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SUMMARY 

The concepts underlying exposure pathway analysis are outlined with 
reference to the features of the two broad types of radionuclide transport 
models now in use - dynamic and steady-state - and the methods for 
constructing and developing them. 

By way of illustration, representative radiation doses are estimated for 
the four main exposure pathways likely to be involved in the land 
application of effluent water from Retention Pond 2 of Ranger Uranium 
Mines, namely: 

• external irradiation by 3 2 < R a and natural uranium (Unat) in soil, 
• ingestion of 2 2 6Ra and Unat in food, 
• inhalation of 2 2 2Rn daughter products from 2 2 <Ra in soil, and 
• inhalation of 2 2 6Ra and Unit in airborne dust resuspended from soil, 

wi.h emphasis on local residents pursuing a traditional lifestyle on 
conclusion of the land application program. 

Because of the possible importance of the contribution from resuspended 
dust, currently available data are explored in refining the methodology for 
the pathway and developing a more appropriate model for it. 

The estimated radiation doses are compared with the values obtained by 
Akber and Carter [reference 12]. Although the two series adopt the same 
basic assumptions, many outcomes differ; and the current average annual 
application of 2 2 6Ra and Unat by Ranger Uranium Mines lies between what 
they would allow (see Table 1, page 9): 

• Akber and Carter deem the current practice inadmissible, as, on 
their prediction, it would yield a committed effective dose equivalent 
rate after 30 years of -2 mSv/y, compared to the Australian exposure 
limit of 1 mSv/y for a member of the public; whereas 
• the present analysis would allow the practice as acceptable, as it 
predicts -0.5 mSv/y after 30 years. 

More work needs to be done to resolve this position. The principles 
outlined here for model construction and development are applied to the 
analyses, and recommendations are made for additional experimental work on 
the pathways. 

Using the land application problem as an illustration of the methodology 
for exposure pathway analysis provides a salutary demonstration of the 
importance of validating a model before acting on its predictions. 



1. INTRODUCTION 

Radionuclides released to the environment are commonly translocated in 
complex series of physical, chemical and biological processes, some of 
which may combine to become pathways for irradiation of the population. The 
conventional approach to analysing such exposure pathways is to describe 
the environmental transport of the radionuclides in simple mathematical 
terms, extending from the source of their release through to the radiation 
doses delivered to particular organs and tissues. The possible health 
effects can then be assessed. Needless-to-say, the outcome is often 
implemented as a computer model. 

A diversity of scientific disciplines is needed to adequately cover the 
methodologies involved in exposure pathway analysis: for example, there is 
the transport of the radionuclides in terrestrial and aquatic environments, 
including ecological transfer into the foodchain: and there is the 
radiation dosimetry for external irradiation, and for internal irradiation 
by radionuclides that are inhaled or ingested. A well-formulated pathway 
analysis is a team effort, drawing widely on specialist expertise. It not 
only provides the capacity for predicting radiological impact, but it often 
affords a useful base from which to examine the pathways from different 
scientific perspectives, giving a consistent framework for interpreting the 
data obtained. 

Historically, the main impetus to develop methods for exposure pathway 
analysis came from the world-wide contamination of food supplies with 
fallout during the period of widespread nuclear weapons testing in the 
atmosphere. Many of the concepts that evolved then [1] still remain central 
to models for radionuclide uptake in diet [2]. The procedures were further 
developed by UNSCEAR and applied systematically in the assessment of the 
impact of nuclear weapons testing on health, which was a feature of the 
Committee's work from 1958 to 1977. It is interesting to note, however, 
that the methodology was not formalized until 1969 [3], and the pathways 
then considered to be sufficient were simply 

Inhalation 

Input * Atmosphere =» Earth's surface =» Diet =» Tissue * Dose 
(0) (1) (2) (3) (4) (5) 

I 1 
External irradiation 
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The exposure pathway methodology is now well established and widely used 
for many environments and radionuclides. Fig. 1 & 2, including 2 J ,Ra in 
Kakadu [4]. Excellent discussions of the basic concepts are given in the 
reviews by NCRP and ICRP [2,5]. Reference should also be made to the 
reports accompanying the computer models for "the evaluation of health 
detriment to the population of the countries of the European Community from 
environmental radioactive contamination" in which these principles are 
fully implemented [6,7]. * 
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The present purpose is to outline the concepts underlying exposure pathway 
analysis, referring to the features of the two broad types of radionuclide 
transport models now in use - dynamic and steady-state - and the methods 
for constructing and developing them. Extensive use is made of the reviews 
by ICRP and NCRP mentioned above. By way of illustration, some examples of 
exposure pathways are drawn from the land application investigations of 
Willet et al. [8-11], and representative radiation doses are estimated. 
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2. EXPOSURE PATHWAY MODELS 

2(a) Dynamic Models 

The models in this group describe the time-rate of change of the activity 
of the radionuclide in the environmental compartments as a function of the 
various transfer paths between them, Fig. 1 & 2. The kinetics connecting 
compartments are represented by a system of simultaneous differential 
equations, with the transfer coefficients being allowed to vary with time 
and place. The models accept time-dependent source terms, and predict the 
radiation dose rates for all exposure pathways as continuous functions of 
time. The approach is of greatest value where information is required on 
the dynamics of the radionuclide transport and the time-dependence of the 
doses to the population. The total doses are obtained by integration over 
time. Where that is the primary objective, and the source is more-or-less 
constant, the steady-state models are often preferred because the transfer 
parameters they use are much more readily available. 
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FIG. 2: Simplified exposure pathways for radionuclides released 
to the atmosphere. 

Dynamic models are also referred to as transient models. The review by ICRP 
treats them as a Systems Analysis (SA) Method, presumably because of the 
ready availability of procedures for that purpose. 
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In practice, it is found that the kinetics of radionuclide transport in 
many systems can be usefully approximated by a set of linear first-order 
differential equations with constant coefficients. Each transfer into or 
out of a compartment can then be expressed as the product of a transfer 
coefficient and the variable representing the quantity or concentration of 
material in the donor compartment. Analytical solutions, called transfer 
functions, are available for these linear systems, and they can be 
extremely useful when investigating the transport between the compartments 
they connect. Analytical solutions for the transfer function are not 
usually available, however, where the transfer coefficients are allowed to 
vary. 

The kinetics of most real systems vary with time and place, especially in 
response to the seasons. The most realistic mathematical model will then be 
a system of partial differential equations with coefficients varying as 
joint functions of time and place. Two approaches have been followed to 
obtain useful solutions. The system is replaced with a set of ordinary 
differential equations, and then provision is made separately for the 
variability of the transfer coefficients. In one approach, the transfers to 
or from a compartment are expressed as non-linear functions, so that the 
transfer coefficients become environmental variables. In the other 
approach, called spatial and temporal discretization [5], the field of the 
system is divided into space and time segments in each of which the 
transfer coefficients are near-constant; the whole model is treated as a 
set of linked segmental systems. 

Dynamic models of any complexity entail major software development [5-7]. 
However, they are essential in some situations, for example where the 
source varies rapidly and atmospheric or aquatic pathways are important 
elements in the radionuclide transport. 

2(b) Steady-state Models 

The models in this group divide naturally into two classes: the 
concentration factor (CF) model which is truly steady-state and the 
simplest of all exposure pathway treatments: and the steady-state or 
equilibrium models which are really quasi-steady-state, as they accommodate 
time-dependence of the transport variables while using concentration 
factors, or environmental constants akin to them, In describing the 
transfers between compartments. The radiation doses from the exposure 
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pathways in the CF model can be obtained simply by integration over the 
pathways in the equilibrium model. Similarly, the results for both classes 
of steady-state model can be generated in the dynamic model. 

Equilibrium models are widely used. They give reasonable results for time-
dependent sources in most environmental systems. They are the main subject 
of the NCRP review [2], and they were the models developed and applied by 
UNSCEAR to predict collective dose commitments from global fallout from the 
atmospheric nuclear weapons tests. 

The equilibrium models show the most pragmatic approach to exposure pathway 
analysis. Their derivation is rooted directly in the experimental work on 
the radionuclide transport processes - more often field investigations than 
laboratory studies. The transfer functions are constructed of terms which 
reflect the observations as conceptual representations of the connections 
between the compartments; they are rarely derived from more fundamental 
considerations. The constants in the transfer functions are usually 
extracted from the field data by regression analysis. The models are given 
as simple analytical expressions. 

The CF model is adequate for predicting radiation doses where the source is 
virtually constant, the exposure pathways are few and uncomplicated, and 
the steady-state compartmental concentration ratios are known. The outcome 
is then obtained directly from the pathway diagram simply by taking 
Toducts and sums of the appropriate terms. The model can be applied to 
single short-period sources if the dose commitment is all that is required. 

3. MODEL CONSTRUCTION AND DEVELOPMENT 

The mathematical models are necessarily greatly simplified approximations 
to reality, but it remains important that they should be as realistic as 
possible. The models can be improved to this end by attention to some basic 
design considerations, and by systematically scrutinizing, testing and 
upgrading the kinetic structure and the transfer parameters in an iterative 
way. These principles are discussed in the ICRP review [5], and, taken with 
other experience, the following steps are recommended. 

