiation varies
between species, between organs and tissues within a given type of organism and between
the different stages in the life cycle of many individua species. In addition to providing a
bass for sdecting reference organisms, this dso serves to identify potentidly important
dosmetry targets at the sub-individud levd.

Ecological sensitivity. In the mgority of ecosystems the native flora and fauna are
grouped into communities as a consequence of the multiple interactions between the
requirements of the organisms and the physica and geochemica properties of the loca
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environment. Within these communities thereis frequently an gpparent hierarchy in theroles
of the organiams in the functioning of the community, eg., the importance of primary
producers, this provides a third potentid badsis for the sdection of reevant reference
organisms and is, again, likely to result in the choice of examples from each trophic leve.

The gpplication of these sdlection criterialed to the choice of the reference organisms set out in Table
1, dthough it is not suggested that these are necessarily comprehensive.

4.3 Dosimetry models

A sdection of the dosmetry models that have been employed to assess the radiation exposure of
native organisms in contaminated environments has been described. The models have been most
highly developed for the marine environment and caculated dose factors for a sub-set of the marine
organiams lised in column 1 of Table 1 (smal and large, pelagic and benthic crustaceans, benthic
molluscs, and pelagic and benthic fish) have been published [Pentreath and Woodhead, 1988].
There has been a more limited application of dosmetry models in the terrestrid environment with
dose factors being published for a plant, a mamma and a bird [Amiro, 1997]. There are two
important questions that remain to be resolved in respect of the assessed radiation exposures:

How is the known, relaively higher effectiveness of a given absorbed dose from a-particle
radiation (densdly ionizing or high linear energy trandfer (LET)) as compared with the same
absorbed dose from b-particles and the eectrons generated by g-rays (Sparsely ionizing or low
LET) to be taken into account? For the radiation exposure of native wild organisms in
contaminated environments a quantity, corresponding to the equivaent dose (= absorbed dose x
radiation weighting factor, w;) in human radiation protection practice, is required. (Note that
proposals have been made, but these need to gain acceptance in the wider scientific community).
How are smal doses/dose rates to small and/or short-lived organisms to be interpreted when
there is a ggnificant probability that the actua dose (rate) received by a proportion of the
organisms theoretically exposed is, in fact, zero (see discussion in section 3.2.2. relating to a-
radiation)?

It has been concluded that these existing models form a substantid basis for further development and

goplication to native wild organisms in contaminated environments. A conceptua outline of a
transparent framework for making this development has been given.
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