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ABSTRACT 

The UIODOSE computer program simulates the environmental transport of 
radionuclides released to surface water and predicts the resulting dosage to 
humans. This report describes the program and discusses its use in th° 
evaluation of nuclear waste repositories. The methods used to estimate dose 
are examined critically, and the most important parameters in each stage of 
ttv calculations are identified as an aid in planning for measurements in the 
field. Dose predictions from releases of nuclear waste to a large 
northwestern river {the baseline river) are presented to point nut the • 
nuclides, compartments and pathways that contribute most to the hazard as a 
function of waste storage time. Predictions for five other water systems are 
presented to identify the most important system parameters that determine the 
concentrations of individual nuclides in compartments and the resultant dose. 
The uncertainties in the biological parameters for dose prediction are 
identified, and changes in current values are suggested. Various wavs of 
reporting dose estimates for radiological safety assessments are discussed. 
Additional work needed to improve the dose predictions from BTODOSE and 
specific areas and steps to improve our capabilities to assess the 
environmental transport of nuclides released from nuclear iyaste repositories 
and the resultant dose to man are suggested. 

vii 



1.0 Description of BI0D0SE 

BIODOSE is a program designed to simulate the transport of radionuclides 
released to surface water systems. It predicts the concentrations of 
radionuclides in relevant parts of the environment and calculates the 
doses that could result from such releases. BIODOSE was written by t hP 
Analytical Sciences Corporation (TASC) under subcontract to LLL (Berman, 
et al., 1978). 

BIO00SE performs two nearly independent calculations - one to estimate 
the concentrations in the terrestrial and aquatic compartments of the 
ecosystem, the other to estimate the dosage to man resulting from these 
concentrations through various pathways. 

The concentration calculations are performed by assuming a Source of 
Radionuclides and calculating the Transport in the Environment. The 
doses are estimated by considering the possible Pathways by which humans 
can be exposed to the nuclides and then calculating the Doses that could 
result from each pathway. 

These four parts of the calculation are described briefly below, then in 
more detail in later sections. 

Source of Radionuclides: For this report, 36 radionuclides are carried 
through the calculations. The most recent version of BIOQOSE includes 53 
nuclides. See Appendix 1 for a listing. The longer list seems to 
include all of the nuclides that can lead to an appreciable dose to man. 
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Adding more nuclides to the list would be a fairly straightforward: 
process, and deleting one or more of the present set is extremely 
simple. The results of any calculation for the release rate of 
radionuclides to surface water may be used as input to BIODOSE. 

Transport in the Environment: BIODOSE treats the water and land 
environment as a set of interconnected compartments or "boxes". Each 
compartment is assumed to be perfectly mixed. Nuclides are introduced 
into the river and are transported between boxes by the flow of water 
from one box to another. The concentrations in each compartment are 
related by the set of differential equations which describe the material 
balance for each compartment. 

The present version uses seven compartments: river water, river 
sediment, irrigated topsoil, estuary water, estuary sediment, plume water 
and ocean water. (The plume is the semi-fresh water which flows from the 
estuary out into the ocean.) 

Pathways: BIODOSE includes the following exposure pathways resulting 
from radionuclide contamination of water, topsoil and sediment: 

external exposure to topsoil and sediment 

immersion in water (swimming) 

ingestion of aquatic foods 
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• Ingestion of crops 

Ingestion of drinking water 

• ingestion of animal products. 

Concentrations in crops, animal products a^d aquatic foods are estimated 
by essentially the same approach recommended by NRC Regulatory Guide 
1.109 (U.S. Nuclear Regulatory Commission, 1977). The approach was 
originally developed at Battelle Pacific Northwest Laboratories to assess 
chronic or long-term exposure (Fletcher and Dotson, 1971, Burkholder, et 
al. 1975, Baker et al. 1976). 

Dose Calculations: Doses to Individuals and the population are estimated 
for each nuclide from the concentration 1n each medium contributing to 
exposure, the usage rate for the medium and a nucllde-specif1c dose 
factor. The total dose to an organ 1s the sum of the contributions from 
all nuclides over all pathways. 
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2.0 Concentration Calculations 

In this section we describe the methods used to calculate the 
radionuclide concentrations in the seven compartments. Section ?,1 gives 
the differential equations and their solutions. In Section 2.2 we 
identify and discuss the most important parameters for the individual 
compartments. 

The concentration of each nuclide in each compartment changes with time. 
iJhen a radionuclide enters the river, the concentration in the river 
increases. This in turn results in increasing concentrations in the 
river sediment, in the irrigated topsoil, in the estuary and so on. 
Figure 1 is a diagram of the compartments considered and the transport 
mechanisms between compartments. Each arrow corresponds to a term in the 
corresponding differential equation. BIODOSE provides three different 
options for handling the time dependence of the concentrations. 

The "time-varying" option of BIODOSE provides the complete time-varying 
solution to the set of differential equations. This solution yields the 
concentrations in each compartment as a function of time. The 
concentration of each nuclide is expressed in terms of the total amount 
present at that time. By expressing concentrations in this manner, the 
analysis of decay chains is avoided and the compartment equations are 
thereby simplified. 
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Diagram of Flows Betwean Compartments 
Fig. 1 
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The "steady-state" option assumes that transfer rates between 
compartments are fast compared to the rate at which nuclides are 
introduced into the environment. This option provides the steadv-state 
solution, which assumes that the concentrations in each compartment are 
in the steady-state at all times. The time dependence is exclusively in 
the rate at which nuclides are introduced into the environment. The 
steady-state solution yields somewhat higher doses than the time-varying 
solution because the nuclide concentrations are assumed to reach their 
steady-state values instantaneously. 

The third option, referred to as the "quasi-steady state", is 
intermediate between the "time-varying" and "steady-state" options. This 
option assumes the steady-state condition for all compartments exceDt 
topsoil. The nuclide concentrations in topsoil are assumed to increase 
with time as irrigation water is applied. There are two reasons for 
treating the topsoil compartment differently from the others. One is 
that the buildup of some important nuclides, (e.g., 1 3 7 C s , 2 3 < 5Pu) in 
topsoil can take hundreds of veers; the other is that tnpsoil can he one 
of the major dose pathways and it is thus important that it he calculated 
accurately. 

The user can choose the option most appropriate to the particular case 
being evaluated. 

/ 
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2.1 Equations Used 

2.1.1 Differential Equations 

The differential equations describing the transfer of 
radionuclides between compartments are aiven below (Ross, 
et al., 1979)*, The solution to these equations is the 
time-varying solution. 

I 0 A « 
vwdT r w = - F + I + ^ r + 1WVw| W r f ? - n 

c r s 

H r D A i 

V » 3 t C r s - - L d ^ s * V w + I R S J C r s + <W crt 

T D A S 1 

(?.-2) 

* \-r-+*-. A.v..I C r w 

*For consistency we adopt the symbols introduced by TASC w!th very few 
exceptions. 
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where the subscripts w, t , s, e, se, p, and o represent r i ve r water, t o p s o ' 1 , 

r i v e r sediment, estuary water, estuary sediment, plume water and ocean wate-, 

respect ive ly , and 
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c . is the concentration of nuclide r in compartment h (Ci/m ) 

3 v h is the effective volume of compartment h (m ) 

A h is the surface area of compartment h (m ) 

K r h is the distribution coefficient of compartment h, which is 
the ratio of the volumetric concentration in the sediment to 
that in the water (Ci/m3 dry sediment/Ci/m3 water) 

T h is the flushing time of compartment I; (yr) 

q r is the input of nuclide r from the aquifer connecting the 
repository to the water body (Ci/yr) 

v. is the net rate of sedimentation from compartment h (m/yr) 

F is the net outflow rate of the river (or lake) (m3/yr) 

I is the average yearly rate at which water is withdrawn from 
the river (or lake) for irrigation (m3/yr) 

D is the average diffusion coefficient (nr/yr) 

d is the average diffusion depth (m) 

R is the average yearly rainfall on the topsoil (m3/yr) 
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E is the average yearly evapotranspiration from the topsoil 
(m3/yr) 

M r is the effective average yearly removal rate of nuclide r 
from the topsoil that is taken up by plants (m /yr) 

S is the erosion rate of topsoil (m/yr) 

© is the volumetric water content of topsoil (m water/m 
soil) 

B r t is the retardation factor for topsoil, i.e., (1 + p K/6), 
where p is bulk density of topsoil. 

F*s is the ratio of suspended sediment to river water (m 
sediment/nr water) 

The equations are described in detail in Ross et al. (1979), Section 6. 

2.1.2 quasi-Steady-State Solution - The quasi-steady-state solution 
takes into account the effect of nuclide buildup in the 
topsoil. In this solution, the topsoil concentration is 
treated as time-varying, while the concentrations in the 
remainder of the compartments are considered to be in the 
equilibrium state. The topsoil buildup time can be long 
compared with changes in the input. In this simulation model 
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it is assumed that irrigation takes place at a given 
frequency to a maximum number of years. For times later than 
that maximum limit, it is assumed that irrigation took place 
only over the preceding time period equal to the maximum 
limit. The limited irrigation period is intended to simulate 
the limited period during which the hypothetical nuclear 
waste is expected to be released into the river (Berman, 
ei al. 1978). This limitation of irrigation alio1 \. expected 
doses to be estimated by singly multiplying t^e BTODOSE 
potential hazard outputs by the predicted nuclear waste input 
to the river (in units of MWe-yr/yr). 

The quasi-steady state solution to the compartment equations 
is the following: 

(2-8) 

where 
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The significance af \ is discussed on page 18. 

b = 

IR /DA \ \ 

+ W? l ^ T + K r s V w ; qp 

DA„ / DA \ ( ^t 
•7- K A v + —î -J I î- \ rs s w d / 7 1 K

r s
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DA 
K l = F + r + IT + KrA vw (2-11) 

DA 
h - K^a + Vw + I R s (2-1?) 

t/T if t < T 
»i if t > T„ f?-l3l 

where T is the interval in years between irrigations, and T it the 
maximum number of years of irrigation. , 

qr T^> K r s d K ?
 crt 

DA. 
l1 K r s dk ? ( KrsVw + ^r) 

(2-14) 
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(2-15) 
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The quasi-steady-state solution for a well system is the following: 

crw * \ i 2 - 9 0 ) 

Crt = ( I C r v / V n-exp(-L rt b)l/L r <?-21) 

where 

L-= rnr + T~ + "^ (?"22) 
r ">t*t *t -t 

2.1.3 Steady-State Solutions - The dynamics of the' assumed water 
body systems are reasonably fast relative to input changes 
except for the topsoil and sediment compartments. That is, 
for all the water body compartments, the time to reach a 
steady-state concentration is short compared with the time 
period over which changes take place in the waste input to 
the compartment system. The sediment compartments contribute 
directly a minor amount to overall hazard. Consequently, a 
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steady-state, or equilibrium, solution to the compartment 
equations is appropriate for simulations of those systems in 
which the topsoil compartment is not significant or in cases 
where the quasi-steady-state solution is insufficiently 
conservative, 

2.2 Parameters in Compartment Concentrations 

The 8I0D0SE standard parameters (the baseline case) simulate a larqe 
river in the northwestern United States. However, any river system 
can be modeled by changing the values of the physical parameters, so 
this is not a limitation. 

The inputs for this part of the calculation are physical parameters 
such as: 

• water flow rates 
rate of introduction of nuclides 
compartment volumes and areas 
distribution coefficients of nuclides between aqueous 
and solid phases. 

2.2.1 River Hater 

The most important variable in the water system is the 
concentration of radionuclides in the river water. 
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Inspection of the quasi-steady state solution shows that the 
concentration in every compartment is proportional to the 
concentration in the river water. In addition, the topsoii 
compartment concentration is time dependent. It increases 
with time of irrigation until it finally reaches the steady 
state value. 

The concentration in river water is given by a very complex 
expression in the quasi-steady state solution [Eq. 2-13). 
However, for almost any realistic situation, many of the 
terms are negligible. For the baseline case (Columbia-like 
river) the equation simplifies greatly. At short times, 
where the topsoii concentration is far from steady state, Eq. 
(2-13) becomes: 

<v 
Crw = F+I + K r s A s v w

 ( ' - 2 

At long times (steady state) it is: 

°- = F + K sVw (?"?! 

In these expressions the denominators can he looked at as the 
volume available to a year's input of radionuclide. At short 
times, where nuclides are still being deposited on the 
topsoii, the denominator is the sum of the river outflow 
rate, F, the sedimentation rate, K r s A s v w , and the 
irrigation rate, I. Under steady state conditions (long 
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times) where the concentration on the topso-.l is no longer 
increasing, the irrigation term disappears. This is hecause 
the runoff is returning as much to the river as is being 
withdrawn with the irrigation water. 

Furthermore, in most cases the sedimentation term is small 
compared to F or F + I, and the expression for r , becomes 
even simpler. For example, at 200 years, the 9 0 s r input 
per Mwe-yr (q $ r) is 17.5 Ci/yr. The steady state 
approximation should be good, so the concentration in the 
river should be given by the very simple expression 

cSrw = - T ( 2 - 2 5 > 

The value of F for the baseline river is 1.15? x 10 ' 

nr/yr, so this approximation gives 17.5/1.152 x 10'' » 
1.519 x 10' 1 0 Ci/m3 for C . The value calculated by 

Srw 
SIODOSE using the complete equation (Eq. 2-13) is 1.485 x 
1 0 " 1 0 Ci/m 3, which is only 2% different. 

The above simplification holds true for any nuclide for which 
the value of the sedimentation term, K A v , is 
sufficiently small compared to F or F+I. For the baseline 
river, A $ v w = 2 x 10 6 m 3/yr, so for an element with a 
K r S value of 6 x 10 , the sedimentation term becomes 
1.2 x 1 0 1 0 m 3/yr, which is 10* of F and will thus 
decrease the concentration by 10%. Snaller values will of 
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course cause a smaller effect and larger ones a larger 
effect. For example, the K r s v a i u e f 0r Pu in BI000SE is 
3.8 x 10 5, which reduces the Pu concentration by about a 
factor of 7 compared to the approximation. Very few elements 
have such high values of K however. 

In summary, for most river systems the concentration of a 
nuclide in the river water is determined ,ilmost entirely by 
the nuclide input rate and the river outflow rate (plus the 
irrigation rate at short times). In cases where there is a 
large river sedimentation term, it must be considered also. 
Sedimentation is important only in a situation where the 
river flow is small, the rate of sedimentation is large and 
the nuclide has a large distribution coefficient on the river 
sediment. 