(i) The first requirement is to clearly define the purpose of the 
model and the objectives to be achieved, and establish the extent to which 
account is to be taken of time-dependent behaviour. 
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(11) The pathway diagram for the radionuclide transport is then 
formulated at a level of detail consistent with the purpose and the 
objectives. Although it might be seen as only a pictorial representation of 
the environmental system, its appearance belies its importance as the 
diagram defines the kinetic structure of the mathematical model: 

• each compartment denotes a feature of a pathway important in 
the transport of the radionuclide; and the dependent variables of 
the model are the activity concentrations of the radionuclide in 
the compartments; 
• the transfer pathways are denoted by the interconnecting arrows 
between compartments, and each pathway contributes a transfer 
coefficient or concentration factor to the model. 

The ensemble of selected compartments and transfer pathways should be the 
minimum needed for the dynamics of the model to be realistic, and for the 
objectives to be achieved: 

• the ensemble is to represent the kinetics of the radionuclide 
at the level required, accounting for the main physical, chemical 
and biological processes involved in the transport; 
• the pathways are to be realistically attributable to important, 
well-defined transfer mechanisms; and 
• the ensemble is to make sense in terms of constraints based on 
knowledge of the real system, including the conservation laws of 
physics and chemistry. 

Formulation of the diagram, and characterization of the transfer pathways, 
requires input from the scientific disciplines involved, and the success of 
the model may rest on the adequacy of this specialist input. 

r 

(ill) The transfer coefficients and concentration factors are next 
evaluated. Literature values are likely to range widely, and selection from 
them will benefit from consultation with specialists in the particular 
fields. Site-specific values may be needed: measurement of concentration 
factors is usually straight-forward, but transfer coefficients require more 
care as they have to match the mathematical roles of the parameters in the 
model. 

(iv) Having established the simplest credible representation of the 
radionuclide transport, a suitable model is chosen and implemented. 
Sensitivity and robustness analyses are then made and their results used in 
returning to (11) and (ill) to improve the performance: 

• in sensitivity analysis, each transfer parameter is varied 
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individually to gauge its effect on the predicted dose. This 
identifies th? elements of the pathway diagram that need 
strengthening and those that may be simplified; and it provides a 
basis for assessing priorities in experimental investigation of 
specific pathways; 
• in robustness analysis, the stability of the dose prediction is 
tested by simultaneous variation of all parameters. 

(v) Finally, the model is validated by testing it against well-
measured sets of data for a range of conditions as close as possible to 
those with which it is to be used. As yet, there are few self-consistent 
sets of data that are extensive enough to be useful for validation 
purposes. National and international programs are underway to rectify this 
situation, but that work is beyond the scope of this paper. 

4. EXPOSURE PATHWAYS IS THE LAND APPLICATION STUDIES 

The land application studies of Uillett et al. [8-11] point to four main 
exposure pathways which will be used to illustrate aspects of the modelling 
methodology: 

• external irradiation by 2 2 6Ra and Un«t in surface soil, 
• ingestion of 2 2 6Ra and Un«t in food, 
• inhalation of 2 2 2Rn daughter products from 2 2 8Ra in surface 
soil, and 
• inhalation of 2 2 6Ra and Un«t in airborne dust resuspended from 
surface soil, 

and radiation dose rates will be estimated for them. 

Akber and Carter [12] have already made an analysis of these pathways, and 
the assumptions they adopted will be followed here, so that direct 
comparisons can be made between the two sets of estimated dose rates. The 
interest is in the radiation health of local residents who may pursue a 
traditional lifestyle on conclusion of the land application program. The 
main assumptions are: 

• the land application of the effluent water will continue for 30 
years; 
• 2 2 6Ra and Unat are the dominant radionuclides and they will 
continue to be retained in the surface soil horizon; 
• the site is occupied for 4 hours per day for the gathering of 
fruit and vegetables; and 
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• 5 kg of fruit and vegetables from the site are consumed in a 
year. 

An important feature not available to Akber and Carter is the relaxation 
length (1/e) for the concentration of 2 2 , R a and Un«t in the surface soil 
profile - it enters into the analysis for all of the exposure pathways. 
Fig. 3 is a plot of the data provided by Uillett et al [8] and Akber and 
Marten [10] from the five sets of measurements on the surface soil profile 
made since application of the radionuclides ceased at the study site. There 
is ouch scatter in the plotted fractions, especially for the lower soil 
horizons, but a relaxation length of -2.3 cm (-4 g/cm 2) appears to describe 
the data adequately for both 2 2 , R a and Un»t. 
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FIG. 3: Distribution of 2 2 8 R a • and Unat o with depth in surff.ce 
soils in the land application studies [8,10]. The radionuclide 
activities in the 2 cm horizons are expressed as fractions of the 
total activity to 10 cm. Background activities are subtracted. 
The profile is for a relaxation length of 2.3 cm. 



****** 

Table 1: Estimated average annual land application of 3 3 8 R a and Un«t 
over 30 years to 
on completion. 

give 1 mSv/y committed effective dose equivalent rate 

Condition 
2 2 8 R a 

average 
annual 
kBq/m2 

Un«t 
average 
annual 
kBq/m2 

Estimated dose rate 
after 30 years 
application*1' 

mSv/y 

present 
estimate 

Akber and 
Carter [12] 

RUM applied load 
1986 to 1989 

4 

1 

2 

90 

27 

44 

1.0 

1.0 

? 
• 

(1) assuming that the loads applied over 30 years have the same nuclide 
ratio - Un.t/ 2 2 6Ra -22 - as for the 4 years from 1986 to 1989 

ir' 

\ * The central outcomes of the two series of exposure pathway analyses are 
compared in Tables 1 and 2, where the results are presented in the form 
adopted by Akber and Carter, namely, the average annual application rate of 
2 2 6 R a and Un«t in effluent water over 30 years that would lead to a 
committed effective dose equivalent rate of 1 mSv/y to local residents. The 
res alts of the two series are also given in Table 9 in a move conventional 
form - estimated dose rate in Sv/y for 1 kBq/m2 of radioactive contaminant. 

Table 2: Estimated average annual land application of 2 2 s R a and Un»t for 

n 
- • I r , 

1 mSv/y from each radionuclide after 30 years of application. 

Pathway and 
conditions 

2 2 8 R a 
kBq/m2 per year 

U 
kBq/m2 

ntt 
per year Pathway and 

conditions 
present 
estimate 

Akber < 
Carter 

and 
[12] 

present 
estimate 

Akber and 
Carter [12] 

external irradiation 
4 hours per day 

9 8 700 -

ingestion of 5 kg/y of fruit 
& vegetables from the site 

20 20 900 1400 

ingestion of 200 mg/d of 
soil by children 

— 150 - 250 

inhalation of 2 2 2 R n daughters 
4 hours per day 

55 6 — — 

inhalation of resuspended 
soil 4 hours per day 

28000 600 1700 60 

total for pathways 6 3 320 45 

{* 

J X 
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The summary-comparison in Table 1 suggests an attractively simple 
systematic difference of a factor of four between the two estimates, but 
Table 2 belies this simplicity and reveals the underlying disparities. So 
that the origins of the differences can be traced and assessed, the present 
analysis is documented in some detail for the four exposure pathways in 
Sections &(&) to 4(d). Because of the importance of the inhalation of dust 
in this regard, the currently available data are explored in Section 5 in 
refining the methodology for the pathway and introducing a more appropriate 
model for it. This also serves to illustrate the principles outlined above 
on development of models. Finally, the two series of dose-rate estimates 
are summarized and compared in Section 6, and the issues remaining to be 
resolved are discussed and suggestions are made for additional experimental 
work in specific areas. 

4(a) External Irradiation by 2 2 8Ra and Unat in surface soil 

There are four sets of calculations in use which give the dose rate above 
the air-ground interface for radionuclides deposited uniformly over the 
ground surface or distributed down the soil profile 

(i) Beck et al. [13] describe the radiation field by a polynomial 
expansion of the transport equation. They give the exposure rate with ,< 
height above a surface deposit or an exponential distribution in the soil 

• for discrete -y-ray energies, 
• for fission product and neutron-induced radionuclides, and 
• for 2 3 8 U and 2 3 2Th, but not the individual members of their decay f 
chains. 

They show that their results agree within 5-10% with the experimental data. 
r 

However, they do not take their calculation the one further step and V 
provide the organ dose rates. 

(ii) Kocher [14] applies Berger's point-kernel integration method and f 
photon build-up treatment to calculate the absorbed dose rate in air at 1 m 
above ground surface. He then uses a Monte Carlo procedure to convert this 
to dose-equivalent rate to organs and tissues, and to effective dose- ** 
equivalent rate with ICRP 26 weighting factors. In converting from dose 
rate in air, he assumes that the radiation field is isotropic at the body 
surface, but he recognizes that this leads to underestimation of the organ -c 
doses. He provides a full set of results for a surface deposit ^ 

• for discrete -y-ray energies, and 
• for all radionuclides of environmental interest; 
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but his results for exponential distribution in soil are tabulated only for 
discrete 7-ray energies, and only as dose rate in air. He notes that these 
values agree within -5% with those of Beck et al. The dose-equivalent rates 
for particular radionuclides in soil are available by simple, but tedious, <• 
summation. 

(ill) Jacobs et al. [15] apply Monte Carlo techniques in conjunction 
with anthropomorphic mathematical models (infant, child and adult) to 
generate absorbed dose rate in air and dose-equivalent rate to organs and 
tissues in air-over-ground geometry for radionuclide deposits overlain by 
0.5 g/cm2 of soil. They first compute dose rate in air with height above 
ground; then, in developing the conversion to dose equivalent, they take 
proper account of the angular distribution of the radiation at the phantom 
surface, which typically increases the dose by -10%. They provide sets of 
dose rates for the several phantoms 

• for discrete 7-ray energies, and 
• for a wide range of radionuclides; 

but not including exponential distribution down the soil profile. Their 
results agree with those of Beck et al. and Kocher where an approximation 
to 0.5 g/cm2 soil depth can be accepted. 

