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ABSTRACT

When etimating doses to populations it is necessary
to divide the total population into groups that have param-
eters of imilar type and magnitude in order to identify
critica ppulation groups. Age groups constitute the most
basic and generally useful way of dividing the total popu-
lation for etimating dose. odels for estimating dose,
particularly the internal dose from inhalation and igestion
of radioactivity, should be written as a function of age.
The importance of considering age-dependency is emphasized
by the fact that some of the internal dose parameters change
by much a a factor of ten for some radionuclides when
comparing a one year old with an adult. A computer code
called INREM has been written which can consider all internal
dose parameters as a function of age. The major imitation
in using this computer code for all radionuclides is the
paucity of age-dependent input data for many radionuclides.
Tritium, iodine, cesium, and strontium nave been studied in
detail with INREM and the results and interpretations are
discussed. Another code, EXREM, computes the external dose
rates and cumulative doses from both beta particles and
gamma pho tons from submersion in a radioactive coud, sub-
mersion in cntaminated ater and exposure above a contam-
inated land surface. This code can consider up to 25
Plowshare detonations and a variety of combinations for
calculating doses and dose rates in relation to a detonation
schedu le. The importance of using both INREM and EXREM to
estimate the total dose to a population group is stressed.

INTRODUCTION

Not many years ago almost all estimates of internal radiation
dose were based on biological parameters developed for a notional

*Research sponsored by the U. S. Atomic Energy Commission under
contract with the Union Carbide Corporation.
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adult radiation worker known as "standard man." The standard man con-
cept has been useful for estimating radiation dose to the adult radiation
worker. When this concept is applied to the general population, the dose
estimates are inadequate because standard man represents only a relatively
small group in the general population. Most health physicists recognize
this shortcoming and considerable effort has been expended to develop
methods for estimating potential doses to other groups in the population.
Additional effort is justified here because potential sources of radi-
ation exposures to the general population are Increasing at a rapid
rate. We do not mean to imply that every source of potential exposure
represents a real hazard to man. Everyone knows that the atomic energy
industry has an excellent record of safety oth for the worker and for
the public. The point which we wish to make here is that, In order to
maintain this outstanding safety record, the expertise for estimating
exposures to the general population must keep pace with expanded uses
of atomic energy. In the past few years we have seen a phenomenal
growth in nuclear power generation, and possibly In the near future we
will see a beginning of the utilization of the Plowshare concepts.
Thus, emphasis should be placed now on further development of methods
for estimating the expected doses to various groups comprising the
general population.

Objectives for Estimating Dose

Not all situations require estimation of expected dose; sometimes
an upper limit or conservative estimate of dose Is adequate. One of
the most important objectives of a program for estimating potential
radiation doses from a Plowshare application is to provide evidence of
compliance with regulations and guidelines safeguarding the public
health. Some of the recognized authorities publishing guidelines and
regulations on radiation exposure limitations include the International
Commission on Radiological Protection HCRP), the National Council on
Radiation Protection and Measurements (NCRP), the Federal Radiation
Council (FRC), U. S. Atomic Energy Commission (AEC), and the state
regulatory agencies. One of the hoped for achievements of the Plowshare
sponsored research at 11,11_ is that present efforts to predict expected
doses from various Plowshare applications will be successful in
providing some of the necessary ground work for the F and AEC regu-
latory groups to set guidelines applicable in this area. Presently,
there are no specific guidelines or regulations dealing with the pos-
sible population exposures from Powshare applications.

The preliminary predetonation safety of the operation can be
evaluated usually with conservative methods such a those recommended
by Ng et al. of the Lawrence Radiation Laboratory. The technique
which they have adopted for predicting the maximum radiation dose to
man from internal sources Is based upon the specific activity concept.
The conservative aspects of this approach were analyzed in detail by
Kaye and Nelson,2 as were the many factors which could affect the
usefulness of this approach for assessing the possible radiological
consequences of activity releases. The limitations appear to be most
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restrictive for terrestrial environments where there may be incomplete
mixing and unequal availability of the radioisotope and its stable
analogue.