2.2.2 Topsoi 1 

The topsoil compartment is an extremely important one because 
it is the source of food and animal products and thus a major 
contributor to dose. 

Radionuclides are deposited on topsoil when it is irrigated 
with contaminated river water. The steady state solution to 
BIODOSE assumes that equilibrium is established between the 
irrigation water and the topsoil. The ratio of nuclide 
concentrations In topsoil to irrigation water is the topsoil 
distribution coefficient, K = e(u f - 1). 
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In the time dependent and quasi-steady state solutions, it is 
assumed that a nuclide is deposited on the topsoil at a 
constant rate (the irrigation rate times the concentration in 
the irrigation water) and removed at a rate which is 
proportional to the total amount which has been deposited up 
to the time in question. These assumptions of constant 
deposition and first order rate of removal lead to a a 
concentration equation of the form: 

c n = | ( l - e - M ) f?-26) 

where K is the deposition rate in Ci/m yr 
A is the removal rate in yr~^ 

t is the number of years for which irrigation 
has continued 

At long times the exponential term approaches zero, and the 
concentration reaches its steady state value of K/X Ci/m^. 

At short times, i.e., small value's of xt, the expression 

(1 - e-^t) ,-s approximately equal to Xt, so: 

crt • «t, (2-27) 

in other words the concentration is merely the deposition rate 
times the length of time irrigation has continued. At 
intermediate times the net rate of deposition decreases until 
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the steady state is finally reached. The time requirpd fr>r 

the concentration to reach half the steady stat.p value is 
tj,£ = ̂ H£ p for the baseline river the half-time 
varies from less than a year for an element such as iodine 
which has essentially zero absorption by topsoil to nearly 
300 years for Pu, which has a K r f c v alue of about lO 1 , 

As in the case of c r w > C r t i S very complex in its exact 
form. However, it too reduces to a somewhat simpler form for 
most realistic cases. The simplified form is: 

I q r ( I - e _ X t ) 
c = T—- , !?-•>%) - t - f F + T * P S A s v w ) V 

" " ( F + I + K r s V w ) V t B r t 6 

the term 
Iq. 

( F + I + K r s V w > V t 
r '2-301 

is the deposition rate (K in the earlier discussion) and A 
is the removal rate. Combining these equations with 
equations (2-23) and (2-24) we get the following very single 
limiting expressions for the topsoil nuclide concentrations: 

c It 
rw 

c r t = —^ for short times, and f?-?n 
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crt = (I+ft-E) a t To"? times (steady state). f?-32) 

Again, using 90j r at 200 years as an example of the 
goodness of the approximation for the baseline river: 

c
r w = 1.519 x 1 0 ' 1 0 Ci/m 3 ffrnm the previous example), 
I = 4.8 x 10 9 m 3/yr 
Bsr|. = 100, topsoil retardation factor 
6 = .3, volumetric water content of soil 
R = E M . 7 x 10 8 m 3/yr 

c r t = 4.56 x 10" q Ci/m3 for 9 0 S r , while the 

c r t calculated by BIODOSE = 4.43 x 1 0 _ q Ci/m3 

Again, the approximation is different from the complete 
calculation by only 2%. 

BIODOSE has an option to limit the time of irrigation. The 
variable TMAX (Tm) can be set to the number of years 
irrigation is allowed to continue. If, for example, TMAX is 
1,000 years, which is the value ordinarily used, it is 
assumed that irrigation has taken place over the preceding 
1,000 years. (If the total elapsed time is less than TMAX, 
then irrigation has taken place over the total elapsed 
time.) For the baseline river the 1,000 year value of TMAX 
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has essentially no effect, since all nuclides reach their 
steady state concentrations in topsoil in less than 1,000 
years. This can be a useful variable for cases where the 
irrigation time is to be limited or in an unrsual case where 
the half-time for approach to steady state is exceptionally 
long. 

!n summary, the topsoil concentration is determined almost 
entirely by the concentration in the river water, the 
irrigation rate, the volume of topsoil irrigated and the 
distribution coefficient of the nuclide between topsoil and 
water. The time of irrigation and the topsoil erosion rate 
are also frequently important. 

2.2.3 Estuary, Plume and Ocean Water 

The equations describing the concentrations in these three 
compartments are relatively simple. The rmdel assumes that 
water flows from the river to the estuary to the plume to the 
ocean. As a result, the concentration: are determined by the 
river water flow rate and concentration, the volumes of the 
compartments and the flushing times. 

In general, the concentration in each of these compartments 
is directly proportional to the flushing time and inversely 
proportional to the volume. This result is obvious in a 
qualitative sense, since one would expect the concentrations 
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to decrease as the available volume increases and to increase 
as the residence time (and therefore the accumulation time) 
increases. 

2.2.4 Sediment Compartments 

Two sediment compartments are included in the -̂jcJel: river 
sediment and estuary sediment. Neither compartment is ever a 
large contributor to dose directly. Their only effect is 
indirect in that they influence the concentration in the 
water and topsoil compartments. 

The river sediment compartment can be important in a few 
limiting cases as discussed in the river water section, but 
this is unusual. 

The estuary sedimentation term affects the estuary water 
concentration in the same way that the river sediment affects 
the river water concentration. However, the overall effect 
is much less because only the estuary, plume and ncean 
compartments are affected, whereas the river water affects 
all compartments, and particularly the topsoil. Thus the 
estuary sediment is rarely if ever important to the dose 
calculation. 
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It is not clear to us that the river sediment is handled 
properly for long times. At present, the sediment is a sink 
for radionuclides, i.e., sediment is lost from the system. 
In reality this may be true for periods up to hundreds or 
even thousands of years, but in the long term, river 
sediments could be re-exposed, transported by the river and 
perhaps deposited on a floodplain to be cultivated as 
topsoil. This is an area requiring further study. 

2.2.5 Summary of important Parameters 

The discussion in the previous section shows that although 
the complete equations for calculating concentrations are 
rather complex, they can be considerably simplified by 
ignoring many small terms. 

The complete equations should certainly be used in the 
computer model, but the simpler forms are useful as an aid to 
understanding. 

For most systems the most important parameters are the 
following: 
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The rate at which radionuclides are released into the 
river 
River flow rate 
Irrigation rate 
Net runoff rate from topsoil 
Distribution coefficients of all nuclides on topsoil 
Topsoil area and volume 
Volumes of plume, estuary and ocean compartments 
Flushing times of plume, estuary and ocean compartments 
River sedimentation rate and distribution coefficients 
on river sediment are important in a few cases. 
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3.0 Dose Calculations 

For individual doses, 8I000SE yields 50-year dose commitments to the 
whole body and to each of seven organs: gastrointestinal tract, thyroid, 
bone, liver, lung, kidney and skin. The dose commitment is the time 
integral of the dose rate, and is expressed as rem. 

The 50-year dose commitment assumes chronic exposure to radionuclides 
throughout the 50-year period of integration. The nuclide-specific dose 
factors in the BI000SE code were derived by a method developed for the 
Nuclear Regulatory Commission (Hoenes and Soldat, 1976) from annual dose 
comtiitment factors published by Burkholder, et al. (1975). 

For the population, BI0D0SE calculates an annual dose expressed in 
man-rem/yr rather than the 50-year commitment used for individuals. Thus 
to calculate population hazard the program uses dose factors which are 
1/50 of the dose factors used in the individual dose calculations. 

Besides the dose to individual organs, BI0D0SE estimates the whole body 
equivalent dose. The whole body equivalent dose is the sum of the doses 
to the individual organs, each weighted by the cancer risk in that 
organ. Risk factors for fatal cancers were derived from the literature 
for each of the organs of reference including the whole body (Hough et 
al., 1978). These risk factors were used to derive 50-year dose factors 
for the whole body equivalent dose. The concept of a weighted mean whole 
body dose has been designated "effective dose equivalent" by the 
International Commission on Radiological Protection (ICRP, 1978). This 
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concept was introduced by ICRP to assure the same degree of radiological 
protection whether the whole body is irradiated uniformly or whether 
there is nonuniform or selective organ exposure (ICRP, 19771. The 
comparison of single values of the whole body equivalent dose rather than 
multiple values of the dose to individual organ? greatly simplifies 
reporting and interpretation of the results. 

3.1 Relationship Between Dose and Concentration 

BIODOSE predicts the doses to: 

(1) an average individual living in the contaminated region. 

(2) the maximum individual living in the contaminated region. 

(3) the population consisting of the inhabitants of the region 
and the persons consuming all the food produced in the region. 

The dose to an organ from a nuclide via an exposure pathway is 
estimated from the concentration in the compartment or medium 
relevant to the pathway, the usage rate associated with the pathway, 
and the dose factor specific to the nuclide and the organ via the 
pathway. The basic equation to estimate dose to an individual is 

D = C U DF rpu rp up" rpu (3-1) 
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where 
D is the dose or dose rate to organ u from nuclide r via 
pathway p, 

C is the concentration Df nuclide r in the compartment or 
medium relevant to pathway p, 

% is the usage rate associated with pathway p, 

0F r is the dose factor for nuclide r in pathway p for 
organ u. 

Usage rate refers to the intake of food and water and the time spent 
at the beach and swimming and boating. BIOOOSE uses standard usage 
rates and maximum usage rates for the adult. The dose to the 
average individual is estimated with the standard usage rates, the 
dose to the maximum individual is estimated with the maximum usage 

rates (Table 3-1). Both the average individual and the maximum 
individual are assumed to be maximally exposed, i.e., each is 
assumed to spend his entire lifetime in the contaminated region and 
to derive all his food and drinking water from the region. 
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TABLE 3-1 
Average and Maximum Usage Factors for an Adult 

Diet and Recreation 
Average Usage 

Rate, Up 
Maximum Usage 
Rate, Up Units 

Milk 
Fish 
Mollusk 
Crustacean 
Water 
Eggs 

110 
6.9 
0.5 
0.5 
370 
487 

310 
21 
2.5 
2.5 
730 
730 

n/yr 
kq/yr 
kg/yr 
kg/yr 
Jl/yt" 

eggs/yr 

Berries 
Melons 
Orchard Fruit 

5 
7 

43 

10 
14 
90 

kg/yr 
kg/yr 
kg/yr 

Wheat 
Other Grains 

50 
4 

113 
12 

kg/yr 
kg/yr 

Beef 
Pork 
Poultry 

39 
17 
20 

45 
45 
39 

kg/yr 
kg/yr 
kg/yr 

Leafy Vegetables 
Other Above Ground Vegetabl 

5 
ies 5 

32 
32 

kg/yr 
kg/yr 

Potatoes 
Other Root Vegetables 

44 
28 

131 
86 

kg/yr 
kg/yr 

Shoreline 8.3 12 hr/yr 

Swimming and Boating 5 200 hr/yr 
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The relationships between pathways, media, and compartments are 
summarized below: 

Pathway Medium 
Ground exposure Topsoil, river sediment 
Water immersion River water 
Aquatic food Freshwater fish 

Marine fish 

Molluscs, crustaceans 
Vegetables Vegetables, grains, fruit 
Drinking water River water 
Animal products Milk, meat, eggs 

Compartment 
Topsoil, river sediment 
River water 
River water 
Estuary water, 

olume water, ocean water 
Estuary water 
River water, topsoil 
River water 
River water, topsoil 

The doses via each pathway are estimated from the concentrations in the 
media in the second column. The concentrations in the media in turn 
are estimated from the concentrations in the compartments in the third 
column. (In some cases medium and compartment are identical.) 

The dose to the population via external exposures from nuclides in 
topsoil, water and sediments is estimated from the dose to the average 
individual and the population density. The dose to the population via 
consumption of foods is estimated assuming that all of the food 
produced within the region is consumed somewhere and is independent of 
the population density. The total food produced on land is assumed to 
be proportional to the tota irrigation water usage. The total 
production of aquatic foods is estimated from statistics on aquatic 
food production. 
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3.2 Exposure Pathways 

3.2.1 Ground Exposure Pathway 

3,2.1.1 Dose to Individuals 

The dose rate due to external irradiation from 
radionuclides in topsoil and sediments is estimated 
from the concentrations in topsoil and river 
sediment. Basically, C p in Eq. (3-1) is 
expressed in pCi/m and DF r ( J in mrem/hr/yr per 
pCi/mz. The dose factor DF r ( j is computed to 
yield the dose-rate 1 meter above a uniformly 
contaminated plane. The dose factor for external 
irradiation from topsoil includes a shielding 
factor (assumed to be 1/3) to account for the dose 
reduction due to shielding provided by buildings 
and residential structures. The dose factor for 
exposure to shoreline sediments includes a 
"shore-width" attenuation factor (assumed to be 
0.2) to account for the geometry of exposure to 
shoreline sediments. The usage rate for exposure 
to topsoil assumes year-round exposure and the 
usage rate for exposure to shoreline sediments is 
the hr/yr spent at the shoreline (Table 3-1). 

*For consistency we adopt, unchanged, the pathway designations introduced by 
TASC (Ross, et al., 1979). 
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3.2.1.2 Dose to the Population 

The dose to the population from ground exposure is 
estimated as the product of the population density 
(assumed to be 50 persons/km'), the area of the 
topsoil compartment and the annual dose to an 
average individual from ground exposure. The 
result is divided by 50 to convert the fifty-year 
dose commitment to the average annual dose. 

3.2.2 Water Immersion Pathway 

3.2,2.1 Dose to Individuals 

The dose rate due to water immersion is estimated 
from the concentrations in river water C in 
Eq. (3-1) is expressed in pCi/i and 0F r u is 
mrem/hr/yr per pCi/J,. The dose factor is 
computed to yield the dose rate at a 5-cm depth in 
tissue of a person immersed in an infinite volume 
of water. The usage rate for the water-immersion 
pathway is the hr/yr spent swimming and boating. 
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3.2.2.2 Dose to the Population 

The dose to the population from water immersion is 
estimated as the product of the regional population 
and the annual dose to an average individual from 
water immersion. As in the case of ground 
exposure, the result is divided by 50 to yield the 
average annual dose. 

3.2.3 Aquatic Foods Pathway 

The dose due to the ingestion of aquatic foods is estimated 
from the concentrations in edible aquatic organisms, which 
include fish, mollusks and crustaceans. The concentration of 
a nuclide in an edible aquatic orqanism is given by 

C rAF = B r C r w (3-2) 
where 

C rAF is the concentration of nuclide r in an aquatic food 
(pCi/kg wet wt.), 

B
r s the bioaccumulation factor of nuclide r -jn the 
aquatic food, i.e., concentration in aquatic food (pCi/kq wet 
w t . ) / concentration in water (pCi/a) under equilibrium or 
steady-state conditions (liter/kg), 
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C r w is the concentration of nuclide r in water (pCi/fc). 