(iv) Chen [16] uses Monte Carlo methods to give absorbed dose rate in 
air at 1 m above ground, and simply applies the conversion coefficients of 
ICRP 51 to get the effective dose equivalent rate. He presents results 

• for discrete 7-ray energies, and 
• for a wide range of depths of soil uniformly contaminated with the 
photon source; 

but he does not extend the calculation to give results for radionuclides, 
nor does he include exponential distribution down the soil profile. His 
results <gree closely with those of Beck et al. and Jacobs, but there are 
differences with Kocher. 

Any of the four sets of calculations would provide an adequate structure 
for describing the transfer from sr?l deposit to dose-equivalent rate; and 
the agreement between them suggests that essentially the same values would 
be obtained whichever was chosen. Set (ii) requires the least additional 
computation, and, accordingly, Kocher's results* are used, but with a 

The results on effective dose-equivalent rate from ground surface 
deposit (Sv/y per Bq/cm 2) for 2 1 0 B i and 23«m P a i n Table 3 of Kocher (1983) 
are in error; correct values are tabulated in the Appendix to Kocher (1980). 
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correction of 10% for the anisotropy of the radiation field in the 
conversion from absorbed dose rate in air. 

Table 3: External Irradiation pathway — estimated effective dose 
equivalent rates from effluent 2 2 8 R a and Un»t in the soil of the land 
application site. 

Condition 2 2«Ra Un»t 

surface soil deposit 
relaxation length down 
the soil profile 

equilibrium decay chain 
effective dose equivalent rate 
per kBq/m2 deposited 

1 kBq/m2 

4 g/cm2 

1 kBq/m2 

4 g/cm2 

2 2 6Ra to 2 0 6Pb 2 3 8 U to 2 3 4 U 
2.6x10-° Sv/h 3.5X10"11 Sv/h 

The effective dose equivalent rates for 2 2 6 R a and Un«t, given in Table 3, 
are the totals for the members of the decay chains, taken to extend from 
2 2 6Ra to 2 0 6Pb and 2 3*U to 2 3 4 U , respectively. The chains are assumed to be 
in equilibrium, with each radionuclide having a total activity of 1 kBq/m2, 
distributed in the surface soil with a relaxation length of 4 g/cm2. 

4(b) Ingestion of 2 2 6Ra and Unat in food 

In the years following termination of spray irrigation at the land 
application site, direct foliar uptake of 2 2 6 R a and Un«t will be greatly 
reduced, being confined to material resuspended from soil. Then, by far the 
most important exposure pathway involving ingestion of the radionuclides 
will be 

soil =» plant roots => edible fruit =» diet 
& vegetables 

(1) (2) (3) (4) 

dose 

(5) 
which can be represented adequately by a CF model of five compartments. The 
process dominating the overall transfer is the root uptake of the 
radionuclides from the soil solution and translocation to edible tissues. 
This extends across compartments (2) and (3) and is represented in the 
model as the single concentration factor from soil to edible fruit and 
vegetables, CF s t. Values are to be obtained for CF f f for the land 
application site. 
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With a relaxation length in soil of 4 g/cm2, more than 90% of the activity 
of the 2 2 eRa and Un«t will be retained in the top 5 cm. Furthermore, the 
radionuclides are expected to be adsorbed onto the surface of the soil 
particles, rather than to be incorporated into their internal structure. 
Both of these effects may well enhance the availability of 2 2 6 R a and Unat 
for root uptake, and so affect the values of CF g f. 

Measurements of CF g f for 2 2 eRa and Unat show wide variation, depending 
especially on the type of plant and soil involved, and whether the presence 
of the radionuclide in the soil is natural or artificial [17,18]. For 
erample, typical values** of CF > fxl0 s reported for 2 2 6Ra are 

• in vegetables: 60 to 440 [18] and 0.5 to 1000 [2], 
• in fruit: 3.5 [18]; 

whereas the concentration factors for 2 2 6Ra in pasture are 40 to 100 [18] 
and 1.1 to 1400 [2]. Typical values of CF s fxl0 3 for Unat are 

• in vegetables: 0.2 to 1 [18] and 0.8 to 45 [2], 
• in fruit: 1.7 [18]; 

and, for pasture, the factors are 0.4 to 5 [18] and 1.6 to 140 [2]. 
Guimond [19] reviews the studies made of the uptake by plants of 2 2 , R a 
applied in fertilizer; an enhancement due to shallow-root uptake is 
observed in some, but not all, situations. 

In their land application investigations, Willet et al. [8-11] generated 
sufficient data to make some preliminary estimates of the concentration 
factor for the foliage of grasses and trees of the site [8,11]. Noting that 
the radionuclides are retained essentially in the top 5 cm of soil, re-
evaluation of their data gives values of the concentration factor (xlO3) 
before application of the radionuclides, and a year later 

• for 2 2 8Ra: 160 before treatment and 100 after treatment, 
• for Unat: 16 n « and 37 « « . 

These estimates are consistent with the typical values observed for pasture 
grasses elsewhere; and, on that basis, they suggest that -500 for 2 2 6Ra and 
-50 for Un«t would be appropriate preliminary estimates of CF i fxl0 3 for 
fruit and vegetables for the land application site. 

A simple, but important, consideration is the basis on which CF f f 

is reported; the main compilations use dry weight, rather than fresh weight 
Bq/kg dry edible fruit or vegetable 

»f " BqAg dry soil 
Till and Meyer [18] include an invaluable summary of fresh-to-dry-weight 
ratios for many fruits, vegetables and pasture grasses. 
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Table 4: Ingestion pathway for 2 2 eRa and Un«t In food - CF model estimates 
of committed effective dose equivalent rates for intake of the effluent 
radionuclides in fruit and vegetables from the land application site. 

Condition 2 2 6Ra Unat 

surface soil deposit 
average soil concentration, 
0 to 5 cm 

CF 8 f: Bq/kg of dry edible tissue 
per Bq/kg of dry soil 

fresh-to-dry-weight ratio 
for edible plant tissue 

activity in 1 kg 
of fresh edible plant 

committed effective dose equivalent 
per Bq 

committed effective dose equivalent 
per kg of fresh plant ingested 

for intake of 5 kg per year 
committed effective dose equivalent 
per kBq/m2 deposited 

I kBq/m2 

II BqAg 

-500x10"3 

-5 

1.1 Bq 

I kBq/m2 

II BqAg 

-50x10-3 

-5 

0.11 Bq 

3.0x10'7 Sv/Bq 6.7xl0"8 Sv/Bq 
(f, - 0.2) (fx - 0.05) 
3.3xl0"7 Sv 7.4xl0"B Sv 

1.7xl0'e Sv/y 3.7xl0"8 Sv/y 

The calculation with the CF model for the exposure pathway is summarized in 
Table 4. The fresh-to-dry-weight ratio of ~5 for fruit and vegetables is 
taken from Till and Meyer [18]; and the doses-per-unit-intake come from 
ICRP 30. 

4(c) Inhalation of 2 2 2Rn daughter products from 2 2 8 R a in surface soil 

V 

i . 

In the steady-state methodology, the exposure pathway for 2 2 2 R n daughter 
products arising from 2 2 6Ra in soil can be represented adequately by a CF 
model of four compartments 

soil => air-ground => breathing =» dose 
interface zone 

(1) (2) (3) (4) 
Three of the contributing processes exhibit wide variation, and, as a 
consequence, each is capable of dominating the overall transfer; the 
processes are 

• the emanation of 2 2 2 R n from the soil particles and diffusion to the 
soil surface; 
• the atmospheric transport of 2 2 2 R n to the breathing zone; and 
• the disequilibrium of the daughter products from 2 2 2 R n at 
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inhalation; 
and the concentration factors that represent them in the model are to be 
assessed for the conditions of the land application site. 

As discussed above, 2 2 6Ra applied to the site is expected to be adsorbed 
onto the surface of soil particles, with a relaxation length of 2.3 cm down 
the soil profile. Thus, emanation of 2 2 2Rn from the soil particles will be 
-100% , but diffusion to ground surface will depend on the moisture status 
of the soil: 

• for dry soil, the diffusion length, -1 m, greatly exceeds the 
relaxation length and virtually all 2 2 2 R n will reach the surface; 
whereas 
• for wet soil, transport of 2 2 2Rn is strongly inhibited, and 
exhalation at the surface will be much lower - arguably near-zero. 

For the present purpose, all 2 2 2 R n is assumed to reach the air—ground 
interface; but it is recognized that this is not applicable to wet-season 
conditions, which need to be investigated. 

At this stage, no data are available on the transport of 2 2 2 R n from the 
air-ground interface to the breathing zone for the land application site. 
Fortunately, the experimental data obtained at Yeelirrie by the ARL group 
[20] can be translated to the site with reasonable certainty, and they 
provide estimates of the concentration factors. 
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Fig. 4: 2 2 2Rn exhalation rate Bq/m2/s at ground surface over the 
uranium deposit at Yeelirrie [20], The measurements of Fig. 5 
were made at 2350N, 5250E - near the centre of the ore body. 
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The investigations at Yeelirrie established that the exhalation rate over 
the shallow, but extended, ore body is more-or-less uniform, Fig. 4, 
averaging -1 Bq/m2/s. The 2 2 2 R n concentration in the breathing zone at 
1.25 m was recorded continuously over the centre of the deposit, Fig. 5: 

• averaging -40 Bq/ms in daylight hours, with typical convective 
mixing and an equilibrium factor of 0.5; and 
• averaging -400 Bq/m9 at night, with prevailing inversion conditions 
and an equilibrium factor of 0.25. 
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Fig. 5: 2 2 2Rn concentration pCi/1 at 1.25 m over the centre of 
the uranium deposit at Yeelirrie [20]. 