Ng and co-workers have emphasized that the preshot prediction
should not serve the sole purpose of preshot rad-safe analysis, but
it should also provide guidance for the post-shot documentation. They
point out that this guidance may include where to measure, what to
measure, and even the precision required for the measurements. Since
the post-detonation analysis is based on actual measurements, it can
be expected to yield results which will be useful for improving the
predetonation predictions of safety.

We believe that there is a distinct possibility that the future
of Plowshare applications may be influenced more by public acceptance
than by any other important factor. Proposed operations may meet all
of the requirements of the recognized authorities that have pertinent
regulations and guidelines, but the public may not want to be sub-
jected to any radiation dose resulting from a Plowshare application.
We believe that public opinion will exert a strong enough influence
to require very detailed hazard analyses which estimate the expected
dose to each population group exposed by any peaceful application
of nuclear explosives.

Each new application may be expected to benefit from the lessons
learned from previous applications. Eventually, this feedback should
result in an accumulation of data necessary to make good dose predic-
tions.

Essential Information for Dose Estimates

The information required for a program to estimate dose to members
of the general public has been divided arbitrarily into five categories
by Kaye et a.3 for activity releases to the environment. The five
categories of information are: 1) inventory of radionuclides produced
and fractions released to the environment; 2 environmental dilution
or concentration factors; 3 intake and/or exposure-time factors;

4 bological parameters and habits characterizing the populations
being exposed; and 5) dose-estimation equations. The extent of this
information Indicates the complexity of dose estimation for the
general public. A successful program requires the cooperation of
many Individuals and groups and careful integration of the essential
information to provide maximum effectiveness in protecting public
health.

Modes of Exposure and Exposure Pathways

A "mode of exposure" Is the manner in which a person is exposed.
The principal modes of exposure expected to be responsible for most, if
�ot all, of the potential exposures from peaceful nuclear detonations
are represented schematically In Figure 1. The modes of external
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exposure are submersion in a radioactive cloud, exposure above a con-
taminated landscape, and submersion in contaminated water. The modes
of internal exposure are inhalation and ingestion of radioactivity.
For external exposure, the radiation source is exterior to the body of
the person being irradiated; and when either the person or the source
is removed, the person ceases to be exposed. nternal exposure is a
different case because the radiation source is inside the body of the
person, and the exposure may continue for years after the last Intake
of radioactivity, if the effective half-time of the radionuclide In
the body Is sufficiently long.

Exposure pathways are the actual routes of exposure for a par-
ticular mode. Consider the ingestion mode; the pathways for this
mode are the different intakes of contaminated foods and beverages.
Submersion in water would probably be made up of two pathways, bathing
and swimming.

The modes of exposure (and the exposure pathways making up these
modes of exposure) which will result in the largest dose equivalents
to the population groups depend upon many factors. Of primary impor-
tance is the type of nuclear application, i.e., gas stimulation, ore
fracturing, underground cavity formation, or cratering for a canal or
harbor. Many applications will have to be evaluated separately before
generalizations can be formulated regarding the importance of the
various modes and pathways of exposure.

Ecological Systems Analysis as a Method for Predicting the Expected Dose

Although systems analysis is a relatively new tchnique to the
field of ecology, it has been used successfully for a number of years
in any other areas of science, engineering, and business. In this
respect, we define systems analysis as the study of the dynamic be-
havior of a system of coupled compartments. The major question to be
answered with the systems analysis methodology is, "How much of the
radioactivity released to the environment will expose man both internally
and externally as a function of time?"