Each of the water compartments, river, estuary, plume and 
ocean are assumed to provide fish, but only the estuarv is 
assumed to provide mollusk and crustaceans. Nuclide-
specific bioaccumulation factors that are distinct for 
freshwater fish, marine fish, and marine mollusk and 
crustaceans are used to estimate the concentrations in 
aquatic food. 

3.2.3.1 Ocse to Individuals 

The dose to an individual from aquatic food can he 
determined from Eq. (3-1) after substituting fo>-
c

r p U p as shown below: 

u . £ H ^ A F n_3) 
rp p " aquatic water 

food compartments 
i.ypes 

The usage rates U A p are the ingestion rates 
(kg/yr) of fish, mollusks, and crustaceans for each 
of the water compartments (Table 3-1). The dos? 
factors are ingestion dose factors, expressed in 
mrem/pCi/yr, that are designed to yield the 50-yr 
dose commitment associated with chronic or 
continuous ingestion over 50 years. 
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3.2.3.2 Dose to the Population 

The dose to the population via aquatic food assumes 
that the total regional harvest of aquatic food is 
consumed. The dose is estimated as the product of 
the total intake by the population via aquatic food 
and the appropriate dose factor. 

W o = E E H W " DFrAFu (1"4 

aquatic water 
food compartments 
types 

where 

rAFu ^ 5 ^ e dose rate to organ u from nuclide r 
via aquatic foods (man-rem/yr x 10 3) 

H is the aquatic food harvest (kg/yr) 

Cy-AF is the concentration of nuclide r in aquatic 
food (pCi/kg) 

rAFu n's the dose factor for nuclide r to organ 
u via aquatic foods (mrem/yr per pfi/yr) 

The product of harvest and concentration in an 
aquatic food summed over the water compartments and 
aquatic food types yields the total intake by the 
population (pCi/yr). 
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3.2.4 Vegetables Pathway 

The vegetables pathway refers to the ingestion of edible 
crops contaminated by nuclides deoosited by irrigation 
water. The radionuclides in edible cro^s originate from two 
sources: 

• irrigation water that is deposited on plant 
surfaces by sprinkling. 

• topsoil from which nuclides from irrigation water 
are transferred to crops via plant roots. 

The concentration of a nuclide in an edible crop is givnn by: 

= I ( V C r w T v (l - e" V e ) +
 Crt Br 

urv iQOO Y VX F D T 

where 
^rv is the concentration of nuclide r in plant v 

(Ci/kg). 
Crw is the concentration of nuclide r in the fresh water for irrigation (Ci/nj3) 
Crt is the concentration of nuclide r in the topsoil (Ci/m3) 

i"v is the irrigation rate during the growing seasor 
for vegetable v U/m?-day) 

r is the fraction of deposited activity r^ttined on 
crops, taken to be 0.25. 

Ty is the fraction of deposited activity that ends up 
in the edible portion of the plart. It is taken to 
be 1 for leafy vegetables and fresh forage and 0.1 
for all other produce. 
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*E r is the weathering removal constant (day-1) 
t e is the time of above-ground exposure of crops to 

contamination during the growing season (day) 
Y v is the plant yield (kg/m2) 
B r v is the plant concentration factor (Ci/kg)/(Ci/kg) 
Oj is the topsoil density (kg/m3). It is taken to be 1600 kg/m3 
1000 is a factor to convert m3 to liters. 
BIODOSE considers 10 different crops or crop types. 
Estimates of the concentrations in grass are used to Dredict 
the concentrations in animal products (see Section 3.2.6). 

3.2.4.1 Deposition on Plant Surfaces 

The first term of Eq.(3-5) yields the concentration 
of a nuclide in edible crops due to deposition of 
irrigation water on plant surfaces. The 
concentration is estimated from: 

I R
V > the irrigation rate 

• r, fraction of depositing activity retained 
on crops 

T
v, fraction of retained activity 
transferred to edible parts 

'Er, weathering rate from plant surfaces 
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t duration of growing season 

Y v, crop biomass 

Crop-specific irrigation rates, plant yields and 
growing periods are shown in Table 3-2. 

3.2.4.2 Uptake from Soil via Plant Roots. 

As shown by the second term of Eq.(3-5), the 
concentration of a nuclide in a crop due to the 
uptake from soil via plant roots is directly 
proportional to the plant/soil concentration factor 
B r v . BI000SE assumes a single nuclide-specific 
concentration factor for all crops. Plant/soil 
concentration factors will be discussed in Section 
5. 
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TABLE 3-2 

Irrigation Rate, Plant Yield and Growing Period 

Plant Product * " K 

U/m2-day) (kg/m?) (day/yr) 

Leafy vegetables 5.0 1.5 90 

Other above ground vegetables 5.3 0.7 60 

Potatoes 6.0 4.0 90 

Other root vegetabl es 5.0 5.0 90 

Berries 5.0 2.7 60 

Melons 5.0 0.8 90 

Orchard fruit 5.0 1.7 90 

wheat 5.0 0.7 90 

Oohar grain 5.0 1.4 90 

Grass 5.0 1.3 30 
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1.2.4.3 Dose to Individuals 

The dose to an individual via vegetables is 
estimated by Eq. (3-1) after substituting for 
C rpUp as shown below. 

food 
crops 

' rP P f M d V > V 

The usage rates U v are those of Table 3-1. The 
dose factors are the same ingestion dose factors 
used to estimate the dose to an individual vii 
aquatic food (see Section 1.7.3.1). 

3.2.4.4 Dose to the Population 

The dose to the population via vegetables primaril/ 
depends on the irrigation rate. It is estimated as 
the product of the total intake by the population 
via food crops and the appropriate dose factor. 
The intake rate by the population from irrigated 
crops is 

H(S£) P ^ = [>U..CJ[ ^n-V-^-1 (3-7) 

where 

Pr
 3 is the intake? rate from all plant products (Ci/yr), 
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f v e g is the fraction of the river or well flow rate that 
is used for irrigating crops for human consumption, 

F is the average yearly flow rate of a river or well 
(m 3/yr), 

U is the average yearly consumption of food crop v by 
an individual (kg/yr), 

C is the concentration of nuclide r in plant v 
rv 

(Ci/kg) as calculated in Eq. (3-5), 

IR is the irrigation rate during the growing season 
for vegetable v (1/m -day), 

Y v is the plant yield (kg/m 2), 

t is the time of above-ground exposure of crops to 
contamination during the growing season (day), 

1000 is a factor to converJ J to liters. 

Eq. (3-7) describes the intake rate of the 
population as the product of the intake rate of the 
average individual via food crops and the number of 
persons who would consume the total regional crop 
production. The latter is estimated as the total 
irrigation flow rate divided by the water needed to 



-41-

irrigate the food crops consumed annually by an 
individual. Annual crop production and usage are 
assumed to be equal. 

The dose ^ate to the population is thus qiven by 

where 

D r v u is the dose rate to organ u from nuclide r via food 
crops (man-rem/yrxlO ), 

DF is the dose factor for nuclide r to organ in via 
food crops (mrem/yr per pCi/yr). 

3.2.5 Drinking Water Pathway 

3.2,5.1 Dose to Individuals 

The drinking water pathway refers to the dosage 
associated with the ingestion of river water. The 
dose via drinking water is estimated by Eq.f3-1) 
using the usage rates of Table 3-1. The dose 
factors are the same ingestion dose factors to 
estimate the dose to individuals via aquatic foods 
and vegetables. 
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3.2.5.2 Dose to the Population 

The dose to the population via drinkinq water is 
estimated as the product of the reqional popu
lation, and the average annual dose to th.: R-^ra^e 

individual. 

3.2.6 Animal Products Pathway 

The animal products pathway refers to the dose from the 
ingestion of nuclides in milk, raeat and eggs. The nuclirles 
in animal products are derived from the feed and water 
consumed by the animal. The concentration of a nuclide in an 
animal product is given hy 

Cra = W C r F Q F + C r w W 1 D 0 0 l f 3' 9) 

whsre 

V a ' 5 t n e concentration of nuclide r in animal product 
a (Ci/S,, Ci/kg, or Ci/egg) 

Crp is the concentration of nuclide r in feed cr for, ;* 
calculated from C r v (Ci/kg) 
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S . is the transfer coefficient for nuclide r from 
daily intake of animal to edible portion of animal 
product (day/£, day/kg, or day/egg) 

Qp is the consumption rate of contaminated feed or 
forage by an animal (kg/day) 

1flW is the consumption rate of water by an animal 
U/day) 

The concentration in animal feed is assumed to oe the 
concentration in grass estimated by Eq.(3-5). r.onsumDtion 
rates are assumed to be those of Table 3-3. 

BIODOSE has adopted nuclide-specific, food-specific transfer 
coefficients S r A for eggs, milk, beef, pork and poultry. 
Transfer coefficients will be discussed in Section 5. 
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Table 3-3 Consumption of Feed and Water by Animals 

Animal Feed a Water 
kg/day t/day 

Laying Hens 0.12 0.30 
Dairy Cows S5 50 Beef Cattle 68 50 
Hogs 4.2 10 
Poultry 0.1? 0.30 

a Wet wt 
3.2.6.1 Dose to Individuals 

The dose to an'.individual via animal products is 
estimated by Eq.(3-1) after substituting for 
Cr.pU as shown below. 

products 

The usage rates U a a r e those of Table 3-1. The 
dose factors are the same ingestion dose factors 
used to estimate the dose to an individual vie 
aquatic food, vegetables, and drinking water. 
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3.2.6.2 Oose to the Population 

The dose to the population via a nuclide in animal 
products depends on the irrigation rate and is 
estimated from the total intake of the nuclide from 
consumption of milk and beef. (Other animal 
products are assumed to make a negligible 
contribution to the population dos Q.) The intake 
rates from consumption of milk and beef products 
are given by: 

C Y 
Dmilk _ M n n n ,mi lkc-, rp F ~ .milk P r - (1000 f F ) 7 R - r S r A A 

r e 

+ f c o w FC S A m 1 1 k 

P ^ e e f = (1000 f b e e f F ) i ^ s r f l A b e e f 

where 

+ fcattle c s .beef 
rw rA 

(3-11) 

(3-12) 

ppinilk, p rbeef i 5 the intake rate from 
consumption of milk or beef 
(Ci/yr) 

fmllk^ fbeef ^s the fraction of the rivtr or 
well flow rate that is used for 
irrigating crops for consumption 
by dairy cows or beef cattle 
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fcow, fcattle i S the fraction of the river or 
well flow rate that serves as 
drinking water for dairy cows or 
beef cattle 

Crp.IRp, Yp are as defined following Eq. 
(3-5), and the subscript F refers 
to feed or forage 

SrA is the transfer coefficient for 
nuclide r from daily intake of 
animal to edible portion of 
animal product (day/Jl(milk)) or 
(day/kg (beef)) 

A(HilkT flbeef i S t n e production rate of milk or 
beef per animal per day (A/day 
(milk)) or (kg/day (beef)) 

1000 is the factor to convert m 3 to 
liters. 

The total intake of a nuclide by the population via 
milk or beef is the sum of the activity originally 
in irrigation water that is transferred to milk or 
beef from feed and the activity transferred to milk 
or beef from drinking water. The dose to the 
population from animal products is thus given by 

D r a u = (Pf l k + P r
e e V r a u (3-13) 
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where 

D^„. is the dose rate to organ u from nuclide r via animal 
rail 

products (person-rem/yr) 

D F r a u is the dose factor for nuclide r to organ u via animal 
products (mrem/yr per pCi/yr) 
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4.0 Results of BI000SE Calculations 

4.1 Comparison of Nuclides, Compartments and Pathways 

Wa made a series of BI0D0SE runs to identify the nuclides, 
compartments and pathways that contribute the most to the potential 
hazard as a function of time. We report here the results of the 
runs for the baseline river, using the quasi-steady state option. 

The numbers presented are the doses that would result from an annual 
input to the river of all of the radionuclides produced by one 
megawatt electric year of power production (1 MWe-yr/yr). This is 
clearly a very unrealistic input. In a real case the fuel might be 
reprocessed (and therefore changed in composition) before storage. 
Furthermore, during the processes of solution and transport from the 
repository to the river great changes in relative amounts will 
occur. For example, 1 2 9 l does not show ::p as an important nuclide 
in any part of the accompanying tables. However, iodine would 
probably be transported through an aquifer with very little 
retardation or dispersion, so it might well be the major contributor 
to dose at early times, not because its potential hazard is great, 
but because it is the only radionuclide present in the river. 

Table 4-1 summarizes the results obtained for times of 100, 1000, 
10,000 and 100,000 years for potential hazard to a worst situated 
individual with an average diet and lifestyle. The values are based 
or) whole body equivalent doses. Table 4-2 is a similar set of 
results for potential population hazard. 



TABLE 4-1: AVERAGE INDIVIDUAL POTENTIAL HAZARD - BASELINE RIVER 
PERCENTAGE CONTRIBUTIONS OF NUCLIDES, rOMPARTMENTS AND PATHWAYS 

WHOLE BODY EQUIVALENT, QUASI-STEADY STATE, SPENT FUEL INVENTORY 

100 YEARS 1,000 YEARS 10,000 YFARS 100,000 YEARS 
Category Item % Item % Item * Item * 

90 Sr 75 241 A n, 12 239, ?40 P | J M " 6 R a 79 
Nuclides 137 C s 22 2 4 0 P u 14 226Ra 37 ?10o b n 24lAm 2 2 3 9 P u 10 2 « f l m fi 2 ? 5 R a 3 2 « A f f l 4 2 1 0 P b 

2 3 0 T h 

5 
1 ' 2 9 T h •> 

River 59 River SO River 79 River 77 
Compartments Topsoil 40 Topsoi1 ?6 Topsoi1 16 TODSOi1 15 

Estuary 1 Estuary 14 Estuary 5 Pstuary 7 

Vegetables 50 Vegetables 28 Veqetables 35 Animal Prod. 38 
Animal Prod. IS Ground Exp. ?? Animal Prod. 23 Veqetables 33 

Pathways Drinking Water 17 Drinking Water 21 Drinking Water 23 Drinking Water 1R 
Ground Exp. 8 Aquatic Food 14 Ground Exp. 7 Aquatic Pood 9 
Aquatic Food 7 Animal Prod. M Aquatic Food 7 Ground Exo. ? 