These factors are used in the calculation with the CF model for the 
exposure pathway in Table 5. The dose-per-unit-intake is taken from UNSCEAR 
1988 [21] for equilibrium equivalent concentrations (EEC). The calculation 
assumes that entry to the site is confined to daylight hours; if entry is 
always under nocturnal inversion conditions, the estimated dose rate would 
be five-times higher, namely 3.1x10"' Sv/y. 

' 1 4(d) Inhalation of 2 2 6Ra and Unat In airborne dust 

V 
Inhalation of radionuclide contaminants in airborne dust, resuspended by 
wind from soil surfaces, has been studied extensively for the actinides, 
for which it is by far the most important exposure pathway [22-26]. 
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Table 5: Inhalation pathway for 2 2 2Rn daughter products -
CF model estimate of effective dose equivalent rate due to 
effluent 2 2 6Ra In the soil of the land application site. 

2 2 6Ra surface soil deposit, 1 kBq/m2 

relaxation length 2.3 cm 
2 2 2 R n exhalation rate 2.1xl0"s Bq/m2/s per kBq/m2 

at the soil surface 
2 2 2Rn concentration at 1.25 m -40 Bq/ms per Bq/m2/s 

for exhalation of 1 Bq/m2/s in daytime 
equilibrium factor 0.5 
effective dose equivalent rate 10 nSv/h per Bq/m3 

per Bq/ms (EEC) 
for exposure 4 hours per day 
effective dose equivalent 6.1x10"7 Sv/y 
per kBq/m2 deposited 

Despite this effort, however, modelling of the pathway continues to be 
plagued by two problems: 

• uncertainty in the thickness of the layer of surface soil to which 
the wind has access for resuspending particles, especially where 
penetration of the radionuclide down the soil profile is a feature of 
the contaminating process: what depth of soil is to be modelled? 
• doubt over the distance travelled by the contaminated dust to 
contribute to the concentration of the radionuclide in the breathing 
zone: what distance upwind is to be modelled? 

and satisfactory solutions need to be provided in each situation. 

The simplest successful approach is the three-compartment CF model 

soil =» airborne dust => dose 
(1) (2) (3) 

where the transfer of the radionuclide, from surface soil to airborne dust 
in the breathing zone, is represented by a concentration factor called the 
resuspension factor K 

_ airborne concentration, Bq/m3 

surface density, Bq/m2 

The factor K has no fundamental origins; it is purely an empirical 
quantity. Perhaps it is because of this that the model has achieved some 
success - despite its simplicity - where K is determined with proper 
account of the specific requirements of the site and the radionuclide. 

When K is specified for a site and radionuclide, the convention is that the 
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following considerations are implicit in the transfer model: 
• all of the radionuclide present in the top 10 mm of soil is 
available for resuspension; 
• all of the resuspended radionuclide is associated with particles of 
inhalable size; and 
• all of the resuspended material reaching the breathing zone comes 
from the immediate locality. 

Clearly, these approximations are not expected to reflect the actual 
processes being modelled; they are simply embedded in the empirical value 
of K. 

Akber and Carter adopted this simple model, and it will be implemented here 
for comparison. 

The published values of K of interest here are for aged deposits of 
actinides that have penetrated down the soil profile, for example plutonium 
contamination of desert environments from nuclear weapons trials [22,27]; 
and a value of 10"9/m is commonly adopted [22-25,28]. This experience is 
summarized in Fig. 6, taken from the NCAP review [2]. A value of <10"9/m 
was obtained for wind resuspension of plutonium at Maralinga [27]; and 
~10"9/m is indicated by the mass loading of airborne dust observed in the 
natural environment around Jabiru, summarized in Table 7 in Section 5(a). A 
higher value for K in the simple model is not justified for the land 
application site. 

Table 6: Inhalation pathway for 2 2 6Ra and Unat in airborne dust - estimates 
of committed effective dose equivalent rates with the resuspension-factor 
model for the effluent radionuclides in surface soil of the land 
application site. 

Condition 2 2 6 R a Un.t 

surface soil deposit, 
relaxation length 2.3 cm 

fraction in the 10 nun surface layer 
resuspension factor K for aged 
contamination in the surface layer 

breathing rate 
committed effective dose equivalent 
per Bq inhaled 

for exposure 4 hours per day 
committed effective dose equivalent 
per kBq/m2 deposited 

1 kBq/m2 1 kBq/m2 

0.35 0.35 
10"* /m 10"9 /m 

1.2 m3/h 1.2 m3/h 
2.1xl0"8 Sv/Bq 3.4x10"8 Sv/Bq 

(class W) (class Y) 

1.2xl0'9 Sv/y 2.0xl0-« Sv/y 
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Fig. 6: Models of the time-dependent resuspension factor K(t) 
developed to describe the empirical data on wind resuspension of 
radionuclide contaminants in the surface soil horizon [2]. 

The calculation with the CF model for the exposure pathway is summarized in 
Table 6. With a relaxation length of 2.3 cm, it follows that 0.35 of the 
total 2 2 6Ra or Unit deposited on the soil is in the top 10 mm. The doses-
per-unit-intake for the two radionuclides are taken from ICRP 30, 
arbitrarily selecting the inhalation class giving the highest value. 

• • ' i 

I 

The concept of resuspension factor has evolved from laboratory practice, 
where it is still applied effectively to quantify the likely airborne 
release of radionuclides from surface contamination. The two problems of 
soil depth and upwind distance did not arise until an attempt was made to 
extend application of the concept to resuspension of fallout particles from 
soil contaminated by nuclear explosions [22,30). While the site-specific 
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determinations of K gave the simple model some success, this is unlikely to 
be achieved for the land application site where additional confounding 
factors arise: 

• severe suppression of wind-generated dust during the wet season, and 
from protection of the soil surface by heavy leaf litter and plant 
growth over much of the site; 
• enhancement of resuspension from bare areas of the site left by the 
traditional burning-off of the vegetative cover; and 
• possible enrichment of the two radionuclides in airborne particles 
of inhalable size, above the bulk concentrations in surface soil. 

The simple resuspension-factor model is not adequate in these respects; 
Akber [29] has begun looking at other approaches, and Section 5 explores 
application of the mass-loading model to the problem. 

5. MASS-LOADING MODEL FOR INHALATION OF 2 2 6Ra AND U„«t IN AIRBORNE DUST 

The mass-loading model is no more fundamental in its origins than the 
resuspension-factor model; but, of interest here, is that its success lies 
with predicting resuspension of aged contaminants from soil, or those that 
have reached equilibrium with the surface soil particles [23,24,26]. The 
model was advanced by Healy [31] and Anspaugh [32] and its success was 
demonstrated by Anspaugh et al [22,33] for a remarkably wide range of 
radionuclides and sites. It was further developed by the USEPA and adopted 
for regulatory purposes in 1977 [34]. The concept is simple: if the 
airborne dust loading observed at a site is generated from the suspenslble 
fraction of particles in the bulk surface soil of the site, then the 
capacity of the surface soil to resuspend a contaminant as airborne dust is 
deemed to depend on 

• the fraction of the soil made up of particles of the same size 
distribution as those comprising the airborne dust; 
• the fraction of the contaminant distributed among the suspensible 
soil particles; 
• the accessibility of the suspensible particles to the wind; and 
• the wind regime. 

The contaminant is taken to be present at only trace levels, so that it 
does not affect the dust resuspension processes - they are the same, with, 
or without, the contaminant in the soil. All of this can be represented 
adequately in the first stage of the three-compartment CF model 

soil => airborne dust => dose 
(1) (2) (3) 
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sizes of interest 
G -

with 8i ~ 

and f. -

where the transfer of the radionuclide, from surface soil to airborne dust 
in the breathing zone, is given by 

A - D x S x G 
airborne airborne surface soil enrichment 

concentration dust loading concentration factor 
Bq/m3 kg/ms BqAg 

The enrichment factor G encompasses the several effects which combine to 
give an activity of the radionuclide per unit mass of airborne dust 
different from that in the bulk surface soil. Thus G reflects the uneven 
distribution of the radionuclide with particle size in the soil. 

Bq/kg for the subset of suspensible particles 
— Bq/kg for all surface soil particles 

The USEPA treated G as a summation over particle size for the range of 
giving 

fraction of total soil activity with particles of size i 
fraction of total soil mass in particles of size i 

fraction of airborne mass in particles of size i. 
The two expressions for G are equivalent. 

D, S and the components of G are readily available from direct measurements 
for the site and the particular application. However, the problem of upwind 
distance, discussed in Section 4(d) above, remains important; and, if the 
site is small in extent, care needs to be taken in the determination of D 
to ensure that what is measured as D does, in fact, derive from the site 
and not from upwind. Obviously, this difficulty is of less importance for 
an extensive area of contamination, and this is borne out by the success 
achieved with the mass-loading model in the assessment of the inhalation 
exposure pathway for plutonium at Haralinga [27]. The determination of D 
also needs to take account of the state of the surface soil — whether it is 
bare, or covered in some way, or wet - to ensure that it is applicable to 
the particular modelling task. 