We visualize the coupling of compartments as routes for the
transfer of materials between compartments making up the system. This
may be represented graphically by a coupled compartment diagram, and
differential or difference equations ay be written for the Inventory
of materials in each compartment. Because of the interconnections, or
coupling of compartments, no one compartment functions on its own;
the dynamic behavior of each compartment is determined by the net
effect of all of the other compartments. Thus, it Is necessary to use
a computer to solve the equations to determine the temporal responses
of all of the compartments making up a system. An example of a famil-
lar system for health physicists is a pasture contaminated by fallout
containing radio(odine. The gross compartments of interest in this
system include soil, runoff, forage, cattle, beef, and dairy products.
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To utilize the systems analysis approach for assessing the expected
dose from an environmental release, the following three steps are In-
volved: 1) environmental measurements and experimentation, 2 param-
eter Identification, and 3 systems analysis. The ecological research
must be carefully planned and carried out to measure the environmental
transfer coefficients which quantify the Inter-compartmental transfers.
The environmental transfer coefficients of a system are the most im-
portant and unique parameters required for systems analysis. The
second step, parameter Identification, is applied to the field data
which are plotted as a function of time. Parameter Identification is
the actual assignment of a numerical value to the coefficient based on
experimental data. Problems of uniqueness and time-varying parameters
are encountered here, but considerable help Is available from techniques
available In other fields. Steps 2 and 3 are independent of the type
of data (biological or physical) because these steps are mathematical
and, as stated above, have already been highly refined by work In other
fields. Many excellent systems analysis computer codes have already
been written and may be used without major change for environmental
hazards analysis. For Instance, the MATEXP and SFR-3 systems analysis
codes wItten forsnuclear reactor dynamics studies were used by Kaye
and Bali In the ystems analysis of a coupled compartment model for
radionuclide transfer In a tropical environment. The MATEXP code
utilizes a transient analysis while the SFR-3 utilizes a frequency
response and a sensitivity analysis which relates parameter uncertain-
ties to performance uncertainties. Sensitivity analysis has great
promise for Identifying critical pathways and critical population
groups. If we let ARi represent the response of a compartment of
interest (change In concentration of radioactivity in a potential food
item) to AP., a change in a parameter (the environmental transfer co-
efficient 1 increased or decreased), then we can define sensitivity
mathematically as

Lim AR. aR.
AP�O AP ap

This relationship can be used to indicate which parameters are Most
accountable for the radioactivity in a particular food item and thus
may suggest some remedial action to divert this radioactivity to a
compartment which has negligible inputs to man. Complex environmental
systems Which have multiple couplings with feedbacks are readily
adapted to systems analysis if the transfer coefficients are known.
Environmental transfer coefficients are not easy to determine and the
need for them has not always been apparent. However, information on a
few systems is already available in the literature to formulate envi-
ronmental transfer coefficients which can be used in working models.
Radioecological research underway at Oak Ridge National Laboratory
is producing a body of information on radionuclide cycling which is
useful for systems analysis.
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Considerable emphasis is being placed on systems analysis as a
major technique In proposals supporting the International Biological
Program (IBP). It may be that IBP will result In the first large
scale test of environmental systems analysis, and thus lay the ground-
work for more extensive applications In environmental dose estimation.

DEVELOPMENT OF AGE-DEPENDENT MODELS FOR INTERNAL DOSE

To Identify the critical population groups, It Is necessary,
when estimating doses to populations, to consider the total popu-
lation in terms of homogeneous groups having parameters of similar
type and magnitude. Age groups constitute a basic and generally use-
ful way of dividing the total population for estimating dose. Models
for estimating dose, particularly the internal dose from Inhalation
and Ingestion of radioactivity, should be written as a function of
age. The importance of considering age-dependency Is emphasized by
the fact that certain of the Internal dose parameters change by as
much as a factor of ten for some radionuclides when comparing a one
year old with an adult. If the exposure continues over a long
enough period, the aging of the person becomes a factor, I.e., the
biological parameters and the Intake function may change, and the
internal dose computations should be made using the applicable input
data.

Guidance is given in ICRP Report 2 for developing equations for
estimating Internal dose to the various organs of standrd man re-
sulting from ingestion and inhalation of radioactivity. These basic
ideas can be used for developing a model which has each term expressed
as a function of the age of the individual. Such a model can be used
to compute the dose as a function of age, which may be useful in
identifying the critical population groups as recommended by the CRP
in Report 76

All Organs Except the GI Tract

The rate of change of organ burden is given by

dB = If - XB 4i/day), (2)T
where I = daily intake (1,Ci/day),

f = fraction of I deposited in the organ, and

= effective elimination constant day- I).