Total Hazard 
for all nuclides 1.62 x 10" 1 1.67 x 10" 3 4.60 x lO" 4 1.75 x 10-3 
(rem/Mwe) 

Numbers are rounded to nearest percent. The items included in any 
category always include more than 99% of the total potential hazard 
at that time. The value for any nuclide includes the contributions 
of all short-lived daughters. 



TABLE 4-2: POPULATION POTENTIAL HAZARD - BASELINE RIVER 
PERCENTAGE CONTRIBUTIONS OF NIJCLTOES, COMPARTMENTS AMU PATHWAYS 

WHOLE BODY EQUIVALENT, QUASI-STEADY STATE, SPENT FUEL TNVFNlTiRY 

IOO YEARS 1,000 YEARS 10,000 VFAPS ino.ono VFARS 
Category Item % Ttem v. Ttem n Ttern * 

9°Sr 91 241Am 65 ?26 R a 36 ? Z 6 R a 76 
Nuclides 137 C s 7 2«Op„ 19 239 P u 30 ?10 P b ?"< 

2<"Am 2 239 P o 

243 A m 

14 
1 

240 P u 2lO P b 
2 4 3 Am 

n 
10 
1 

?25 R a 

^"Th '39 P u 

1 
1 
1 

River 53 River 86 River 84 River 77 
Compartments Topsoil 46 Topsoi1 9 Topsoil 15 TODSOil 21 

Estuary 4 Estuary 1 Estuary 1 i 
o i 

Vegetables 75 Vegetabl es 61 Veqetabl es 59 Vegetables 54 
Pathways Drinking Water 16 Drinking Water 28 drinking Water 24 Animal Prod, 27 

Animal Prod, 8 Animal Prod. 6 Animal P rod. 16 Orinkinq Water 18 
Aquatic Food 4 Aquatic Food 1 Aquatic Food 1 

Total Hazard 
for all nuclides 42, ,300 309 109 417 
(man-rem/Mwe-•yr) 
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The general patterns in Tables 4-1 and 4-2 are very similar, 
although there are some differences in detail. The differences can 
be traced to two major causes. One is that the consumption of 
aquatic foods is determined by the diet for an average individual, 
whereas for the population, it is determined by total production of 
various foods. The other cause of the differences is that the 
calculation of the external exposure of the population depends on an 
estimate of population density, whereas the individual dose does not. 

The relative contribution of any nuclide is determined primarily by 
its abundance at any time, "and secondarily by its radiation 
characteristics and behavior in the environment. Thus, at lOOy, 
90 137 Sr and Cs, which are the most abundant nuclides, are the 

O A 1 

principal contributors to the hazard. At lOOOy, " Am with its 
432 year half-life, becomes the most important, with some 
contribution from the Pu isotopes. At 10,000 years the Pu isotopes 
are still important, and 2 2 6 R a has grown in enough to be approxi
mately equal to the Pu. It is interesting to note that by 100,000 
years most of the potential hazard is from 2 2 6 R a , 2 1 0 P b and 
2 Th, which are daughters of " 8 U and are to some extent 
destroyed in the reactor rather than being produced. In other 
words, at long times the hazard of the natural radic ctivity from 
the uranium daughters is greater than that from the reactor-pri^ced 
radionuclides. 
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The relative importance of the compartments is very consistent for 
the baseline river. The river water compartment is always the most 
important, with topsoil being second. In some cases the estuary is 
an appreciable contributor, but always considerably less than 
topsoil. The other four compartments (plume water, ocean water, 
river sediment, estuary sediment) always contribute less than "\t to 
the hazard. It is not surprising that the river water and topsoil 
compartments are the most important. These are the compartments 
which contribute to the major ingestion pathways - food crops, 
drinking water and animal products. 

At almost all times vegetables are the largest contributor to both 
individual and population hazard. The only exception is at long 
times (greater than 20,000 years) where the concentration of ^ Ra 
in animal products causes them to contribute slightly more dose than 
vegetables to individuals. 

As one might expect, animal products and drinking water are usually 
the most important pathways after vegetables. The only exception is 
the individual hazard at times around 1000 years when 2 4 Am is the 
most abundant radionuclide. Because of its high distribution 
coefficient on topsoil combined with its abundant 60 '<eV gamma, it 
causes a relatively large whole body dose from external exposure. 
241 

Am also is strongly concentrated in fish and mollusks relative 
to plants and domestic animals, so that the contribution to 
individual dose through aquatic food is slightly larger than animal 
products at 1000 years. 
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In summary, we reach the following unsurprising conclusions: 

• The contribution of a radionuclide to the hazard is determined 
primarily by its abundance. 

• River water and topsoil are by far the most important 
compartments. 

Vegetables, animal products and drinking water are the major 
pathways leading to dose to man. 

4.2 Comparison of Various Water Systems 

TASC has made a comparison of six water systems. Their results are 
described and summarized by Duffy and Mealy (1979). 

The six systems are: 

1) Northwestern river (the baseline river) 
2) Northeastern river 
3) Small northwestern river 
4) Large central river 
5) Desert lake with no irrigation 
6) Aquifer discharging directly into a large ocean compartment 
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In addition, we calculated the potential hazards from a river 
similar to the Colorado. The reason for studying this type of river 
is that a large fraction (we assumed 80%) of the water is used for 
irrigation, thus making this a worst case in some ways. 

Tables 4-3 and 4-4 summarize the results from the calculations at 
100 years and at 200,000 years. The numbers are whole body 
equivalent doses. One of the most important parameters determining 
population hazard from a river system is the fraction of river water 
removed for irrigation. In fact, for the five river systems the 
population dose increases in more or less the same order as the 
fraction of river water removed for irrigation. The first three 
have about 1% removal, the central river 15%, and the Colorado 80K. 

It seems useful to look at a specific example to see how the various 
parameters influence the results and to check that the results are 
reasonable. 

Tables 4-3 and 4-4 show that the Colorado-like river is the worst of 
the river systems in terms of dose. Let us compare this with the 
baseline river to see which parameters account for the difference. 
The important parameters are 1 istt-d for both rivers in Table 4-5. 
Of first importance are the factors influencing the concentrations 
of radionuclides in the river water and in topsoil. The 
approximations expressed in equations (2-23) and (2-24) show that 
the major determinants of the river concentration are the river flow 
rate, the irrigation rate, and in some cases, the river 
sedimentation rate. 
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TABLE 4-3: POTENTIAL HAZARD TO AN INDIVIDUAL FROM SPENT FUEL: 
SENSITIVITY TO WATER SYSTEM 

WATER SYSTEM 
MAXIMUM POTENTIAL HAZARD 

(rem/MWe) WATER SYSTEM 
AT 100 YEARS AT 200,000 YEARS 

1. Northwestern River 
Z. Northeastern River 
3. Small Northwestern River 

(Time-Varying) 
4. Large Central River 
5. Colorado 

1x10-1 
1x100 
5x100 

lxlOl 
lxlO1 

2x10-3 
2x10-2 
3x10-2 

5x10-2 
9xl0- 2 

6. Desert Lake 
(No Irrigation) 

7. Aquifer into Ocean 
(Large Ocean Compartment) 

1x10^ 

1x10-2 

7xlO-2 

6xl0- 3 

Note: Some of the values in this table are different from the ones in Duffy 
and Mealy (1979). The values in this table have been calculated with 
the updated version of BIODOSE, which includes sedimentation, suspended 
sediment and a soil water content of 0.3. The older version used a 
soil water content of 0 and did not include the sediment terms. 
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TABLE 4-4; POTENTIAL HAZARD TO THE POPULATION FROM SPENT FUEL • 
SENSITIVITY TO MATER SYSTEM 

WATER SYSTEM 
MAXIMUM POTENTIAL HAZARD 

(man-r^m/MWe-yr) 
WATER SYSTEM 

AT 100 YEARS AT 200,000 YEARS 

1. Northwestern River 

2. Northeastern River 

3. Small Northwestern River 
(Time-Varying) 

4. Large Central River 

5. Colorado 

4x104 

4x104 

9x104 

3x105 

5x106 

5x10? 

4x102 

<^10? 

•>xl03 

?xl04 

6. Oesert Lake 
(No Irrigation) 

7. Aquifer into Ocean 
{Large Ocean Compartment) 

2x103 

2x102 

8x100 

^xlOl 

Note: Some of the values in this table are different from the onps in Ouffy 
and Mealy (1979). The values in this table have been calculated with 
the updated version of BIODOSE, which includes sedimentation, suspended 
sediment and a soil water content of 0.3. The older version used a 
soil water content of 0 and did not include the sediment terms. 
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Syrabo 1 Units 

F m3/yr 

I m 3 / y r 

R m3/yr 

E ra3/yr 

As m2 

v w m/yr 

Vt m3 

R s 
v/v 

KSrs 

KPus 

"S r t 

B Put 

TABLE 4-5 
Comparisons of Important Parameters for the Baseline River 

and the Colorado-like River 

Parameter Baseline Colorado 
River outflow rate 1.152 x 1Qll 2.7 x 10^ 
Irrigation rate 4.8 x 10? 6.6 x 1()9 
Rainfall on topsoil 4.7 x 108 2.8 x 10 8 

Evapotranspiration 
from topsoil 4.7 x 108 5.5 x io9 

Area of river sediment 2.0 x 109 3.4 x 108 
Sedimentation rate 

in river 1.0 x 10-3 4.8 x 10-5 
v/v Volumetric water 

content of topsoil .3 .3 
Volume of topsoil 7.2 x 108 8.5 x 10 8 

Ratio of suspended 
sediment in river water 0 6.1 x 10-^ 
River sediment 
concentration factor, Sr 1.3 x 103 
River sediment 
concentration factor, Pu 3.8 x 105 
Topsoil retardation 

factor, Sr 1.0 x 102 

Topsoil retardation 
factor, Pu 1.0 x 104 
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The irrigation withdrawals for the two rivers are very similar, 
whereas the outflow rate of the baseline river is about 40 times that 
of the Colorado. Thus it would be reasonable to expect the Colorado 
system to have much higher radionuclide concentrations than the 
baseline in the river water and in the topsoil. 

In order to estimate the concentrations we need to know whether the 
river sedimentation is an important term. We have already shown that 
for the baseline river the sedimentation term has less than a 10!£ 
effect when the nuclide topsoil distribution coefficient is less than 
6000. For the Colorado, the product A v = 1.6 x 10 4 m 3/yr 
and F = 2.7 x 10 9 m 3/yr, so K r s A s v w is equal to 1095 of F if 

4 
K is 1.6 x 10 . A few elements have higher values of K 
than this in the present data set. Pu, Am, the rare earths, Zr and 
Sr have values around 10 . Thus for the Colorado, the river 
sedimentation term will reduce the concentrations of these elements 
appreciably, but can be ignored for all other elements. 
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The next question is: when is the steady state established? The 
topsoil removal rate, A (Eq. 2-29), defines the rate of approach 
to steady state. The time required for the topsoil concentration to 
reach half the steady state value is given by 

t, = Jn2 
{ * 

( F + K r s V w > ( t + R - E ) 

For the baseline river the parameter values lead to a qreatlv 
simplified expression. The value of I is .04F, so the first term 
has a value between .96 and 1.0 regardless of the value of the 
sedimentation term. Thus, putting in the values for the remaining 
variables: 

\ (baseline) = |£ yr" 1 

Brt 

t, (baseline) = iHS- = Si. = 0.032 B„ t „„ 
j X 22 rt yr. 

For 2 USr, for example, with B S r t = 100, the half-time for 
approach to steady state conditions in the topsoil and river is 3.' 
yr. For Pu, on the other hand, B p t = 10 , so the half-time is 
320 years. Thus in the river system Sr will be at steady state 
concentrations within 25 years whereas Pu will still be about 103! 
from steady state even after 1000 years. 
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For the Colorado the approximations are somewhat different. The 
irrigation rate, I, is much larger than F, and we have shown that 
the sedimentation term is frequently small compared to F. Thus, for 
many elements the first term reduces to F/(F+I) = .29, and putting 
the values of the remaining variables into equation (2-21) we get: 

t ] = 0.44 B r t yr 
2 

For the Colorado then, the Sr half-time will be 44 years, so at 100 
years Sr will be within 20% of steady state. The situation for Pu 
will be different. Its distribution coefficients on hoth river 
sediment and topscil are large. This leads to a larqe river 
sedimentation term and a long half-time for approach to steady state 
conditions. The river sediment concentration factor is K » 1.8 
x 1 0 , leading to a sedimentation term, K r s A s v w = 6.2 x 10 
m 3/yr. This value is larger than F (= 2.7 x lo") so it cannot 
be ignored in the calculation ar \. From equation (2-29): 

, ir •> A i /2<7 x 10 9 + 6.2 x 10 9 

A P l. (Colorado) = g g q-
u \2.7 x 10 + 6.6 x 10 + 6.2 x 10 

= 3.11 x 10~ 4 yr _ 1 

t ] = .693 = 2230 yr. 
2 3.11 x 10" 4 

Therefore in the Colorado system at 200 years, the short term 
approximation will be hetter than the steady state. 

H6.6 x 10' * 2 
8,5 x 10 8 x H 

8 x 10 - 5 . 5 x 
0Tx .3 * " 
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We are now in a position to evaluate the relative concentrations in 
the two river systems. On pages 16 and 20 we have shown that for 

Sr at 200 y, the very simple long term approximations give very 
good results in the baseline river and topsoil. 

9 0 S r will be at steady state in the Colorado at 200 years also. 
Therefore, we would expect the concentration ratio of ' Sr in the 
water of the two rivers to be merely the inverse ratio of the river 
outflow rates, i.e., 

Sr90 (Colorado) = F (Baseline) = 1.152 x IP 1 1 . 4 3 

Sr90 (Baseline) F (Colorado) 2.7 x 10 9 

The ratio of concentrations as calculated by EIODOSE is 41. 