The other problem discussed in Section 4(d), namely the distribution of the 
radionuclide down the soil profile, is of less importance here. In 
determining S, however, it is usual to retain the convention that the 
surface layer of 10 mm is accessible to wind action. 

The value of C for the site and radionuclide rests on the determination of 
g4 and ft , which is usually straightforward. 
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While D, S and G are not yet available for the land application site, much 
can be gleaned, nevertheless, from application of the methodology of 
Section 3 with the observational data that are available. This is done in 
Sections 5(a) and 5(b) for the region, and the site, respectively. 

5(a) Mass loading for the natural environment around Jabiru 

Akber [29] has assembled some preliminary estimates for A, D and S for 
Jabiru and Jabiru East for wet and dry seasons, and they are summarized in 
Table 7 together with the estimates of the enrichment factor for natural U 
and Th, Gnat, that can be obtained from them. 

The values of A and S in Table 7 come from separate series of measurements 
of total a-activity, roughly adjusted to make the two sets compatible [29]; 
and the estimates of Gnat should be judged accordingly. While Gnat is shown 
to be remarkably consistent about 34 ± 8, its magnitude is rather high 
compared with literature values for other localities. Perhaps the data for 
A/D and S are not fully related 

A/D x 10 3 BqAg S 
Bq/kg 

Wet Dry 

Jabiru East 11 ± 7 15 ± 7 430 

Jabiru 12 ± 6 11 ± 5 290 
but that cannot be resolved witn the wide variability shown by the present 
data, and new sets of measurements are needed. 

With these reservations, an estimate of Gnat -35 will be taken at face 
value for the purpose of illustrating further aspects of the methodology -
for example, setting some limits on the magnitude of the fraction of the 
bulk surface soil that comprises the suspensible particles. An enrichment 
of 35-fold means that even if all activity of the U and Th series in the 
surface soil is carried by the suspensible particles, they can be only a 
small fraction of the bulk mass, -3% at most. This information would be 
useful in Section 5(b) when looking at the land application problem, if the 

Akber [29] introduced a new terra "coefficient of resuspension, k" 
which is directly related to G : 

k » airborne concentration, Bq/m3 A n 

bulk soil concentration, Bq/kg S - -
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Table 7: Inhalation pathway for 2 3 6Ra and Un»t in airborne dust - estimates 
of the parameters of the mass-loading model for U and Th series 
radionuclides in airborne dust in the natural environment around Jabiru. 

January-April May-September 
(Wet) (Dry) 

Observed airborne concentration A Bq/m$ [291 
Jabiru East (14 ± 5)xl0"6 (45 ±17)xl0'6 

Jabiru (13 ± 6)xl0'* (27 ilDxlO" 6 

Observed airborne dust loading D kg/ma [29] 
Jabiru East (12 ± SJxlO'9 (31 ± 7)xlO'B 

Jabiru (1C ± 2)xlT 9 (24 ± 6)xl0"» 
(1 2 ) 

Estimated enrichment factor Gnat ' 
Jabiru East 26 ±14 35 ± 15 
Jabiru 43 ±20 39 ± 18 

Mean 34 ± 8 

(1) assuming that the airborne dust derives from the surface soils in the 
locality of the observations, so that A/D and S are related 
(2) the observed surface soil concentration S Bq/kg is 430 for Jabiru East 
and 290 for Jabiru [29] 

same surface soils were involved. As discussed there, however, it seems 
that they are not: the subset of suspensible particles for the land 
application site is seen to be some 10% of the bulk mass. 

Apart from these qualifications on Gnat, the estimate it affords of the 
enrichment factor is of no help to the land application problem because of 
the fundamental difference in the nature of the contamination in the two 
situations: 

• the naturally-occurring U and Th series radionuclides are expected 
to be uniformly distributed throughout the volume of the particles 
affected - volume distributed; whereas 
• the Unat and 2 2 eRa from the effluent water are expected to be 
adsorbed more-or-less uniformly vn the surface of all, or most, of the 
soil particles - surface distributed. 

While the same subset of particles in the surface soil is engaged in the 
resuspension of the radionuclides in the natural environment and in the 
land application situation, the distribution of the contaminants among the 
whole population of particles is likely to be quite different. Thus another 
approach needs to be found for exploring the enrichment factor. 
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5(b) Mass loading for the land application site 

So far, there is little experimental data for the land application site 
that can be drawn on to explore the mass-loading model. Studies to date 
have been for other purposes, and D, S, G, gi and £t have not yet been 
investigated. Meanwhile, however, using only the properties of the 
lognormal distribution, the model can be explored in terms of the 
expectations that 

• the airborne dust and the surface soil are composed of lognormal 
particle populations, with D lognormal and S the sum of lognormals, 
and 
• the effluent Unat and 2 2 6Ra are surface distributed on the soil 
particles. 

This elaboration of the model yields predictions for G that can be tested; 
and it provides a methodology that could prove helpful in analysing the 
experimental data on resuspension. The details of the development are given 
in the Appendix. 

The preferred approach requires that details of the particle populations 
are well established for both soil and airborne dust, but the data are yet 
to be obtained for the land application site. As discussed in the Appendix, 
useful progress can be made in the meantime, however, by drawing on the 
examination of the surface soils by Willett, Chartres et al. [35,36]. They 
employ the standard size classifications for soil particles, one of which 
substantially comprises the suspensible component. This allows the 
enrichment factor to be explored by estimating the fraction of the Un«t and 
2 2 6Ra from the effluent water likely to reside with the suspensible sizes. 

The main surface soils are classified as gravelly loamy sand [35,36]; and 
the measurements of Akber and Marten [10] show that the gravel fraction 
makes up about half of the total mass. As discussed in the Appendix, the 
enrichment factor Gapp for the applied radionuclides would be expected to 
be about 6 for typical loamy sand (plus gravel), with a range from 4 to 12. 
The data provided by Chartres et al. [36], for the two samples analysed 
from the site, give Capp -10. 

The mass-loading model is implemented for the land application site in 
Table 8 using the predicted enrichment factor Gapp -10, and the airborne 
dust loadings D for the region [29] summarized in Table 7. The doses-per-
unit-intake come from ICRP 30. 
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Table 8: Inhalation pathway for 2 2 6Ra and Unat in airborne dust - estimates 
of committed effective dose equivalent rates with the mass-loading model 
for resuspension of the effluent radionuclides in dust from surface soil of 
the land application site. 

Condition 228 Ra Unat 

1 kBq/m2 surface soil deposit, 
relaxation length 4 g/cm2 

fraction in the 10 mm surface layer 
bulk concentration in 
the surface layer S 

airborne dust loading D 
enrichment factor Gapp 
airborne concentration A 
for 1 kBq/m2 deposited 

breathing rate 
committed effective dose equivalent 
per Bq inhaled 

for exposure 4 hours per day 
committed effective dose equivalent 
per kBq/m2 deposited 

(1) annual average for Jabiru East and Jabiru from Table 7 

1 kBq/m2 

0.35 0.35 
20 BqAg 20 BqAg 

20x10'• kg/ms 20x10"• kg/ms 

10 10 
2.4xl0'8 Bq/ms 2.4xl0"6 Bq/m3 

1.2 m3/h 1.2 m3/h 
2.1xl0-« Sv/Bq 

(class V) 
3.4xl0'6 Sv/Bq 

(class Y) 

1.5xl0-8 Sv/y 2.4x10"7 Sv/y 

This preliminary assessment serves to demonstrate the methodology; and it 
provides some illustrative predictions, qualified, of course, by the 
approximations that have had to be made. As discussed in the Appendix 

• the suspensible fraction of the soil is expected to present by far 
the greatest surface area for adsorption of effluent radionuclides; 
• it follows that virtually all of the applied load of Unat and 2 2 8Ra 
would be retained by the suspensible particles; and 
• the enrichment factor would then depend entirely on the fraction of 
the total soil mass carried by the suspensible particles. 

The measurements on the gravel and fine earth fractions by Akber and Marten 
[10] give 85% of the applied Unat, and 70% of the 2 2 6Ra, in the fine earth, 
rather than -100% as predicted here, although it is noted that some 
activity would have been transferred from the fine, to the coarse, material 
as microparticle contamination. 

It will be Interesting to review the predictions when full particle-size 
analyses are available. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The present estimates of radiation dose rates for 2 2 6Ra and Unat in the 
four exposure pathways, Tables 3 to 6 and 8, are summarized in Table 9 and 
compared with values from Akber and Carter [12] obtained by inverting their 
calculations of the limiting annual application rates of the radionuclides 
in Table 2. The present series does not include direct ingestion of the 
radionuclides in soil because the Naralinga study indicates that the 
pathway is more a consequence of camp life - especially cooking and 
eating - than of gathering fruit and vegetables. 

Table 9: Estimated committed effective dose equivalent rate Sv/y for all 
exposure pathways for 1 kBq/m2 of 2 2 6Ra, and Unat, deposited on the soil of 
the land application site. 