This expression is a modification of Eq. (5) of ICRP Report 2 and may
be expanded to apply to the ith radionuclide in the kth organ for a
person born at tb, The age of the individual at time t (usually
t = at the time of detonation) is t - t b and leads to the following
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revision of Eq. I which is rearranged for solution as a non-hornogeneous,
first order, linear differential equation:

dB ik + Xik (t - t b) ik � Ii (t - t V t) f ik (t - t b) (pCi/day). (3)
CTt_

Note that I is written as a function of age, t - t b , and as a function
of time, t. This equation is now of the form

8' + a(t) = b(t),

where a X ik (t - b) which we let equal A ik (r), and

b(t) = b(s) = I I (s - tb' S) fik (s - t b).

In this formulation, both and r are dummy variables. It follows that
the solution to Eq. 3 for organ burden is given by

B eXP t-tbX (r) d] f Ii (S-t V ) fik (S-tb
ik ik

If t b

t-tb

eXp If _tbik (r) dI ds (�Jci) (4)

The dose rate dDik/dt is simply the product of organ burden,
times the effective absorbed energy per gram Eik(t-t1b)/mk(t-t1b)1
of critical organ, times a constant to convert MeV to rems, and is
written

dD lk 51 B ik (t-tV t) Eik (t-tb)(rem/day) (5)
_'�T mk(t-tb)

The next step is to write the integral form of the equation by substi-
tuting the right side of Eq. 4 for B lk (t-tbl t) in Eq. (5), and
changing the sequence of integration so that we integrate first with
respect to t as written here:
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t2 [ S-t

Dilk (til 2' t b 5T {I i (S-tVS) f ik(s-tb) expI -t Xik(r) d

tCik (t-tb) t-tb (r)dr] dt) ds + 51f tIO (S-t S)
f s"k (t-tb)exp -t6Xik i b'

0

t2 'ik (t-t
f(S-t ) exp [f F'-tb (r)dr ' b

ik b -tbX11k If Imk(t-tb

t-tb (r) d dt) ds (rem). (6)
exp V t b Ailk I

The limits of integration have been changed to account for the change
in sequence of integration. It is implicit thatfor t t I. and
cilk are equal to zero. Both t and s in Eq. (6) are dummy variables
and they may be interchanged to obtain the final form which applies to
any organ except the GI tract:

Dilk (til 2'tb 51ft211I(t-tVt) fik (t-tj t2 EIlk (S-tb
t1 t m (S-t b

exp -tbAik (r)dr] ds ) dt (rem). (7)
[ftF, tb

Equation 7 above is te model which is programmed in the INREM code
for cumulative dose to all organs except the GI tract.

The relationships of the time variables used in Eq. 7 are
illustrated with the following time scale:

I II I

tib tI0 1 t2

The reference poin t (t 0) is usually set equal to the time of the first
detonation for convenience. All other points in time are evaluated by
their position relative to to. The time of birth b) of the individual
need not occur before to as shown here; it may take on any value equal
to or less than til The beginning and the end of the time period for
which dose is to be integrated are designated tj and t2, respectively.
Radioactivity entering the body prior to t is not included in the dose
calculation; therefore, tj usually is set equal to the time at which

557



radionuclide intake begins. The variables t, s, and r are dummy vari-
ables of negration for the three Integrals In the equation.

This model Implies a continuous intake changing with age and time,
and all other terms changing with age. Since the hand solution of Eq.(7)
Is not practical, It Is in a computer code called INREM. Great flexi-
bility is built Into the code so that many radionuclides, body organs,
and age groups can be handled In one run of the computer. The code
handles standard-man calculations as well as age-dependent calculations. 7,8

The radionucl ide Intake (pCI/day) Is one of the primary Input
data required for an age-dependent calculation. This information is put
Into INREM as "points" from a graph of 1Ci/day Intake vs. time since
the reference detonation. There is one graph per age group and the
number of points taken from each graph Is usually determined by the
number of Inflections In the curve, since the computer actually recon-
structs the graph by a linear Interpolation between points. INREM
accepts up to 100 such Intake points per age group and up to 25 age
groups.