Pu at 200 years presents a slightly different situation. In the 
earlier discussions we showed that the river sedimentation term is 
important for both rivers for Pu and also the short term 
approximation is more appropriate than the steady state. Thus, 
based on equation (2-23), the Pu concentration ratio should be: 

C (Colorado: F + I + K
r s

A
s v w (Baseline) 

C , (Baseline)" F + I + K,.A cv, (Colorado) 

Putting in the previously calculated value for the sedimentation 
term and the other values from Table 5, we get: 

C p u w (Colorado) _ ^ 5 , , 0 " + 4.8 x 10 9 + 7.6 x IP 1 1
 = „ 

C p u w (Baseline) 2.7 x 10 9 + 6.6 x 10 9 + 6.2 x 10 y 

The ratio calculated by BI000SE for 2 3 9 P u is 61, again very good 
agreement. Note that for Pu in both of these rivers, the river 
sedimentation term is an important term in the equation. 
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To calculate the relative concentrations in topsoil, we can, of 
course, use the same arguments with regard to approach to steady 
state, i.e., at 200 y Sr has reached its steady state concentration 
and Pu is better treated by the short term expression. 

From equation (2-32) we can calculate the relative concentrations of 
Sr in the two topsoils. 

CSrt (Colorado) / c V ^ ^ C o l o r a d o l 
CSrt (Baseline) \ C r J { l \ ( B a.- e l i n e ) 

" 4 3 * TfOT ' ™ 
BI0D0SE calculates a ratio of 195. 

In the case of Fu at 200 y, the ratio as derived from equation (2-31) 
is: 

A) C r t (Colorado) = C r w \ h ) (Colorado) = 5 7 x 7^77 = 6 5 

C^ (Baseline) Z /] \ (Baseline) ° , b / 

Crw (7j 
BIODOSE calculates 160. In this situation the approximation is very 
poor. If we look back to the original equation from which the 
approximation was derived (2-8), in particular, the term b, equation 
(2-10), we find that the suspended sediment is an important 
contributor to the topsoil. In fact, for Pu in the Colorado, the 
suspended sediment conti ibutes as much to the topsoil as rioe« the 
water itself. This is the result of the river sediment having such 
a large distribution coefficient for Pu. It follows that the 
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suspended sedimc'' can make an appreciable contribution to the 
topsail whenever the river sediment distribution coefficient is 
large and there is a relatively large amount of suspended sediment 
in the irrigation water. Under these circumstances the si>*ip1ified 
equation will not apply. In most situations the simple equation 
will apply - this is merely given as an example to point out that 
care must be taken in the use of the approximate equations. One of 
the advantages of a program such as BIODOSE is that all of the 
usually small terms are included in all cases, so in the unusual 
situation the results are still consistent with the complete 
structure of the model. 

The approximate equations are given in Table 4-6 as examples of the 
great simplification which can often be applied to a given system. 
They can be useful in estimating the magnitude of various parameters 
without having to resort to rnnnning BIODOSE and examining its 
sometimes voluminous output. 

So far we have examined the factors determining the radionuclide 
concentrations in the most important compartments. However, the 
dose to man produced by the various nuclides is much more important 
than the concentrations. Unfortunately, the calculation of dose is 
also more complex. The dose from any nuclide in any given 
compartmet.- is proportional to its concentration in the compartment, 
but the total dose is the sum of the contributions of many nuclides 
from all compartments. 
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TABLE 4-6 

Simplified Approximations to Concentration Equations 
for Baseline and Colorado-like Rivers 

Symbol Description Baseline Colorado 

ti/2 Half-time for approach to steady state 0.032 8 rt 0-43 B rt* 
C r w Cone, in river, shor- time 8.3 x 10" 1 2q r 1.1 x lO" 1" q r 

C r w Cone, in river, steady state 8.7 x 10"^q r 3.7 x 10"'"' qr 
C rt Cone, in topsoil, short time 6.67 C r wt 7.76 C r wt* 
C rt Cone, in topsoil, steady state 0.30 C r w B rt 1.44 Crw B rt 

* Not valid for elements with K r s >_ 10 5 
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If we want to compare the relative doses from different rivei" 
systems, we can start by looking in Table 4-1 or Table 4-2 for the 
most important nuclides at the time in question. We can then 
approximate their concentrations in the most important 
compartments. If we then assume that the relative importance of the 
various compartments and pathways is similar for the two river 
systems, we might hope that the doses will be more or less 
proportional to the concentrations. 

For example, to compare the doses to be expected from the Colorado 
relative to the Baseline river at 200 years, Tables 4-1 and 4-2 show 
that at 100 years (the time nearest to 200 years) the most important 

90 nuclide is Sr and the river and topsoil compartments each 
contribute about half the dose. 

Our previous calculations show that the ratio of Sr 
concentrations in the two rivers is about 60 for the river and 200 
for the topsoil. Since the two compartments contribute roughly 
equally to the dose, we might expect that the average ratio, 130, 
would be not too far from the dose ratio calculated by BIODOSE. In 
fact, BI000SE calculates a ratio of 146 for the population hs2ard 
and 93 for the individual hazard (whole body equivalent). 
Considering the complexity of the situation and the assumptions 
involved, this is probably the best agreement we can expect. This 
is merely presented as an example of what can be done if a program 
such as BIODOSE is not available. Clearly, if the best possible 
estimates of dose are needed, the program should be used. 
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5.0 Uncertainties in the Dose Estimates from BI000SE 

In this section we examine the input variables required to estimate dose 
with BIODOSE. We identify and Ascribe the important parameters needed 
to estimate concentrations of nuclides in environmental media, usage 
rates, and dose factors for implementation of Eq. (3-1). We identify the 
parameter values in BIODOSE, describe their origin, note the range of 
observed values, and discuss the effect of parameter variability on the 
resulting dose estimates. We point out where changes in the BIODOSE 
values are warranted and where additional information and data are 
needed. A comprehensive evaluation of input parameters and sensitivity 
analysis to identify the parameters that are most influential in dose 
estimation, and uncertainty analysis to evaluate the uncertainties 
associated with the dose estimates from BIODOSE have not been performed 
and are beyond the scope of this report. 

The input parameters associated with each of the three factors of Eq. 
(3-1) are discussed in turn. 

5.1 Variables to Estimate Concentrations in Environmental Media 

5.1.1 Aquatic Food Pathway 

The concentrations of a nuclide in aquatic foods depend on 
the bioaccumulation factor of the nuclide 8 r in freshwater 
fish, marine fish, marine tnollusks, and marine crustaceans 
(see Eq. (3-2). 
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Table 5-1 lists BIODOSE values of B r for Am, Pu, Th, Ra, 
Po, Pb, Cs, I, Tc and Sr. Isotopes of these elements were 
found to contribute most to the total dose estimates from 
actinides, fission products, and iodine-technetium in spent 
fuel over an extreme range of storage times before release t.o 

surface waters (Tables 4.1 and 4.2). The B r of Table 5-1 
are those of Regulatory Guide 1.109, Table A-8 (NRC, 1976). 

The bioaccumulation factors of Regulatory Guide 1.109 and 
BIODOSE are presented as a single value for each element and 
food type and are intended to be used in the absence of 
site-specific data. In actual situations, concentration 
factors can differ widely from site to site. Bioaccumulation 
factors of radionuclides can vary widely depending on a 
variety of environmental factors including water chem.stry, 
sediment-water interaction, chemical and physical form, 
nutrient levels in water, and stable element concentrations 

in water. They depend on biological factors such as species, 
stage of growth, and route of uptake (from foodchain, water, 
sediments). One of the most influential of these factors is 
water chemistry. For example, the B r of 9 0Sr and 1 3 7 C s 
in freshwater fish can vary over four orders of magnitude. 
The B r of y u S r is inversely correlated with the ca cium 
concentration in water, and that of '* Cs is inversely 
correlated with the potassium concentration in water 
(Vanderploeg ^t al., 1975). 
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Table 5-1 BIODOSE Values for Bioaccumulation Factor- of Selected Elements 
in Edible Aquatic Organisms 

Bioaccumulation factor B r. &/kq 
Freshwater Marine Marine Marine 

Element Fish Fish Mollusks Crustaceans 

Am 25 25 5,000 1,000 

Pu 35 30 1,000 200 
Th 30 10,000 3,000 2,000 

Ra 50 50 100 100 
Po 500 300 ?,000 5,000 

Pb 100 300 5,000 1,000 

Cs 2,000 40 50 25 
I 15 10 1,000 50 
Tc 15 10 4,000 50 
Sr 30 20 10 20 
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The bioaccuinulation factors of Sr, I, Cs, Pu and Am in 
freshwater fish, marine fish and freshwater invertebrates 
were recently reviewed to determine appropriate factors for 
regional assessments of dose commitments from the ingestion 
of aquatic foods contaminated by routine emissions from a 
proposed nuclear installation (Ng e_t _aK, 1978a). Except for 
the B r of Sr in marine fish and that of I in freshwater 
fish, the BIODOSE values of B r in freshwater fish, marine 
fish, and marine crustaceans lie within the range of observed 
values and seem to be reasonable estimates of a 
representative B r for the element and food class (Table 
5-2). The available data suggest that a more representa
tive B r for Sr in the edible parts of marine fish is about 
an order of magnitude less and a more representative value 
for I in freshwater fish is about an order of magnitude 
greater than the B r selected. The bioaccumulation factors 
of Th, Ra, Po and Pb seem to be reasonable in the light of 
naturally occurring levels that were measured in aquatic 
foods and the supporting waters, although B = 10 for Th 
in marine fish seems to be too high (Thompson e_t a]_. 1972). 
The B r for Tc, which are assumed to be the same as those 
for I, remain to be established. 

The BIODOSE values of bioaccumulation factors in marine 
mollusks should be reexamined. They seem to be mistakenly 
those listed in Regulatory Guide 1.109 (U.S. Nuclear 
Regulatory Commission, 1976) for marine plants. 
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Table 5-2 Range of Observed Bioaccuraulation Factors 3 

B r tt/kg) 

Freshwater Marine Marine Marine 
Element Fish Fish Crustaceans Mollusks 

S r 3-176 b 0.3-3 1-30 3-17 

I 15-780 10-15 ?0-40 40-70 

Cs 55-450Ob 4-450 10-100 6-200 

Pu 1-100 1-30 100-2000 

Am / v 36 f 5 

a Based on Ng et _al_. (1978a) 

Based on Vanderploeg e_t _al_. (1975). 
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5.1.2 Vegetables Pathway 

5.1.2.1 Deposition on Plant Surfaces 

The concentration of a nuclide in edible crops, which is 
given by the first term of Eq. (3-5), is dependent on TR v, 
r' ^v* *E ' ^ a n d ^v* ^ a c h c a n ^ e e x P e c t e c ^ t 0 

vary over a range of values. The crop-specific irrigation 
rates IR V, crop yields Y v and growth periods t e 

selected for BIODOSE are shown in Table 3-2. 

The fraction of the deposited activity * Jt is retained on 
plants, r, is assumed to be 0.25 for all crops. Fractional 
interception of aerosols by forage plants has been found to 
vary with vegetation density and can be predicted reasonably 
well by Chamberlain's simple empirical model for both dry and 
wet depositional processes, and presumably sprinkler 
irrigation {Miller, 1979). The retention on other types of 
vegetation, however, may depart from this model (Garten, 
1978). Thus, the fraction of simulated fallout particles 
(44-88 ) retained by squash and soybeans was approximately 1 
while that retained by Lespedeza, a forage crop, was 0.075 
(Witherspoon and Taylor, 1970). 

The fraction of a nuclide that is translocated from the total 
above-ground parts of a plant to the edible parts, T , has 
been set equal to 1.0 for leafy vegetables and forage glasses 
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and to 0.1 for all other food crops. T t f can be expected to 
vary with the element» its chemical and physical form, and 
the species of crop. It seems reasonable to set T equal 
to 1.0 for all nuclides depositing on leafy vegetables and 
forage plants. By setting T v = 0.1 for all nuclides in 
other food crops we could be underestimating the concen
tration in edible parts by a factor of 10 at most. On the 
other hand, we could be overestimating the concentration by a 
widely varying factor. 

A limited number of T v values for Sr and Cs were derived 
from the literature (Ng e t ^ L , 1978b). The available data 
(Table 5-3) indicate that Cs is more readily translocated 
within crops than Sr. Translocation factors for Pu appear to 
be two or more orders of magnitude less than those for Cs, 
and those of Am one or more orders less. 

BIQOOSE has adopted separate values of crop yield Y for 
each crop type {Table 3-2). It is not clear how these values 
were derived because their origin is referenced as a personal 
communication. Baes and Orton have statistically analysed 
the agriculture productivity of six categories of food crops 
and three categories of animal feeds (in Hoffman and Baes, 
197S). The food crops included leafy vegetables, non-leafy 
vegetables, below-ground vegetables, fruits, and grains. 
With the exception of that for the productivity of fruits, 
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j 
Table 5-3 Translocation of Radionuclides from the Total Aerial 

to Edible Parts of Crops 3 

i Translocation Factor, T v 

Crop Sr Cs 

Cabbage 0.06 - 0.1 0.1 

Beans 0.01 - 0.05 0.2 

Potato 0.007 - 0.01 0.2 - 0.4 

Apples 0.08 0.5 

Wheat 0.02 - 0.1 0.2 - 0.3 

Oats 0.08 - 0.09 0.3 

Barley 0.08 - 0.1 0.3 - 0.4 

Rye 0.1 0.4 

a Adapted from Ng et a\_. (1978b) 
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the distributions appeared to be lognormal. Table 5-4 
summarizes the statistical analysis of the reciprocal of Y 
for the relevant food crops and animal feeds. 

A comparison of the BIODQSE values for crop yield with 
median, mean and most probable (mode) values in Table 5-4 
suggest that except in the case of grains, the BIODOSE 
estimates of Y are reasonable. The ratio of maximum to 
minimum production is about 10 for vegetables and grain, 40 
for grasses and 300 for fruit. The geometric standard 
deviation of the distributions of 1/Y varies from about 
0.4 to 0.6 for vegetables, grains, and forages, and is 
greater than 1 for fruits. It is important to note that the 
production estimates compiled by Baes and Orton represent the 
commercial yield, i.e., production of edible food. It ii our 
view that the biomass Y v in Eq. (3-5) should represent 
total above ground biotiass of the crop rather than edible 
crop production (Ng et_al_, 1978b). 