Pathway and 
conditions 

2 2 6Ra 
Sv/y per kBq/m2 

Unat 
Sv/y per kBq/m2 

present Akber and present Akber and 
estimate Carter [12] estimate Carter [12] 

external irradiation 
4 hours per day 

ingestion of 5 kg/y of fruit 
& vegetables from the site 

ingestion of 200 mg/d of 
soil by children 

inhalation of 2 2 2Rn daughters 
4 hours per day 

inhalation of resuspended 
soil 4 hours per day ( l' 

3.5xl0-« 4xl0"6 4.7x10"8 

1.7xl0"6 2xl0-6 3.7xl0-» 

- 2xl0"7 -

6.1xl0"7 6xl0"« -

1.2xl0"9 6xl0'e 2.0xl0"8 

(1.5xl0-») (2.4xl0'7 

2x10" 

1x10" 

total for pathways'*' 5.8xl0"6 

(5.8xl0'6) 
1.2x10" l.OxlO"7 

(3.2xl0"7) 
7.2x10 -7 

(1) the estimates for inhalation of 2 2 6Ra and Unat in airborne dust are 
from the resuspension-factor model, Table 6; the values in brackets are 
from the mass-loading model, Table 8 

The broad impression given by Table 9 is that the total dose rates from the 
two series of analyses are of the same order of magnitude, differing by a 
factor of -2 for 2 2 8Ra and by a factor of 2 to 7 for Unat. There is some 
accord on the significance of the pathways for 2 2 8Ra: both series point to 
the importance of external irradiation and ingestion of food, but Akber and 
Carter would include inhalation of 2 2 2Rn daughters as well. There is less 
accord on the pathways for Ur.at: the present work has significant 
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contributions from external irradiation, ingestion of food and inhalation 
of resuspended soil, whereas Akber and Carter would see inhalation of dust 
as the dominant process. 

Closer inspection of the two series of dose-rate estimates shows: 
• good agreement for external irradiation and ingestion of foods, 
despite the use of different methodologies and different sources 
for the transfer coefficients; 
• a ten-fold difference for inhalation of 2 2 2 R n daughter 
products, flowing from adoption of quite different methodologies 
and data; and 
• a thirty-fold difference for inhalation of 2 2 6Ra and Un«t in 
dust, due to the choice of different transfer coefficients with 
the resuspension-factor model; or a three-fold difference when 
the mass-loading model is used. 

In some circumstances disparities of this sort are of no importance, 
despite their being numerically large. In the present situation, however, 
they are of major significance because the current average annual 
application of 2 3 6Ra and Unit by Ranger Uranium Mines lies in the middle of 
the two estimates (see Table 1): 

• Akber and Carter deem the current practice inadmissible, as, on 
their prediction, it would yield a committed effective dose 
equivalent rate after 30 years of -2 mSv/y, compared to the 
Australian exposure limit of 1 mSv/y for a member of the public; 
whereas 
• the present analysis would allow the practice as acceptable, as 
it predicts -0.5 mSv/y after 30 years. 

More work needs to be done to resolve this position. 

Using the land application problem as an illustration of the methodology 
for exposure pathway analysis has served to provide a salutary 
demonstration of the importance of validating a model before acting on its 
predictions As things stand, it could be argued that the methodologies 
adopted in the two series of analyses are equally acceptable: the two sets 
of transfer coefficients are also equally acceptable: but the available 
observational data are insufficient for choosing between them. Obviously, 
more information is needed to establish the adequacy of methodologies and 
transfer coefficients before proceeding. Application of the principles for 
model construction and development in Section 3 immediately identifies the 

* ,* 

* 

it 
\ 
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following areas for attention: 
• objectives: the critical group needs to be better defined; 
• transfer pathways: while all of the exposure pathways are simple, 
the models chosen to represent them need to closely characterize the 
transfer for the particular radionuclide and application; it might be 
necessary to develop site-specific adaptations of existing models; 
• transfer coefficients: site-specific concentration factors might be 
required; 
• testing and validation: a regime of field measurements needs to be 
established for the purpose; 

and some suggestions for the four exposure pathways are discussed below. 

(i) External irradiation: the existing exposure pathway analysis is 
satisfactory, but an improved program of field measurements should be 
introduced to monitor the buildup of the effluent load as the land 
application proceeds. The increase in the absorbed dose rate in air due to 
the application of 2 2 6Ra and Un.t from 1986 to 1989 was -3x10"" Gy/h. By 
comparison, the recording high-pressure ionization chamber, designed by EML 
[37] and manufactured by Reuter Stokes, has both sensitivity and accuracy 
<lxl0"8 Gy/h. In combination with a field-portable HPGe 7-ray spectrometer 
— maintained In calibration by laboratory measurement — a suitable regime 
of periodic measurements over the land application site would be capable of 
quantifying the 7-radiation field and determining its increase with time. 

(ii) Ingestion of contaminated food: the existing methodology is 
satisfactory, but values of the concentration factor CF g f are not available 
for the radionuclides, and the bush fruit and vegetables, for the 
conditions of the site. Several factors bear on this: 

• literature values for CF s f for conventional food production range 
very widely; 
• the nature of the 2 2*Ra and Un«t contamination of soil at the site 
suggests enhanced availability of the radionuclides for root uptake; 
and 
• current estimates of the likely quantity of bush food to be consumed 
by the critical group should be reviewed. 

While it is desirable to have data for CF s ( for the actual site, the need 
for a program of field measurements should be assessed after re-evaluating 
the radiation dose rates for the pathway with the improved estimates of the 
likely intake of bush food. 
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(ill) Inhalation of 2 2 2Rn daughters: the existing methodology is 
satisfactory, but no data are available from which concentration factors 
can be derived for the conditions of the site, including: 

• the conversion from exhaled 2 2 2Rn at the air-ground interface to 
concentration in the breathing zone; 
• the equilibrium factor; and 
• the effect of near-saturation moisture content on the exhalation of 
2 2 2 R n from the soil surface. 

A program of field studies should be introduced to establish the conversion 
Bq/m2/s t o Bq/ms for 2 2 2Rn in the breathing zone following exhalation from 
the soil of the site, and the equilibrium factor, for daytime and night
time, and for a representative range of atmospheric and seasonal 
conditions. 

(iv) Inhalation of contaminated dust: the resuspension-factor model is 
unsatisfactory for this exposure pathway. Akber [29] has begun looking at 
other approaches, and an enhanced version of the mass-loading model is 
developed here specifically for the purpose. There is little experimental 
data for the site that can be applied to exploring the pathway, and a 
program of measurements is needed, giving: 

• the particle mass size distribution for the soil in the surface 
horizon to 10 mm; 
• the particle activity size distribution for the soil ir. the surface 
horizon to 10 mm for effluent 2 2 6Ra and Un»t; 
• the airborne dust loading and the particle size distribution in the 
breathing zone 

- over bare areas of the site - as left by traditional burning-
off, 
- over areas well covered with leaf litter and plant growth, and 
- over areas having near-saturation moisture content of the 
surface soil, 

with attention to the need to ensure that the observed airborne dust 
is from the subject area, and not from upwind. 

ACKNOWLEDGEMENT 

I thank Stephen Solomon and Richard O'Brien for their advice and helpful 
discussion on the 2 2 2Rn transfer pathway. 



30 

REFERENCES 

[I] R S Russell: Radioactivity and Human Diet. (Pergamon Press, Oxford, 
1966). 

[2] NCRP: National Council on Radiation Protection and Measurements, 
Radiological Assessment: Predicting the Transport, Bioaccumulation, 
and Uptake by Man of Radionuclides released to the Environment, NCRP 
Report No.76 (National Council on Radiation Protection and 
Measurements, Washington D. C., 1984). 

[3] UNSCEAR: United Nations Scientific Committee on the Effects of Atomic 
Radiation: Report of the United Nations Scientific Committee on the 
Effects of Atomic Radiation, A/7613 (United Nations, New York, 1969). 

[4] A Johnston: Examples of Dose Assessment: Australia ijt The 
Environmental Behaviour of Radium (Volume 2) p.391, Technical Report 
Series No. 310 (International Atomic Energy Agency, Vienna, 1990). 

[5] ICRP: International Commission on Radiological Protection, 
Radionuclide Release into the Environment: Assessment of Doses to Man, 
ICRP Publication 29. Annals of the ICRP 2 1-76 (1979). 

[6] National Radiological Protection Board and Commissariat a l'Energie 
Atomique: Methodology for Evaluating the Radiological Consequences of 
Radioactive Effluents released in Normal Operations. Report for the 
Commission of European Communities, 1979. 

[7] Kernforschungszentnun Karlsruhe Gmbh and National Radiological 
Protection Board: COS/MA: A New Program Package for Accident 
Consequence Assessment. Report for the Commission of European 
Communities, 1990. 

[8] I RWillett, R A Akber and W J Bond: The Fate of Water and Solutes 
following Irrigation with Retention Pond 2 Water at the Ranger Uranium 
Mine: Summary of the Final Report, Internal Report IR 26 (Supervising 
Scientist for the Alligator Rivers Region, March 1991). 

[9] W J Bond and I R Willett: Movement of Water and Major Ions in the 
Jabiru Land Application Experiment in Proceedings of the Workshop on 
the Land Application of Effluent Water from Uranium Mines in the 
Alligator Rivers Region, September 1991 (Supervising Scientist for the 
Alligator Rivers Region, 1992). 

[10] R A Akber and R Marten: Fate of Radionuclides applied to Soil in the 
Ranger Land Application Area in Proceedings of the Workshop on the 
Land Application of Effluent Water from Uranium Mines in the Alligator 
Rivers Region, September 1991 (Supervising Scientist for the Alligator 
Rivers Region, 1992). 