GI Tract as the Critical Organ

For dosimetry purposes, the ICRP Report 2 recognizes the GI
Tract as being divided into four segments (stomach, small intestine,
upper large intestine, and lower large intestine). This requires that
a different equation be written to estimate the dose to each segment
as a result of the passage of radioactivity. Such equations must
Include the time required for the intake to reach the segment of
interest, the time required for emptying the segment, the mass of the
segment plus contents, and the fraction of the ingested radioactivity
which is absorbed by the blood. An alternative way of estimating
the dose to the GI tract from any intake is to relate the intake to
dose received from intake at the (MPC)a or (MPC),,. The advantages
of this approach are that only one equation is required and that it util-
Izes the MPC for the critical segment which already has built into it
all the factors mentioned above.

If the maximum permissible dose rate is 03 rem/wk, then we can
write

0.3/7 rem
Ai (MPC) ija Pci (8)

Where A intake (cm3/day) of air Q=I) or water Q-2) and
(MPC) the aximum permissible concentration (pCi/c�3)

ija of the Ith radionuclide in air Q=I) or water Q=2)
where the ith radionuclide is soluble (a=l or
insoluble a=2).
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The dose from any single Intake can be computed by direct substitu-
tion Into Eq.(8) and by assuming that the simple proportion holds.
Rewriting Eq.(8) by substituting the single pCi Intake, Si, for VCI
in the denominator gives

0.3/7 SI(rem).

Cija Ai(MPC) ija

This equation applies to standard an only, and must be multiplied by
a modifying factor, h W, to make it age dependent. The dose to a
person In the it age group Is given by

0.3/7 Sjh(V

DIja (1) =Ajn (MPC) Ija (rem) (10)

for a single Intake. The subscript n Is an Index for standard man. As
written In Eq.(10), MV Is the product of three modifying internal
dose variables found In Eq.(14) of 1CRP Report 2 and which are ratioed
to their respective standard man values. Other variables, such as
residence time of food in the critical segment could be Included also,
but no body of age-dependent data is available for these parameters.
Thus,

h(V = mn/mR Cipa /F ina f11ja /f Inja

wherem, � mass (g) of the critical segment of the GI tract of an

indlv dual in the Ith age group,

CUa � effective absorbed energy (MeV) of the th radionuclide of

type in the crit segment of the G tract of an

individual in the kf��Iaqe group, and

fi1ja �j reaction of the intake from inhalation or ingestion of the

radionuclide of type a reaching the critical segment of

the GI tract of an individual in th e Xth a ge group.

As a matter of convenience for simplifying the final form of the model,

let

Pk(t-t b) mnlm9

Qi.(t-tb) Elt./cin. and

Riia(t-tb fUja /f inja, (12)

where t-t b Is the age of the individual In relation to the reference

time as defined for the model for all organs except the GI tract.
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If we assume a continuous intake of 1. iCi/day as a function of
age and time, the cumulative dose model can'be written in tho integral
form after substitution of the age-dependent correction factors for HE):

Dija (tilt 21tb 0.3/7 2 1i(t-t b' t) k(t-t b Qla (t-tbI R ja (t-tb)dt (13)
AJn (MPC) J. aft I

Equation 13) is programmed in the INREM code for calculating cumulative
dose to the GI tract.

Genetic Dose

Genetic dose is considered at the level of the individual and at
the population leveb because separate radiation safety guidelines are
available for each. The genetic dose to an individual is determined
on the basis of the dose estimates provided by the INREM and EXREM codes,
supplemented with any additional information which will improve the
assessment of the expected gonad dose. At the population level, genet-
ically significant dose is the factor requiring evaluatio Genetically
significant dose is defined in the 958 Report of NSCEAR70 as the dose
which, if received by every member of the population, would be expected
to produce the same total genetic injury to the population as do the
actual doses received by the various individuals. Estimates of genetic
doses to individuals are used in conjunction with demographic information
to evaluate the genetically snificant dose to the population. The
formulation used for that purpose is adapted from the 1958 Report of
UNSCEAR. The genetically significant dose is given by

D* I E d* N* w* (rem) (14)
;_N k k k k

where

* denotes the sex,

k denotes the age group,

D = genetically significant dose (rem),

w = future number of children expected by an average individual 

N = total number of individuals in the population, and

d = gonad dose (rem) of an individual.