The rate of removal of nuclides from plant surfaces by 
weathering X- {exclusive of radioactive decay) is 
assumed to be 0.0495 day for all nongaseous nuclides, 
which corresponds to a weathering half-life of 14 days. The 
weathering rate of particles from plant surfaces depends on 
particle size, plant morDhology, season, and climate 
(precipitation, wind). The weathering rate is best described 
by more than one value including a rate representing an 



Crop Type 

Table 5-4 Agricultural Production Based on Statistical Anal/sis of l/v„a 

V (kq fresh wt/m?) 
i p a n 

Leafy vegetables 
Non-leafy vegetables 
Below-ground vegetables 

Fruits 
Grains 

Grasses 

observed ranqe" 1 R MOOS'7 

0.31 330 
a.17 a 

0.36 - 5.3 
0.17 - 1.6 
0.7Q - 5.6 

0.01 - J.3 
0.05 - (1.44 

0.16 - 5.3 

1.5 
0.7 

5.0 (ootatoesl 
4.0 tother root 

veqetaMesl 
1.7 
0.7 (wheat} 
1.4 (other arainl 
1.3 

Adopted from Baes and Orton (in Hoffman and Baes, 1979). The analysis was hased on averaqe statewide 
production of food crops and experimental data on biomass of foraqe qrasses. u and a are the mean and 
standard deviation of the log transformed (1/Y V), respectively, and n ii the number of observations. 
Water content assumed to be 25*. 
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initial rapid loss followed by a slower loss rate. The mean 
half life for pasture plants is generally considered to be 
between 14 and 28 days. Miller and Hoffman fin Hoffman and 
Baes, 1979) noted that the average weathering half-times for 
particulates on grasses and other vegetation in field 
experiments over the growing season appeared to be 
lognormally distributed with a median of H days and a 
geometric standard deviation of about 0.4. The observed 
range was 8.7 to 28 days. In experiments involving the 
deposition of synthetic particles on agricultural crops, the 
weathering half life ranged from about 2 to 84 days fGarten, 
1978). 

Variations in the remaining parameters IR and t are 
relatively unimportant. The concentration of a nuclide in a 
crop due to the deposition of irrigation water on plant 
surfaces is proportional to the irrigation rate IR Each 
crop has its special requirements for water over the growinc 
season. Because irrigation water usage can be expected to be 
carefully monitored to avoid waste, IR would not vary 
upwards substantially. It would vary downward substantially 
only if water needs are largely satisfied by precipitation or 
there is a shortage of irrigation water. 

Variations in length of growing season (period of exposure) 
t has littla impact on the concentration in crops. The 
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estimated concentration in the aerial parts of plants 
increases by a factor of 2 at most s t increases upward 
from 14 days. As discussed above, the parameters in the 
first term of Eq. (3-5), which estimate the concentration of 
a nuclide in edible crops due to the deposition of 
contamin^ad irrigation witer on plant surfaces, are 
incompletely understood. Plant biomass can be characterized 
from agricultural statistics, but the calculated yields are 
representative of c-op production rather than total 
above-ground yield. Weathering half life, X- , and the 

r 
fraction retained o1" plant surfaces, r, have been 
characterized for pasture plants but not studied extensively 
in other crops. Elemental translocation factors, T have 
not been characterized extensively. Even if the individual 
parameters and their natural distributions were known, the 
validity of the predicted concentrations would be doubtful. 
The model for predicting crop contamination resulting from 

the deposition of nuclides on plant surfaces is an 
oversimplification of the processes that are involved in the 
transfer of nuclides fro"i 'Tigation water to plant surfaces 
and from plant surfaces to edible parts at maturity. The 
individual parameters are not independent and they vary with 
time. For example, the retention factor r is strongly 
correlated with vegetation density i and Y y itself is 
not a constant but Increases with time as a crop matures. 
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Another approach to gain an insight into the dependence of 
the nuclide concentration in crops on the deposition rate is 
to examine field data relating these quantities. A study of 
1960 through 1969 surveillance data on 9 0 S r and 1 3 7 C s 
concentrations in grain, vegetable, and fruit crops in 
Denmark and the associated deposition rates and cumulative 
depositions revealed that the concentrations in certain crops 
were found to be strongly correlated with the deposition 
rates and/cr cumulative ground depositions (Aarkrog, 1971, Ng 
e_t _al_., 1978b). Table 5-5 presents estimates of the 
proportionality factor that relates concentration in food and 
forage crops with the deposition rate alone, which we 
designate normalized specific activity (NSA) after 
Chamberlain (1970). 

The data suggest that BIOD0SE would overestimate by an order 
of magnitude the concentrations of Sr and Cs in 
compact leafy vegetables such as cabbage and iceberg 
lettuce. They suggest that it would underestimate by an 
order of magnitude or more the concentrations of Cs in 
root vegetables and fruits, and the concentrations of " Sr 

H 7 
and ' J'Cs in grains. The data also suggest BI000SE 
estimates of the concentration; of Sr and Cs in 
grasses would be low. 
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Table 5-5 Relationships between Concentration in Crop 
and Deposition Rate 

Normalized Specific Activity NSA, pCi/kg p*;r pCi/in2-da 
Ca culated E stin-ated from surve 'llance datab 
by BIODOSEa Sr Cs PuC 

Leafy vegetable 3.3 Cabbage 0.16 0.32 
Other above 0.68 Soy leans 0.26 0.84 
Ground vegetables 
Potatoes 0. i2 Potatoes 0.061 2.0 
Orchard fruit 0.29 Apples 0.36 9.1 

Wheat 0.71 Wheat 3.8 10.3 0.18 
Other grains 0.36 Oats 

Barley 
3.3 
3.8 

9.7 
11.6 

0.64 
1.1 

Rye 4.7 15.1 0.56 
Grain 3.0 Pasture P1ants d 4.8-16. 5 2.5-16.5 

a Calculated by the first term of Eq. (3-5). 
b Adapted from Ng et _aj_. (1978b) 
c Based on Aarkrog (1978) 

Data from Chamberlain (1970). Dry weight converted to wet weight assuming 
a water content of 75%. The data are representive of periods of good 
growth. 
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This empirical approach seems simpler and more fruitful than 
the existing BIODOSE model to predict concentrations in food 
crops due to chronic deposition on plant surfaces and is a 
subject that should be pursued further. 

5.1.2.2 Uptake from Soil Via Roots 

The concentration of a nuclide in vegetation due to root 
uptake from soil is estimated by the second term of Eq. 
(3-5). The concentration is directly proportional to the 
plant/soil concentration factor B r v . BIODOSE employs the 
same value, from Burkholder jjt _al_. (1975), to represent B 
for an element in each of the 10 crop types. (See Table 3-2 
for a listing of the crop types). 

The concentration factor of a nuclide in a crop varies in a 
very complex manner with various soil properties including 
soil texture, cation exchange capacity, exchangeable calcium, 
exchangeable potassium, pH, and organic matter content. It 
varies with chemical and physical form of the nuclide, plant 
species, part and stage of growth, and agricultural 
practice. Because the processes that are involved in root 
uptake of radionuclides from soils and translocation within 
the plants are so complex, detailed models to adequately 
predict the concentration in food crops from that in soil 
have not been developed, and it has been customary to predict 
the uptake of nuclides into crops from soil from empirically 
determined concentration factors. 
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Table 5-6 is a summary of plant/soil concentration factors 
for nuclides in edible crops and forage plants. The values 
die based on experimental data reported in the literature on 
crops grown in the laboratory (greenhojses) or in the field. 
Some of the B are based on concentrations of naturally 
occurring radioactive stable nuclides in soil and plants. 
Except for some forage crops, the B r v are representative of 
the edible plant part at maturity. 

A comparison of the 8I000SE values of B r y in Table 5-6 with 
the range of observed B r v reveals that the values used for 
most of the elements considered lies within the range of 
observed values. In Table 5-6 the observed range refers tc 
the extreme range of individual B values and the range of 
means refers to the range of the mean values of B 

* rv 
determined for a single crop in a reported study. The 
maximum and minimum of the observed ranges commonly vary over 
three or more orders of magnitude and those of the means over 
two or more. 

The data clearly indicate that B r v = 1.0 would overestimate 
the concentration of Po in crops due to root uptake from 
soil. They suggest that the B r v for Pb ana Th are somewhat 
high and that for Ra is somewhat low as representative B r w . 
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Tablo 5-6 Plant-to-soil Concentration Factors for Selected Elements 
B r v (wet wt/dry wt) 

ement BI000SE Range Range of means^ 

Sr 2.0(-l)C 1.6(-3) - 6.3(0) 7.1(-3) - 2.2(0) 
Tcd 2.5{-1) 
I 2.0(-2) 1.0(-3) - 1.5(0) 1.0(-3) - 7.0(-l) 

Cs 3.0(-3) 2.7(-5) - 6.8(-l) 1.3(-3) - 1.7(-1) 

Pb 6.8(-2) 3(-4) - 7.3(-2) 5{-4) - 3.SC-Z) 

Po 1.0(0) 2(-6) - 6.6{-3) 2{-6) - 6.6(-3) 

Ra 3.K-4) 7(-5) - 7.5(-l) 7(-5) - 7.5(-l) 

Th 4.21-3} <9(-5) - 3(-3) <9(-5) - l.l(-3) 

Pu 2.5(-4) 3.8(-8) - 4(-2) 5.6(-7) - 9.9(-3) 
Am ?.5(-4) 2.3{-7) - 5{-3) l.l(-4) - 5.0(-3) 

Derived from various publications including those referenced in Ng et al. 
(1978b), — 

Range of mean values derived for a crop from a single study. 
2.0(-l) signifies 2.0 x 1Q- 1. 
Brv data not available for mature crops. 

1 I II 
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It is interesting to note that the FOOD computer program, 
(Baker et _dl_., 1976) which employs updated concentration 
factors corresponding to those of Surkholder jet_ a\_. (1975) 
lists a lower and more reasonable value of 8 for Po and a 
higher and more reasonable value of 6 for Ra. 

Concentration factor data for Tc in mature crops have not 
been reported. Field experiments and surveillance 
measurements suggest that 8 r v for Tc is in the range of 
1-10 (Hoffman, 1979). 

The choice of the appropriate B r v for individual nuclides 
and crops or crop types is beyond the scope of this study. 
Table 5-7 which presents B r v derived for strontium in the 
crop types of interest, illustrates the variability in B 
that is observed for a single element in different crop types. 

Estimation of the concentration of a nuclide in vegetation 
due to root uptake from soil also depends on D T, the 
topsoil density, which is assumed to be 1.6g/cm3. Soil 
bulk density appears to be lognormaVi/ distributed with a 
geometric standard deviation of about 0.1 (Hoffman and Baes, 
1979). Maximum and minimum density differ by only a factor 
of 2. 
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Table 5-7 Plan'.-to-soU Concentration Factors for Strontium^ 
B v (wet wt/dry wt) 

Crop Type 
Range of 

Observations 
Range of 
Means 

Leafy vegetables 
cabbage, lettuce, spinach 0.013 - 1.43 0.0S - 0.62 

Other above g .und vegetables 
beans, cauliflower, peas, tomato 0.0016 - 1.75 0.0091 - 0.52 

Potatoes 0.015 - 0.074 0.015 - 0.055 
Other root vegetables 

beat, carrot, radish 0.047 - 5.0 0.091 - 0.88 
Fruits 

currant, rasberry 
Wheat 
Other grains 

barley, corn 
Forage crops 

alfalfa, clover, grasses, beet tops 

0.0069 - 0.11 
0.0087 - 0.27 

0.0018 - 1.7 

0.014 - 6.3 

0.033 - 0.062 
0.10 - 0.12 

0.0071 - 0.74 

0.08 - 2.2 

All crops considered above 0.0016 - 6.3 0.0071 - 2.2 

a Derived from various publications, including those referenced in Ng et al. 
(1978b). — 
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6.1.3 Animal Products Pathway 

The concentration of a nuclide in animal products, which is 
estimated by Eq. (3-9), is directly proportional to the 
transfer coefficient S r f l specific for the nuclice and 
animal product. BIODOSE employs the S r A values of 
Burkholder e_t al_. (1975) (Table 5-8). 

Transfer coefficients of nuclides to animal products defend 
on chemical and physical properties of the nuclide, die':, 
species of animal, type of product, and physiological and 
nutritional status of the animal. Although elemental 
transfer coefficients to cow's milk based on experimental 
data have been derived for a large number of elements (Ng e_t 
al. 1977), transfer coefficients to meat and eggs have not 
been studied extensively. One would expect that the transfer 
coefficient of a given chemical and physical form of an 

element to an animal product would vary much less than the 
plant/soil concentration factor of the element in edible 
crops. Statistical study of the natural distribution of 
transfer factors to animal products has been attempted in the 
few cases where the data are sufficiently numerous. These 
include the transfer coefficieni.s of Sr, I, and Cs to cow's 
milk and that of Cs to beef (Hoffman and Baes, 1979). The 
results of this study (Table 5-9) reveal that the maximum and 
minimum transfer coefficients differ by about an order of 
magnitude and that the BIODOSE values of these S^ are 
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Table 5-8 Transfer Coefficients to Animal Products in BIODOSE 

Transfer Coefficient S rA 

Element Egg Milk Beef Pork Poultry 
(da/kg) (da/egg) (da/ft) (da/kg) (da/kg) 

Sr 7 .0 ( -3 ) a 1.0(-3) 2.0{-3) 8 . 0 M ) .9.0f -4) 

Tc 9 .0 ( -4 ) b 1.2(-2) 9 . 0 ( - 4 ) h 9 .0 ( -4 ) b 9.0f-4) 

I 3.0(-2) 1.0(-2) 2 .0 ' -2) 9.0(-2) 4.0f -1) 

Cs 2.0(-2) 7.0(-3) 3.Of-?) 4.0(-2) 4 . 0 f - l l 

Pb 1 . ^ -4 ) 3 .K -4 ) 9 . 0 ( - 4 ) b 9 . 0 ( - 4 ) h 9 . 0 f - 4 ) b 

Po 9 . 0 ( - 4 ) b 1.5(-3) 9 . 0 ( - 4 ) b 9 .0 ( -4 ) b 9 . 0 f - 4 ) b 

Ra 1.0(-6) a.o(-3) 9 . 0 ( - 4 ) b 9 .0 ( -4 ) b 9 .0 ( -4 ) b 

Th 1.0(-4) S.0(-6) 5.0f-3) 1.0(-?1 4.0(-3) 

Pu l .Of-4) l .S(-5) ^ .0( -3) 1.0(-2) 1.0(-3) 

Am 1.0C-4) 5.0(-6) 5.0(-3) l .Of-2) 4.0{-3) 

a 7.0(-3) signifies 7.0 x 10-3 

b Arbitrary default value in the absence of definitive data (Baker 
et al., 1976). 