[II] R A Akber and R Marten: Radiological Impact of Radionuclide Uptake by 
Plants in the Land Application Area ijn Proceedings of the Workshop on 
the Land Application of Effluent Water from Uranium Mines in the 
Alligator Rivers Region, September 1991 (Supervising Scientist for the 
Alligator Rivers Region, 1992). 

[12] R A Akber and M W Carter: Water Quality Criteria for Land Irrigation, 
Working Paper SE-41-217 (Supervising Scientist for the Alligator 
Rivers Region, March 1991); M W Carter, T P KcBride and R A Akber: 
Water Quality Criteria for Land Irrigation of Ranger Uranium Mine 
Retention Pond Water, Technical Memorandum (in preparation) 
(Supervising Scientist for the Alligator Rivers Rtgion). 



31 
[13] H L Beck: Exposure Rate Conversion Factors for Radionuclides Deposited 

on the Ground, Report EML-378 (Environmental Measurements Laboratory, 
New York, July 1980); H L Beck and Gail de Planque: The Radiation 
Field in Air due to Distributed Gamma-Ray Sources in the Ground, 
Report EML-195 (Environmental Measurements Laboratory, New York, May 
1968); B G Bennett and H L Beck: Legendre, Tschebyscheff, and Half- * ' 
Range Legendre Polynomial Solutions of the Gamma-Ray Transport 
Equation in Infinite Homogeneous and Two-Media Plane Geometry, Report 
EML-185 (Environmental Measurements Laboratory, New York, August 1967) 

[14] D C Kocher and A L Sjoreen: Dose-Rate Conversion Factors for External 
Exposure to Photon Emitters in Soil, Health Phys 48 193-205 (1985); n; 
D C Kocher: Dose-Rate Conversion Factors for External Exposure to ' 
Photons and Electrons, Health Phys 45 665-686 (1983); D C Kocher: 
Dose-Rate Conversion Factors for External Exposure to Photon and 
Electron Radiation from Radionuclides occurring in Routine Releases 
from Nuclear Fuel Cycle Facilities, Health Phys 38 543-621 (1980). 

[15] P Jacob, N Petoussi, M Zankl and K Saito: Organ Doses for Foetuses, 
Babies, Children and Adults from Environmental Gamm&-Rays, Radiat Prot 
Dosim 3_7 31-41 (1991); P Jacob, H Rosenbaum, N Petoussi and M Zankl: 
Calculation of Organ Doses from Environmental Gamma-Rays using Human 
Phantoms and Monte Carlo Methods, Part II: Radionuclides distributed 
in the air or deposited on the ground, Report GSF-12/90 (GSF, D-8042 
Neuherberg, May 1990); K Saito, N Petoussi, M Zankl, R Veit, P Jacob 
and G Drexler: Calculation of Organ Doses from Environmental Gamma- t 

Rays using Human Phantoms and Monte Carlo Methods, Part I: 
Monoenergetic Sources and Natural Radionuclides in the Ground, Report 
GSF-12/90 (GSF, D-8042 Neuherberg, January 1990). 

[16] S Y Chen: Calculation of Effective Dose-Equivalent Responses for 
External Exposure from Residual Photon Emitters in Soil, Health Phys 
60 411-426 (1991). 

[17] S L Simon and S A Ibrahim: Biological Uptake of Radium by Terrestrial 
Plants ijn The Environmental Behaviour of Radium (Volume 1) p.545, 
Technical Report Series No. 310 (International Atomic Energy Agency, 
Vienna, 1990). 

[18] J E Till and H R Meyer: Radiological Assessment - a Textbook on 
Environmental Dose Analysis. (US Nuclear Regulatory Commission, 
Washington D. C., 1983). 

[19] R J Guimond: Radium in Fertilizers in The Environmental Behaviour of 
Radium (Volume 2) p.113, Technical Report Series No. 310 
(International Atomic Energy Agency, Vienna, 1990). 

[20] R S O'Brien, S B Solomon, K H Lokan, V A Leach, T H Gan, L J Martin I 
and K N Wise: Radon and Radon Daughter Concentrations over an Extended 
Uranium Ore Body in Proceedings of the International Conference on 
Occupational Radiation Safety in Mining, October 1984 (Volume 1) p.78. 
(Canadian Nuclear Association, Toronto, 1985). 

[21] UNSCEAR: United Nations Scientific Committee on the Effects of Atomic |. 
Radiation: Sources, Effects and Risks of Ionizing Radiation, 1988 
Report to the General Assembly, A/43/45 (United Nations, New York, 
1988). 

[22] L R Anspaugh, J H Shinn, P L Phelps and N C Kennedy: Resuspension and 
Redistribution of Plutonium in Soils, Health Phys 29 571-582 (1975). jj 

[23] G S Linsley: Resuspension of the Transuranium Elements - a Review of 
Existing Data, Report NRPB-R75 (National Radiological Protection 
Board, Harwell, August 1978). 



32 

[24] J U Healy: Review of Resuspension Models ^n Transuranic Elements in 
the Environment, p.209 (Department of Energy, Washington D.C., 1980). 

[25] G A Sehmel: Particle Resuspension: A Review, Environ Intern 4 107-127 
(1980). 

[26] K W Nicholson: A Review of Particle Resuspension, Atmos Environ 2_2 
2639-2651 (1988). 

[27] P N Johnston, G A Williams, M B Cooper and P A Bums: Ambient 
Concentrations of Radionuclides in Air at Maralinga and Emu in 
Inhalation Hazard Assessment at Maralinga and Emu, Report ARL/TR087, 
p.10 (Australian Radiation Laboratory, May 1990). 

[28] IAEA: International Atomic Energy Agency: Generic Models and 
Parameters for assessing the Environmental Transfer of Radionuclides 
from Routine Releases - Exposure of Critical Groups, IAEA Safety 
Series No 57 (International Atomic Energy Agency, Vienna, 1982). 

[29] R A Akber: Suspension of Dust in the Vicinity of Ranger Uranium Mine: 
an Estimate for the Land Application Area in Proceedings of the 
Workshop on the Land Application of Effluent Water from Uranium Mines 
in the Alligator Rivers Region, September 1991 (Supervising Scientist 
for the Alligator Rivers Region, 1992). 

[30] K Stewart: On the Resuspension in the Atmosphere of Radioactive or 
Other Fine Particulate Material deposited on the Ground, Report AWRE 
T10/60 (Atomic Weapons Research Establishment, Aidermaston, November 
1960): K Stewart: The Resuspension of Particulate Material from 
Surfaces iji Proceedings of the Symposium on Surface Contamination, 
June 1964, p.63 (Pergamon Press, Oxford, 1967). 

[31] J W Healy: A Proposed Interim Standard for Plutonium in Soils, Report 
LA-5483-MS (Los Alamos Scientific Laboratory, Los Alamos, 1974). 

[32] L R Anspaugh: Resuspension Element Status Report, Appendix A - The Use 
of NTS Data and Experience to Predict Air Concentrations of Plutonium 
due to Resuspension on the Enewetak Atoll in The Dynamics of Plutonium 
in Desert Environments, Report USAEC NV0-142, p.299 (USAEC Nevada 
Operations Office, Las Vegas, July 1974). 

[33] L R Anspaugh, J H Shinn and D W Wilson: Evaluation of the Resuspension 
Pathway toward Protective Guidelines for Soil Contamination with 
Radioactivity iji Proceedings of the Symposium on Population Dose 
Evaluation and Standards for Man and the Environment, May 1974, p.513 
(International Atomic Energy Agency, Vienna, 1974). 

[34] USEPA: United States Environmental Protection Agency: Proposed 
Guidance on Dose Limits for Persons Exposed to Transuranium Elements 
in the General Environment, Report EPA 520/4-77-016 (US Environmental 
Protection Agency, Washington, D.C., 1977). 

[35] I R Willett, C J Chartres and W J Bond: Soils and Hydrology of the 
Ranger Uranium Mine Land Application Site in Proceedings of the 
Workshop on the Land Application of Effluent Water from Uranium Mines 
in the Alligator Rivers Region, September 1991 (Supervising Scientist 
for the Alligator Rivers Region, 1992). 

[36] C J Chartres, P H Walker, I R Willett, T J East, R F Cull, T Talsma 
and W J Bond: Soils and Hydrology of Ranger Uranium Mine Sites in 
relation to Application of Retention Pond Water, Technical Memorandum 
34 (Supervising Scientist for the Alligator Rivers Region, October 
1991). 



33 
A Shambon, U M Lowder and U J Condon: Ionization Chambers for 
Environmental Measurements, Report HASL-108 (Health and Safety 
Laboratory, New York, February 1963); J A De Campo, H L Beck and P D 
Raft: High Pressure Argon Ionization Chamber Systems for the 
Measurement of Environmental Radiation Exposure Rates, Report HASL-260 
(Health and Safety Laboratory, New York, February 1972). 



34 APPENDIX 

APPLICATION OF THE MOMENT-DISTRIBUTION PROPERTIES OF THE LOGNORMAL 
DISTRIBUTION TO THE MASS-LOADING MODEL FOR INHALATION OF 2 2 ,Ra AND Un.t 

IN AIRBORNE DUST AT THE LAND APPLICATION SITE 

The mathematical statistics of the lognormal distribution, and its 
properties for practical application, are thoroughly reviewed by Aitchison 
and Brown in their CUP monograph [Al], and more recently by Crow, Shimizu 
and their colleagues [A2j. The notation is now well established. A 
population of particles of diameter x has a lognormal probability 
distribution A(x|/i,a2) if lnx is normally distributed N(lnx|p,a2) with mean 
H and variance a7. The frequency distribution of particle size - or the 
probability density function of x - is given by 

dA(x|ji,a2) - f(x:fi,a7)dx 

TJT^ e x p ( " 2 ^ < l n*-M) 2)dx 

TJlT e x p ( " 2 ^ ( l n X _ " > 2 ) d l n x 

Xffj 

and the relationship to N(lnx|/i,a2) is obvious. The parameters of practical 
interest for particle populations are the median x - e" as derived from the 
mathematical statistics, and the geometric mean x - e as taken from 
observational data; they are equivalent. 