DEVELOPMENT OF MODELS FOR EXTERNAL DOSE

In considering external exposures, one must first decide on the
precision required so that appropriate models can be developed. Some
of the factors that may be given consideration are concentration
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gradients, terrain roughness, shielding, build-up, distances from
contaminated surfaces and volumes, and cloud direction and speed.
Each of these factors may be expected to affect the dose rate at the
location of interest, and each should be considered for a detailed
calculation where the source, geometry, and environmental factors are
wall defined. This detailed approach is not practical in a general
assessment of external exposure from a large number of nuclides at many
locations over thousands of square mes.

We have developed a computer code called EXREM which computes
doses and dose rates for the three modes of external exposure mentioned
earlier--exposure above a contaminated surface, submersion in con-
taminated air, and submersion in contaminated water. This code is
tailored to our present requirements, but can be modified easily as the
requirements change. Since some proposed Plowshare projects require
multiple detonations, the EXREM code is able to handle up to 25 con-
secutive detonations and perform the necessary bookkeeping for build-up
and decay of up to 200 parent and daughter nucfides starting at the
time of the first detonation and continuing to any time of interest.
The models programmed for ubmersion in air and water are the adiabatic
type; that is, the contaminated medium is assumed to be infinite in
extent and of uniform concentration. When this is not the condition,
the dose estimates wll be proportionately conservative.

The total external dose equiva (rems) from beta particles
(q=a) or gamma photons (q=y) of the i7Rtradionuclide at the 9.TII

location accumulated from exposure from t I to t2 for the qth mode of
exposure is denoted by

t2

TD ipqi (tilt2 D ipqft I C ipt Mdt (15)

where i =radionuclide index,

q =radiation-Index(O for beta radiation; y for gamma radiation),

p =exposure mode index (w for water; a for air; s for surface),

i =location index,

ti =time (hours) for beginning of exposure,

t2 =time (hours) for ending of exposure,

D. =dose-rate factor for p=w and p=a ; remocm for p=sl, and
iqp Xi-hr 1,Ci-hr )

Cipt(t) =concentration kpCi/cm 3) for p=w and p=a; pCi/cm 2) for p=sl
at time t.

The EXREM code calculates Diqp separately for both� and y- radiation
from a mode a propriate for the mode of exposure p using input data for
radionuclide i. The models used in thli code for the various modes of
Diqp have been described previously.8,1
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The concentration' CipM, is derived from the nuclide chain
equations for radioactive decay. For a single environmentalkelease an
explicit expression for the cncentration at time t of the i radio-
nuclide in a pathway is denoted by

C0 T), i=l,iP, exp(-xI

Cipt M
co 0 T)x j+1f il, (16)ipt )(-xiT)+T kPz yij( Tr _X

k=l j=k Z�k z 
jij

where

T t-to

I if ki-lTr
9,= k

[e.p(-,,T - exp (-AT)]

Xi = radiological decay constant (hours-I of the ith radionuclide,

f. = fraction of nuclei of the ith radionuclide which decays to the

I i+lst nuclide in the pathway,

t0 = time (hours) of environmental release,

C0 =
ipt gPiL Yi'

gpip= location correction factor for the ith radionuclide, the pth

mode of exposure, and the kth location, and

Yj = yield (Ci) of the environmental release.

To determine the concentration of a radionuclide in a chain con-
taining more than one pathway, contributions for the nuclide are summed
for each pathway which is unique up to that radionuclide.

The concentration ' MCI py(t), at time t of the ith radionuclide re-
sulting from M environments releases is obtained by evaluating Eq.(16)
where

C0 + y (17)
ipt M-1Cipt M PiLM im

and where
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m � time (hours) of the th env ironmental release,

T = t-TM1

gpiem = gpix for the M th environmental release,

Yi = y I for the M th environmental release, and

M-1 Cilpt (TM) =the concentration at time TM of the th radionuclide resulting

from the first M-1 environmental releases.