Tab1.' 5-9 Statistical Study of Sr^ for Strontium, 
Iodine, and Cesium in Cow's Milk (da/nl and Cesium in Hee^ fr1a/ka)a 

Product 
Element ub 0* nC mode median mean onserved ranae Rrnnns^ 

Cow's milk 

strontium -6.7 0.53 19 9.3(-4) 1.2(-3) 1.4(-3) <j.4(-4) - 4."SMI l.i(-i) 

iodine -4.6 0.55 70 7.4(-3) 1.01-21 l.?(-') 2.7f-31 - 3.S(-?1 1.0(-?) 

cesium -5.Q 0.57 27 4.8<-3) 6.7(-3) 8.0{-3) ?.5(-3) - 1.6(-2) 7.n(-3) 

Beef 

cesium -4.5 0.81 21 5.8(-3) l.lf-2) 1.5(-2) 4.7(-3) - <».7(-2) 3.0(-?l 

3 Abstracted from Hoffman and Baes (1979). 
b u and o are the mean and standard deviation, respectively, of the log transformed data. 
c n is the number of observations. 
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basically reasonable. The geometric standard deviations of 
the distribution of S r f t for milk vary from about O.S to 0.6 
and that for Cs in beef is about 0.8. 

A rather cursory comparison of the remaining BIODOSE transfer 
coefficients to animal products witn recently published 
estimates (Rget_al_., 1979, McOowell-Boyer et jiU, 1979) 
suggest that the BIODOSE S . to milk for Po, Ra, Pu and Am 
are too high. The S r„ to milk for Ra, Pu and Am may be too 
high by a factor of 10 or greater. The comparison of S r„ 
to eggs suggests the BIODOSE S . for I is too low by a 
factor of 5-10, while that for Pu is too high by two orders 
of magnitude. The comparisons of S..„ to beef suggest that 
the BIODOSE values for Sr, Pu and Am are too high by a factor 
of about 5-20 for Sr, two orders of magnitude for Am, and 
three orders of magnitude for Pu. The comparisons of S . 
to pork suggest that the BIODOSE S r„ are too low by a 
factor of 5-10 fo- Cs and too high by a factor of 6-20 for T 
and by about 3 orders of magnitude for Pu and Am. The 
comparisons of S r f t to poultry suggest that the BIODOSE 
S r A for Sr, I and Cs are too low by about an order of 
magnitude, while those for Pu and Pm are too high by 1-2 
orders of magnitude. The S f A of Tc and Th to animal 
products generally, and of Pb, Po, and Ra to meat and egqs 
remain to be evaluated. 
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5.2 Usage Rates 

The usage rates U for Eq. (3-1) include food and water 
consumption rates and the hours spent at the shoreline and swimming 
and boating. In addition, animal usage factors Q F and 0 f l , 
representing feed and water consumption rates are used in £q. (3-9) 
to estimate the concentrations in animal products (Table 5-10). 
Usage rates are more readily determined t/ian the biological and 
physical parameters required to estimate concentrations in 
foodstuffs. 

BI0D0SE employs food consumption rates for the average and maximum 
exposed adult thit are consistent with those recommended in 
Regulatory Guide 1.109 (NRC, 1977). Food consumption rates are 
based largely -"! U.S. Dcpartrent of Agriculture statistics. The 
usage rates for drinking water and shoreline exposure are from 
Fletcher and Dotson (1971), and those fo1" swimming and boating are 
from Burkholder et _al_. (1975). 

One can gain an insight into the variability of food consumption 
rates from an analysis by Rupp (in Hoffman and Baes, 1979). Ttie 
analysis was based on a review of documented surveys, interviews, 
metabolic and nutrient ualance studies, and personal communi
cations. Based on a one-day recall survey of about 2000 individuals 
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Table 5-"0 Feed and Water Consumption Rates of Animals 

qF % 

Animal Type (kg/day) {«./day) 

Laying hens 0.12 0.30 
Dairy Cows 55 60 
Baef Cattle 68 50 
Hogs 4.2 10 
Poultry 0.12 0.30 
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the median daily milk consumption of young adults was between 
240-360 mi/day or 88-130 SL/yr, which compares well with the 
average usage rate in BIODOSE (Table 3-1, 110 Jt/y). As one would 
expect, milk consumption by an adult varies over a wide range from 
< 60 mil/day to > 2400 mil day. Milk consumption by children 
varies much less. For example, the mean milk consumption of 
children of age 4-6 months was 310 S,/yrt the geometrir standard 
deviation was 0.20, and the observed range was 175-431 J?/yr. 

Table 5-11 compares BIODOSF usage rates for foods and drinking water 
with those compiled by Rupp (in Hoffman and Baes, 1979), Except for 
the usage rate for leafy vegetables and other above ground 
vegetables the BIODOSE usage factors for the average individual seem 
reasonable. The variability of dietary habits among individuals 
does not appear to be as great as the variability among some of the 
transfer coefficients (S^, B r v ) . Generally less than a factor 
of 2 separates the median values from the 99th percentile values. 

A statistical study by Shor and Fields (in Hoffman and Baes, 1979) 
of feed consumption t>y dairy herds revealed that the rate of intake 
more closely fit a normal than a lognormal distribution, although 
the data above the 10% cumulative probability level seemed to be 
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Table 5-11 Comparison of Usage Rates for Food and Drinking Water in the Adult 

Usage Rate Units 

Food or Water Average 
99th 

Percenti 1e Maximum 
Ruppa BIODOSE Ruppa Ruppa BIODOSE 

Leafy vegetable 18 5 55 32 kg/yr 

Fruits, vegetables, and grain 176 191 kg/yr 

Meat and poultry 94 76 kg/yr 

Fish 4.4 6.9 8.4 b 58b 21b kg/yr 
21c 65c 5C fcg/yr 

Shellfish 1.4 1.0 12 44 5 kq/yr 

Drinking water d 493 370 674 730 a/yr 

Compiled by Rupp (in Hoffman and Baes, 1979) 
Freshwater fish 
Saltwater fish 
Includes tap water and beverages other than milk. 
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lognormally distributed. The mean intake of feed was 16 + 2.6 kg 
dry matter/da with a range of fi-25 kg/da. The mean of 16 kg/da dry 
matter compares well with the BIOOOSE value of Q = 55 kg fresh wt/da 
(Table 6-11) which is equivalent to 13.8 kg dry niatter/da assuming a 
moisture content of 753! for forage. The variability in feed intake 
of dairy cattle can be expected to typify the variability in the 
feed intake of other well managed herds and flocks that provide food 
for the diet. 

BIODOSE assumes that forage grasses constitute the entire diet for 
animals. If the circumstance warrant a more refined dose 
assessment, it should take into account the grains and other 
concentrates normally consumed by livestock. 

5.3 Variables to Estimate Dose Factors. 

5.3.1 External Dose 

External dose factors are estimated from physical models and 
mathematical expressions found in standard health physics 
texts. The BIODOSE dose factors for ground exposure and 
water immersion are those of Burkholder et_ a_K (1975). The 
dose factor for exposure to topsoil assumes uniform 
contamination of the ground surface and is the exposure rate 
(mr/hr) calculated at 1 meter above an infinite smooth plane 
contaminated to 1 pCi/m2 (Soldat, 1971). Exposure rates to 
skin at a depth of 7 x 10"3cm (7 mg/cm 2) and to the 



-94-

total body (and internal organs) at a depth of 5 cm, 
corrected for the differences between energy absorption in 
air and tissue, are calculated. A ground roughness factor of 
0.5 is included in the dose factor calculation. Gamma but 
not beta radiation is important at a 1 meter height. 

Additional parameters external to the dose conversion factor 
itself are used to estimate the dose from ground exposure. 
Modifying factors such as use factors, occupancy factors, and 
shielding factors are used to obtain realistic dose estimates 
for specific exposure situations. Thus, BIODOSE assumes 
usage and occupancy factors of 1.0 and a shielding factor of 
1/3 to estimate the external dose from topsoil. In addition 
to the usage factor, BIODOSE employs a "width" factor of 0.2 
to account for the non-infinite extent of river sediments in 
the estimation of ground exposure at the shoreline. 

Calculation of the dose factor for water immersion (swimming) 
assumes that the swimmer is submerged in an infinite volume 
of water. Beta and gamma radiation at a depth of 7 x 10~ 3 

cm (7 mg/cnr) contribute to skin dose and gamma radiation 
at a depth of 5 cm contribute to the total body dose (and 
dose to individual organs). More refined organ-specific 
dose-rate factors for individual nuclides can be calculated 
to estimate organ doses from externally emitted photons 
(Kocher, 1979). 
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The uncertainties in the dose factors associated with 
external doses are thought to be small relative to those that 
are associated with internal dose factors (Rohwer, 19781. 
The situation with respect to uncertainties is even more 
favorable because external doses from ground exposure and 
water immersion are generally a small fraction of the total 
dose from all pathways. 

5.3.2 Internal Dose 

The dose factors for internal modes of exposure are 
calculated as organ-specific 50-year dose commitments 
associated with chronic or continuous ingestion of 1 pCi/vr 
for 50 years. The dose factors in 8I000SE were derived as 
described by Hoenes and Soldat (1977) from annual dose 
commitment factors in Burkliolder ert a\_. (1975). The annual 
dose comnitment factor (Soldat, 1971) is given by 

0.051 f e -X t 
D F . „ „ f . „ = — — — H i — (l - e

 t) (5-1) 
ingestion m x_ ' ' ' 

where 

"^ingestion i s 1 y e a r dose commitment in an organ for 
an acute intake (mrem/pCi), 

f w is the fraction of the ingested nuclide reaching 
the organ of interest 
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e is the effective energy of the nuclide in the organ of interest 
(MeV/dis), 

m is the mass of the organ (g) 

^E is the effective half-life of the nuclide in the organ 
(day - 1) 

t is the time over which dose is calculated (365 days). 

Internal dose factors thus depend on the fraction of the 
ingested activity that is absorbed in the gastrointestrial 
tract, the uptake by the organ of interest, the residence 
time in the organ, and organ mass. The individual 
variabilities of these biological parameters combine to qive 
a resultant overall variability in the dose factor. 

Dunning (in Hoffman and Baes, 1979) evaluated the thyroid 
dose conversion factor for the ingestion of 1 3 1 j D y 

infants. This dose factor is needed to predict the dose from 
1 3 1 1 to an infant's thyroid via the pasture-cow-milk 
pathway. The dose conversion factor for 6-24 month old 
infants appeared to be lognormally distributed with median 
and mean values of 11 and 14 rem/uCi, respectively. The 
geometric standard deviation was 0.70 and the 99th percentile 
56 rem/uCi. Of the eight parameters that went into the 
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prediction of the dose to an infant's thyroid from ' 3'l via 
the pasture-cow-mi1k pathway, the dose factor contributed 
most to the uncertainty. 

Cuddihy (1979) has studied the variability in the organ 
burdens of toxic substance and nonessential elements among 
individuals within an exposed group. For exposures of humans 
to substances distributed uniformly in the environment, a few 
percentage of the individuals may receive more than five 
tifj-£3 the average dose. The majority of the data on 
population organ doses are reasonably we'll represented by 
lognormal distributions. In general, the geometric standard 
deviation of the distributions for exposures of people via 
ingestion was approximately 2. 

6.0 Dose Measures and Standards 

In this section we consider briefly various ways of reporting dose 
estimates for radiological safety assessments, discuss the dose estimates 
obtained from 8I0D0SE, and suggest alternative ways of reporting doses in 
assessments of the radiological impact from nuclides released from waste 
repositories. 

It is generally agreed that the most meaningful type of dose calculation 
is the dose commitment to the individual (Rohwer, 1978). The dose 
commitment is the time integral of the dose rate. As defined in 
Regulatory Guide 1.109 (NRC, 1977), the dose commitment is calculated 
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with an integration period of 50 years following one year of radionuclide 
intake. Arguments for and against a 70-year rather than a 50-year 
integration period have been expressed, but a 50-year period seems 
acceptable because it corresponds to the adult life span. In practice, 
it is difficult to estimate a 70-year dose commitment to an individual 
because of our incomplete knowledge of age-dependent dose conversion 
factors, and 50-year commitments are not substantially less than 70-year 
commitments. 

The BI0OOSE dose predictions are 50-year dose commitments that are 
associated with continuous exposure for 50 years. The predicted dose 
commitment to an individual from BIODOSE thus focuses on a person who is 
exposed to nuclides continuously throughout his working lifetime. The 
50-year dose commitment to an individual as now estimated by BIODOSE, 
however, cannot be directly compared with radiation protection standards, 
which are expressed in terms of maximum permissible annual dose rates. 

It is easy to show that when a given practice continuously releases 
nuclides to the biosphere at a uniform rate, the dose commitment from the 
first year of practice with unrestricted summation over future years is a 
measure of the annual dose rate from the practice under steady state 
conditions (IAEA, 1978). The dose commitment summed over a limited 
period of time gives the annual dose-rate from the practice at the end of 
the period. Consequently, one can employ BIODOSE to estimate the annual 
dose rate after 50 years of exposure by computing the 50-year dose 
commitment from one year of exposure. This is accomplished simply by 
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substituting internal dose factors expressed in mrem in 50 years per pCi 
intake for the existing internal dose factors expressed in mrem in 50 
years per pCi/yr intake for 50 years. 

The dose factor expressed in mrem in 50 years per pCi intake is given by 

Eq. (5-1) (p. OS) 
0.051 f e -X t 

uf. .. = ; — {1 - e E ) (5-H 
ingestion m\. 

where 

^ i n stion is now the 50-year dose commitment in an organ for an 
acute intake (mrem/pCi) 

t the time aver which dose is calculated is now 50 x 365 = 1.825 x 
10 4 da. 