Most properties of A(/i,a2) derive directly from those of N(f*,ff2), and they 
are well Known. One property, however, has no counterpart in the normal 
distribution: it relates to the moment distribution, xJf(x:/i,a2)dx. It has 
not received wide application despite the useful facility it offers for 
dealing with particle populations. There is no consolidated treatment in 
the literature, and, accordingly, the relevant details are summarized here. 

Aitchison and Brown first generalized the concept of the moment 
distribution of A(/i,a2) as their Theorem 2.6 [Al] 

"The j-th moment distribution of a A-distribution with parameters 
M and a7 is also a A-distribution with parameters /i + ja 2 and a7 

respectively." 

thus AJ(X|M,CT 2) - A(X|M+JCT2,CT2) 

or - x J f (x:/i,ff2)dx - f (x:/i+j<72 ,a 2 )dx 

*The arithmetic mean x - exp(/i + \a7) and the mode x - exp(jj - a 2) 
have mathematical significance but little practical interest here. 
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where A, - exp(j/i + jj 2a 2) is the j moment of A(ji,o2) about the origin. 

Therefore, for two moment distributions of A(/»,a2) of order j t and j 2 

f(x:^x,o2)dx [-̂ - exp[|a 2(j 2 + Ji>)] J a J l 

f(x:M2.a2)dx 

where nx - p + jjff2 and /i2 - M + j 2
a 2 

This property of A(/x,o2) is of particular importance for the present 
purpose because of the simple relationship it affords between the three key 
distributions in a lognormal population of particles 

particle number A(^ n,a 2) 
particle surface area (JCX2) A(^ J fa 2): as j - 2, /i, ~ Mn + 2a2 

particle volume (wx3/6) A ( M V , O 2 ) : as j - 3, pv - pn + 3o 2 

Hence the three distributions have different, but related, geometric means, 
and the same variance. It follows that if £ and a are estimated tircm 
observations on one distribution, the parameters of the others are 
determined too, and all three distributions can be generated. Needless-to-
say the distributions of particle mass (p»rx3/6) and particle activity 
(paitx7 or pv»rx3/6) are the ones most often studied; and they mirror 
Mnt,o7) and A(/iv,cr2), as already discussed. 

Among the relationships and expressions that follow from this property of 
^(^l,o7), it is the quotient of surface area to volume in a particle 
population that is of most interest for the present purpose. Before 
developing this, however, a consistent normalization is needed for the 
three distributions describing the particles in the set. Hence, normalizing 
to total number of particles N, the number-size frequency distribution is 
Nf(x:nn ,o2)dx, and the normalized surface-size and volume-size 
distributions are 

wx2Nf(x:^n ,ff2)dx - it exp(2Mn + 2a 2) Nf(X:M, ,<*2)dx 
and 

* y * m 
—^ Nf (x:„ n , c ; 2 )dx - | exp (3 M n + S<72) Nf (x: / i v , a 2 ) d x 

g iv ing t o t a l surface area S and volume V of the p a r t i c l e s in the s e t as 

S - *N exp(2>in + 2 a 2 ) 
and 

V - * | exp(3„n + W) 
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These expressions, and others to be derived from them, can readily be 
manipulated to other forms using the simple relationships linking the three 
distributions. 

The quotient of surface area to volume in the particle population is 
developed here for three conditions of particle size. 

(1) For particles of sizes x to x+dx, the quotient of the fractions 
they carry of the total surface area and volume is simply 

f(x:„.,o2)dx x 

- - exp(M„ + W) 
f(x:Mv.<J2)dx 

- J»exp(- 2a 2) 

once account is take;, of the normalization. Here yLm is the mass-median 
diameter, or the geometric mean for the mass-size distribution. Clearly, 
for particles of diameter x to x+dx, the quotient of the fractions of 
surface and volume is inversely proportional to x/3^. 

(ii) For a subset of particles of sizes x x to x 2, the quotient of the 
fractions they carry of the total surface area and volume is given by 

Jf(x:M,,o2)dx JdN(lnx|„s,o2) 

/f(x:Mv,o2)dx JdNdnxlM,,,*2) 

where the numerator and denominator are evaluated directly from the 
standard normal distribution N(t|0,l) for the interval Xj to x 2, noting 
that t - (lnx - n)/a. 

(ill) For the whole set of particles, the quotient of total surface to 
total volume is 

6 exp(Jt72) 

so that it is inversely proportional to the mass-median diameter, or 
geometric mean. 

Condition (11) is the preferred approach, but it requires that the details 
of the particle populations are well established. This is not the case for 
the soils of the land application site where the particle-size data are yet 
to be obtained. As discussed below, however, the main surface soils of the 
site can be represented adequately in the meantime by a set of particle 
populations, one of which substantially comprises the suspensible sizes. 
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With this simplification, (ill) can be usefully applied to exploring the 
enrichment factor by estimating the fraction of the Un«t and 2 2 6 R a from the 
effluent water likely to reside with the suspensible particles. 

The several particle populations k making up the surface soil are taken to 
be lognormal, with the radionuclides adsorbed onto the particles with 
activity surface density p s k . The fraction of the total applied activity 
carried by population k is then *' 

•* " A 
where A - % t^ - X P, kS k 

and the fraction of the total mass of the surface soil in k is 
**k 

-* " M 
where M - £ ^ £ p kV k 

and pk is the material density of the soil particles. 

For the population k' that is comprised substantially of the suspensible 
particles, the enrichment factor G«pp for the applied radionuclides is 

and it is straightforward to show that application of the expression for 
S/V in ( i i i ) g ives 

P g k / expCjff2,) 

Gapp -
p l k expCjcr2) 

E "* V — z 
which allows the enrichment factor to be assessed in terms of the 
properties of the surface soils of the site. 

The Al horizons of the unit II soils of the land application site are 
described by Willett et al. [A3] as brownish, massive, gravelly loamy sand; 
and the measurements of Akber and Marten [A4] show that the gravel fraction 
(>2 mm) makes up some 50% of the total mass. Until particle-size analyses 
are available for the fine earth fraction (<2 mm), it will suffice to adopt 
a self-consistent set of values for the components of loamy sand in the 
standard size classifications: sanu (2 - 0.02 mm), silt (0.02 - 0.002 mm) 
and clay (<0.002 mm). Typical and extreme values for loamy sand, taken from 
Fig. Al [A5], are included in Table Al toget'.ier with values provided by 
Chartres et al. [A6] from analysis of two samples from the site. 

* > 
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Inspection indicates that such an assemblage of particles would not be a 
single lognormal population, but perhaps several — and the complex origins 
of the surface soils of the site [A3] accord with this. The simplest 
assignment which adequately describes the assemblage is three overlapping 
populations A(/^ ,o£) centred on the standard size classifications - with 
clay, the minor component, being merged with silt to comprise the 
suspensible sizes (£20 pm). The parameters of the three populations are 
given in Table Al, where ak is calculated taking P s k/p k to be constant 
throughout. 

exp(Ja£) 

l"* 
exp(Jo*) 

'' N> Table Al: Parameters of the particle populations assigned to standard 

1 
' 4 

size classifications for gravelly loamy sand. 

soil component 
Condition Condition 

gravel sand silt & 
clay 

particle populations 
range of x (5%, 95%) 2 mm, 10 mm 20 jim, 2 mm 0.2 /im, 20 urn 

Xmk 4.0 mm 200 ftm 2.0 (im 

°k 0.4 1.4 1.4 
high-silt loamy sand 

*k 0.50 0.25 0.25 
*k «0.01 0.01 0.99 

Gapp 4. 
typical loamy sand 

"k 0.50 0.35 0.15 
«k «0.01 0.02 0.98 

Gapp 6. 
low-silt loamy sand 

"k 0.50 0.42 0.08 
^ «0.01 0.05 0.95 

Gapp 12. 
unit II soils [A6] 

"k 0.37 0.53 0.10 
S «0.01 0.05 0.95 

Gapp 10. 

t 
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Fig. Al: Representative ranges of the components of soil in the standard 
size classifications: sand (2 - 0.02 mm), silt (0.02 - 0.002 mm) and clay 
(<0.002 mm) [A5] . The example of clay loam soil O has 50% sand, 19% silt 
and 31% clay. 

a \ 

Ml 
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This preliminary assessment serves to demonstrate the methodology and its 
predictive capabilities; and It points to some interesting conclusions for 
the soils of the land application site: 

• the silt-clay fraction is expected to present by far the greatest 
surface area Sk, for adsorption of the effluent radionuclides, giving 

v -1; 
• It follows that virtually all of the applied load of Unat and 3 2 f lRa 
would be retained by the suspensible particles; and 
• the enrichment factor would then depend entirely on the fraction of 
the total mass carried by the suspensible particles. 

For loamy sand (with 50% gravel), Gapp would be expected to be typically -6 
with a range from 4 to 12. 
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