Obviously, only digital computer solution Is practical for the external
dose model because the complexity of the calculations involves multiple
detonations, decay chains with branching, several modes of exposure,
and the large number of radionuclides usually considered. The EXREM
code has flexibility in handling problems of varying complexity. Up to
fifty dose rates and/or total doses may be computed for each nuclide in
each mode of exposure. This code prints out separately the doses and
dose rates from the gamma photons and the beta particles of each radio-
nuclide, as well as the total dose and total dose rate by summing the
beta and gamma contributions (for some assessments, dose rate as well
as total dose is important). The latestv7pion o this code is described
in more detail in a publication by Turne .

USING EXREM AND INREM TO ESTIMATE DOSE

A simple problem is postulated to apply the methodology discussed
in this paper. There are two reasons for including this problem. First,
to identify the type of input data required to carry out the computations,
and, second, to illustrate the format of the results of the dose compu-
tations for a cratering type of Plowshare application.

Many radiological-assessments of a contaminating event are based
on conservative assumptions. Frequently, life-time or infinite gamma
doses are calculated for external exposure with the assumption that the
radiation field decreases as a function of time due to radioactive decay
only. Actually, this condition represents the upper limit, because
environmental factors such as loss.of radioactivity to surface waters
from erosion, infiltration into the soil profile, wind, removal by
animals, plowing, etc., will tend to decrease the radiation field also.
Radioactive decay can be viewed as a loss of radioactive atoms from
the system, commonly denoted y the radioactive decay constant, Xr,
and the environmental Inputs and losses can be described by the
algebraic sum of the appropriate transfer coefficients. For simplicity,
we consider only the net coefficient here, denoted as the environ-
mental transfer coefficient, Xe, which leads to the relationship

X = X. Xr (18)

where X is defined as the effective decay constant. Substituting the
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corresponding half-times into Eq.(18) gives the following relationship:

T TT = r (19)
T Tr

where

T = effective half-time,

Ta= environmental half-time, and

T = radioactive half-life.
r

In the treatment of the hypothetical problem which follows, we compute
both expected doses using T = TeTr/Te+Tr and conservative doses using
T = Tr and compare one with the other.

The levels of radioactivity we choose are completely arbitrary
and are not related to any real Plowshare applications. Figure 2 is a
block diagram representing in abstract form the problem we postulate and
analyze in the following pages.

The type of application postulated is a project requiring two
cratering detonations which vent to the atmosphere. Only 137Cs and 137 Be
are vented, leading to exposure of the population by the modes shown in
Figure 2.

Outline of Hypothetical Problem

1. Source Term

A. Production vented per detonation = I Ci 137 Cs- 137 Ba.

B. Detonation schedule: Det. No. at t=O and Det. No. 2 at t=30 days.

II. Radioactive Cloud

A. Time to reach the location of interest = 4 hours.

B. Time to pass over the location of interest I hour.

C- Concentrition in cloud = 61,Ci x 1-14 /cm3 10-8 pci/cm 3, where
1(-141cm -,s the location correction factor relating the fraction
vented and the concentration per cm3of air at the location of interest.

D. Inhaled uCi per etonation by a person in the ith age grup
10-8pCi/cm3 x cm air breathed in I hour by that person.

Ill. Deposition of Fallout on Landscape

A. Exposure to contaminated landscape.

1. Concentration = 10 6PC! X 10- 13 /cm 2 = 10-7 pCi/cm 2,

where io-13/cm2 is the location correction factor
relating the fraction vented and deposition per cm2
of land surface at the location of interest.
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2. Height above landscape for which dose is to be
estimated = 00 cm.

3. Environmental half-time of 137CS on the land surface = I
year; thus, the effective half-time of 137Cs on land
surface is 097 years.

B. Ingestion of food.

1. Age-dependent parameters in the INREM code are evaluated
with the information in Tables I and 2.

2. Maximum concentration of 137Cs in food after each
detonation = IO- pCi/g; the maximum is reached on
the 14th day following the detonation.