The dose rate to an organ from an internally deposited nuclide is related 
to the concentration of the nuclide in the organ by 

D r = O.OSle C B 'fi-1) 

where 

D is the dose rate (mrem/yr) 

Cg is the concentration 1n the organ fpCi/g) 
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C,, can be written 

f I -A t 

E 

where 

1 is the rate of ingestion (pCi/da) 

By combining Eqs. (6-1) and (6-2) and settinq I = 1 pCi/da 
0.051 f e -X t 

which is the same as Eq. (5-1) 

The resulting dose estimate can be directly compared with established 
radiation protection standards and v.'ith future design objectives that mnv 

be promulgated to limit the potential dose to man frum nuclides -elo^sed 
from nuclear weste repositories. The annual dose rates at SO years could 
be less than the annual dose rate und.;r steady state conditions because 
of the long retention time of actinides in the body. The dose estimate 
to an individual from BI0DOSE divided by 50 provides the average annual 
dose rate over the 50-year period, which is less than the annual dose 
rate at 50 years estimated as described above. 
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It may be useful to review briefly the current radiation protection 
standards (Moeller, 1978). Current recommendations of the National 
Council on Radiation Protection and Measurements for dose limits for 
individuals within the general population, as codified in the Code of 
Federal Regulation (10 CFR, Part 20), are set at 0.5 rem/yr for the whole 
body and 1.5 rem/yr for single organs exclusive of natural background and 
exposures from medical practices. The NRC, having formally adopted the 
"as low as readily achievable" (ALARA) criterion, has required licensees 
of light-water nuclear power reactors to meet design objectives for dose 
limits for individuals that are substantially lower than the primary 
standards. These dose limits are 5 mrem/yr to the whole body and 15 
mrem/yr to single organs from airborne affluents and 3 mrem/yr to the 
whole body and 10 mrem/yr to single organs from liquid effluents. The 
Environmental Protection Agency (EPA) has promulgated dose limits for 
individuals that are even more restrictive, 25 mrom/yr to the whole body 
and single organs and 75 mrem/yr to the thyroid from the planned releases 
of all nuclear power operations. These dosages compare with the 
background dose to tissues from natural sources, which is of the order of 
100 mrem/yr in areas of normal background radiation (UNSCEAR, 1977). 

Practices that involve the release of nuclides to the environment give 
rise to a distribution of dose rates in the exposed population. The 
population or collective dose and dose rate are particularly useful 
quantities in source-related assessments (UNSCEAR, 1977). The collective 
dose rate S in a population from a source or practice has been defined as 
the weighted product of the dose rate from the source or practice and the 
number of persons in the exposed population receiving the dose rate 
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S = / 0 N*(D)d6 dO (S-41 

where 
N Q ( D ) = population spectrum in dose rate, 

Nn(D)dD = number of persons receiving a dose rate in a specified orqan 
• • • or tissue, due to a source, in the range D to 0+dD. 

The collective dose in a population over a specified period of time is 
defined as the time integral of the collective dose rate. The period of 
integration depends on the purpose of the assessment. Tf the period of 
integration is short, the population may be regarded as being composed of 
the same individuals during the whole period. For longer periods of 
integration the population for which the collective dos^ is assessed 
could comprise successive generations. 

The collective dose commitment, S c, from an event or practice, is t^e 
infinite time integral of the collective dose rate S(tl, caused hv the 
event or practice. 

S c = / S(t)dt ffi-5) f S(t) 
Jo '0 

The collective dose commitment pruvides a measure of the total exposure 
of the population caused by a source or pr?ctice. 
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The collective dose commitment is also defined as the infinite time 
integral of the per caput dose rate caused by the practice multiplied by 
the instantaneous population size, 

S C = J D(t)N(t)dt ffi-6) 
"0 

where 
0(t) is the per caput dose rate at time t 
N(t) is the population size at time t 

It is sometimes of interest to estimate an incomDleta or truncated 
collective dose commitment where the integration is limited in time. 
Thus the incomplete collective dose commit-nent per unit practice 
integrated over a period of time aqual to the duration of a continued 
practice leads to the maximum per caput annual dose rate caused bv the 
continuing practice. 

The collective dose commitment is used in cast-benefit anal/sis and 
differential cost-benefit analysis to justify a practice th^t releases 
nuclides to the environment and to assure that all e/posures are kept "as 
low as reasonably achievable", thus "optimizing" the protection from the 
practice (ICRP, 1977- IAEA, 1978). Evaluation of tl.e collective rtos? 
commitment requires numerous assumptions regarding future population 
distributions, agricultural practice, living patterns, exposure pathways, 
etc., as well as knowledge of uptake, retention, and distribution of 
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nuclides in organs and tissues. Rigorous estimation of the collective 
dose commitment is exceedingly complex even if the needed data are 
available. 

In evaluating the collective dose commitment and related quantities it is 
convenient to distinguish between external and internal exposures (Webb 
and darke, 1979). The external component of the collective dose 
commitment is in principle easy to evaluate by a simple integration ove"-
space and time. The internal component can conveniently be evaluate^ by 
estimating the intake rate of the population, 

CO 

S c = 0 J I(t) dt (5-7) 

where 

I(t) = collective intake rate of a nuclide by the population (via 
ingestion or inhalation) 

D = population averaged lifetime dose commitment per unit intake 

The collective intake rate I(t) is readily evaluated from environmental 
models. The population averaged dose-commitment factor D" is properly 
evaluated taking into account the age distribution and life expectancy of 
the population. For immediate purposes the 50-year dose commitment per 
unit intake, D^Q, may be used as a conservative estimate of "D~(CEC, 
1979). 
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BI000SE now estimates a population or collective dose for internal 
exposures that is actually the average yearly dose to a fixed population, 
over a 50-year period. The resulting annual dose is less than the annual 
collective dose after 50 years of continuous release. 

From the standpoint of the collective dose commitment f'-om the continuous 
release of waste nuclides from an aquifer to surface waters, estimation 
of the collective dose coirmitment by Equation (5-4] using B10D0SE is 
straightforward. The release is characterized by a time varying release 
function. Because BIODOSE is designed to give Ift) for a given release 
function, the collective dose commitment (or incomplete collective dose 
commitment) for internal exposures can be estimated by 

OO 

S c = D / ,i(t)l1(t)dt rg-3) 

where 

J(t) is the release rate of a nuclide (Ci/yr), 

I -] (t) is the intake of the nuclide by the population per ijr.it 
release rate (Ci/yr per Ci/yr). 

In the context of nuclear waste management, a release function 
representing the release of nuclides to surface waters following 
retention in geologic media and migration in groundwate~ can extend 
upwards of thousands of yea. s. In estimating the collective dose 
commitment it is assumed that population size and age distribution, 

http://ijr.it
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agricultural production, and living patterns remain constant at present 
levels. The uncertainties in the results are therefore large and 
furthermore must increase with time. 

In an absolute sense the population dose is difficult to interpret since 
dose limits are not expressed in man-rem. It is difficult to make sense 
of a collective dose representing the summation of a large number of 
people each associated with a minute dose. In addition, a given 
collective dose delivered over a year is certainly far more significant 
than the same dose delivered uniformly over a million years. The U.S. 
Environmental Protection Agency (EPA, 1974) has applied the concept of 
the collective dose commitment, which it refers to as environmental dose 
commitment, to evaluate the health effects of normal releases of :->me 
long-lived nuclides from the nuclear power industry over the next 50 
years. The estimated environmental dose commitments took into account 

only these exposures occurring during the initial 100 years following 
release. Because of the difficulties and uncertainties encountered in 
estimating population dose commitments, estimates of collective dose 
would be most useful for comparative evaluations of nuclear technology 
alternatives, 

A possible approach in comparing nuclear waste management options is to 
evaluate the collective dose commitment over fixed intervals of perhaps 
100 or 500 years. Intervals beginning from the initial release of 
nuclides to surface waters and centered about the peaks of the release 
function could be evaluated. Collective doses estimated over intervals 
of time provide indications of the temporal distribution of the potential 
health effects and levels of individual risk. 
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In nuclear waste management assessments, evaluation of the incomplete 
collective dose commitment may he useful to estimate the maximum annual 
do<,e (UNSCEAR, 1977; IAEA, 1978). If the collective dose commitment per 
'.in it of practice is S^, and the practice continues at rate Z, then 
the collective dose rate at steady state, §„ is 

S„ = I S, c (*-9) 

The incomplete collective dose commitment may he used to estimate the 
maximum dose rate associated with a continuing practice of finite 
duration. If a practice continues to a time T at rate 7., and S^ 
is the incomplete collective dose commitment per unit practice integrated 
to time T, the maximum collective dose rate is given hy 

S m a v = Z S7 fi-iO) 
max l 

T 
Now let S 1 represent the incomplete collective dose commitment 
per unit release rate of a nuclide integrated to the peak arrival time nf 
the release function, J, the average release rata over the time interval 
between initial release to surface waters and peak arrival time, and 

^max' t n e m a x ' m u m release rate. The average release rate, J, is given 
by 

T 

/
max 
.Htjdt/U^-V (6-11 

T l 
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where 
Tmax i s P e a k arrival time of the release function 

Tj is time of emergence, i.e., time when nuclide initially is 
released to surface waters 

Thus it seems reasonable that the maximum collective dose rate S m a v 

satisfies the relationship, 

J S? < S < J S? (5-1 
1 max - max Jl 

From a knowledge of the maximum annual collective dose rate, and 
assumptions regarding population size and habits, the annual dose i-ate tn 
an individual in the most exposed population group C3n be inferred. The 
individual dose can be directly compared with established stanHaHs in 
judging the acceptability of the practice. The incomplete collective 
dose commitment integrated to any other peak arrival times and to the 
time when the release function returns to zero may be used in the same 
manner to estimate the limits of S m a x . 

The collective dose commitment (ICRP, 1977), expressed as an effective o>-
a whole body equivalent dose, provides an estimate of the health 
detriment to the population from a practice. The effective or whole body 
equivalent dose is the ium of the doses to individual organs, each 
weighted by a stochastic risk factor. BIODQSE uses weighting factors 
that are based on the risk of developing fatal cancer in the organs. 
These weighting factors differ from those recommended by the IrRP for 
estimation of effective doses. Besides fatal cancers, the TCRP weiqhtinq 
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factors include heriditary effects appearing in the first two 
generations. It has been suggested that nonfatal cancers and heriditary 
effects appearing in future generations beyond the first two also should 
be included (Clarke and Webb, 1979; CEC, 1979). The BIODOSE weighting 
factors should be reevaluated to take into account updated information on 
cancer risk from the irradiation of skin and liver and the other 
considerations above. 

In summary, assessment of dose commitments to an individual is more 
useful than assessment of collective doses for developing performance 
criteria for nuclear waste repositories. For example, the fifty-year 
dose commitment to an individual associated with the annual release of 
waste nuclides to surface waters can be used as a measure of the 
steady-state annual dose. The result can be directly compared with 
radiation protection standards or future design objectives expressed in 
terms of annual doses to individuals to determine the acceptability of a 
proposed waste management practice. The 50-year dose commitment to an 
individual for a one-year release exceeds the average annual dose rate to 
an individual calculated from the 50-year dose commitment estimated by 
BIODOSE. By substituting internal dose factors expressed in mrem in 50 
years per pCi intake for the dose factors now in use, BIODOSE can be made 
to estimate the 50-year dose commitment to an individual for a one-year 
release. 
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There are various ways of formulating collective doses associated with 
postulated releases of nuclides from waste repositories. These dose 
estimates may be difficult to interpret because of the numerous 
assumptions that have to be made and the large uncertainties associated 
with the estimates. Assessments of collective dose are therefore more 
useful in cost-benefit studies to optimize the protection from a proposed 
waste management practice. 
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7.0 Future Work 

Our experiences with BIODOSE in assessing the environmental transport of 
nuclides and dose to man lead to several recommendations for further 
study. In this section we list additional work that is needed to improve 
the dose predictions from BIODOSE for relevant scenarios involving the 
release of nuclides to the biosphere following migration from underground 
waste repositories. Specific areas needing attention and steps to 
improve our capabilities to assess the environmental transport of 
radionuclides and resultant dose to man are suggested below. 

Sedimentation 

The process of sedimentation should be examined more closely and its 
role in enhancing or diminishing the availability of radionuclides 
should be thc.-oughly evaluated. The long te.-n fate of sediments 
should be studied further. At present, sediments are treated as 
permanent sinks for radionuclides. This is probably an unreasonable 
assumption. 

• Resuspensiun 

Exposure pathways involving atmospheric resuspension should be 
considered. Inh«lation of nuclides in particles resuspended from 
topsoil could be an important exposure pathway, particularly for 
actinides. Deposition of resuspended particles on crop plants could 
also lead to important doses from the topsoil compartment. 
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Food Crop Contamination 

Assessment of food crop contamination by nuclides originating in 
irrigation water could be improved by simplifying the overall 
approach. Assessment of crop contamination due to the deposition of 
irrigation water on plant surfaces could be improved by using a 
simple empirical model in the place of a mechanistic model of 
doubtful validity, which requires input parameters that are not well 
known. Assessment of crop contamination due to root uptake from 
soil could be simplified and improved by combining crop types and 
considering a smaller total number of types since detailed 
information and data on plant/soil concentration factors as a 
function of crop type and soil type are not available for 
radionuclides. 

Input Parameters 

The input parameters in BIODOSE should be systematically evaluated. 
As suggested in Section 5, the values of bioaccumulation factors in 
marine mollusks should be reexamined and many of the nuclide-
specific transfer factors should be modified on the basis of updated 
values. 

In addition, central tendencies, observed ranges, and distributions 
should be characterized where sufficient data are available. 
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Sensitivity Analysis 

Sensitivity analysis should be continued to identify the most 
Important physical and biological parameter for assessments of 
environmental transport and dose. 

Uncertainty Analysis 

A methodology should be developed for specifying the uncertainty in 
the dose estimates that are used in conjunction with systems 
analysis evaluations of waste management scenarios. 

Dose Estimation 

Dose factors should be modified so that dose estimates for 
individuals can be directly compared with radiation protection 
standards. Approaches for reporting collective doses should be 
explored further. The choice of weighting factors to estimate 
effective or whole body equivalent doses should be evaluated. 
Internal dose factors should be evaluated in the light of updated 
retention data for humans. 
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Appendix 1. List of Rad 
244Cm 210po 

242Cm 210pb 

Z^Am 154 E u 

(242niAmJ (151Sm) 

241 A m ^ 7 P r l 

(242pu) 144 C e 

241pu 137 C s 

240 P u 135 C s 

239?u 134 C s 

238 P u 129l 

(239 N p ) (!26sb) 
237 N p 126Sn 
(238u) (107 P d) 

(236u) 106 R u 

(235u) 99 T c 

(234u) 95Nb 
233u 93niNb 
231 P a 95 Z r 

(232Th) 93 Z r 

230 T h 91y 

229Th 90Y 

(227AC) 90Sr 

{225Ac) 89Sr 
(228 R a ) (79Se) 

226 R a *%\ 
225 R a (14C) 

(223Ra) 

List of Radionuclides Included in BIODOSE 
Notes: 
1} The nuclides in parenthesis 
have been added to the 36 nuclide 
list to make the most recpnt list 
of 56. 

2) Other short-lived nuclides 
are included implicitly in the 
list. For instance, the 
radiation from the S-day ? 1 0 B i 
daughter of 210pfo is included 
in the calculations of the dose 
factor for 210pb, althouqh 
2!0Bi is not carried as a 
separate nuclide. 
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