3. Radionuclide intake pCi/day = x C.

4. Effective half-time of 137Cs in the food is one year.

IV. Transfer of Radioactivity to Surface Waters

A. Submersion in water.

1. Concentration 16PCi x 10-13/cm 3 IO-71,Ci/cm 3,
where 10-13/cm3 is the location correction factor
relating the fraction vented and the concentration
per cm3 of water at the location of interest.

2. Use factor = 0.5 hours/day.

3. Environmental half-time of 137Cs in the surface water
is 20 days; thus, the effective half-ti me of 137C in
surface water is also 20 days.

B. Ingestion of water.

1. Treatment similar to item IIIB.

2. Maximum concentration of 137C5 in surface water
after each detonation = 10-9uCi/cm ; the maximum
is reached on the second day following the detonation.

3. Effective half-time of 137CS in the surface water is
20 days.

V. Population

A. Demographic data included in Table 3.

B. Median age = 28 years.

C. NM = NF = 5000.

D. wM = J.

E. w for entire population estimated at 13 based on current
U. S. values for population size, birth rate, and life ex-
pectancy at birth.
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Results of Calculations for Hypdthetical Problem

The cumulative total body dose curves generated with the INREM and
EXREM computer codes for a II odes of exposure are shown in F gure 3.
Only estimates applicable to adults are plotted for internal dose.
Submersion in the radioactive cloud is unique because the exposure lasts
only a relatively short time (one hour in the case of the example
problem). Consequently, the radioactive half-life is used for this
calculation because the source term represents an average concentration.
The expected cumulative dose due to submersion in contaminated water is
so low 35 x 10- mrem) that it does not appear on this graph. On the
other hand, Figure 3 shows tat drinking the same water results in a
dose commitment of 2 2 x 10 mrem, almost one hundred times larger.
Obviously, Increasing the use factor from 0.5 hours per day for submer-
sion In water to 2 or 3 hours per day would not result in doses even
approaching those from drinking the same water. The magnitude of the
differences In doses here Is Independent of the concentration of radio-
activity In water, but Is dependent on the type and energy of the
radiation emitted. A similar comparison can be made of the relative
hazard from submersion In a radioactive cloud and simultaneously breath-
ing the same air. From Figure 3 it can be seen that inhalation of radio-
activity results In an Internal dose almost four times as great as the
external dose from submersion in the radioactive cloud. It seems probable
that the dose from inhalation will always be higher than the submersion
dose, especially for radionuclides having a long biological half-time.
The expected doses which are plotted for ingestion of contaminated food
and exposure to a contaminated land surface are strictly functions of
the arbitrary input parameters and are not intrinsicly related as
are the dose estimates for submersion In water vs. drinking water and
submersion in air vs. inhalation. It is interesting, nevertheless, to
compare the expected dose (effective half-time = year) from the land
surface to the conservative dose (effective half-time = radioactive
half-life = 30 years). Essentially all of the expected dose is ac-
cumulated by the fifth year after the initial detonation, whereas the
conservative dose is considerably higher and still increasing after
60 years (the asymptotic condition is not approached until approximately
150 years). The magnitudes of the expected and conservative doses
from the contaminated landscape are entirely dependent upon he arbi-
trary choice of effective half-times for this hypothetical case, but
it raises a question that merits further consideration. For any dose
integration period, what is the magnitude of conservatism of dose cal-
culated with T T

T = T (conservative dose) vs. a dose calculated with T = e r
r T T

e r

(expected dose)? If Ft) represents the magnitude of conservatism for
a specified time period due to use of the radioactive half-life only,
then

D TM
Fit) = r (20)

D TM
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where D TM = cumulative external dose calculated with radioactivity
r loss due only to radioactive decay, and

DTM = cumulative external dose calculated with radioactivity
losses due to environmental factors and radioactive decay.

Substituting a simple integral expression (assuming no input from parent
radionuclides) for D T M and D T(t), we get

r

F(t =k jt e At dt (21)
0

where k represents all constant terms necessary to compute dose. Sol-
ution of Eq. 21) gives

T (I e-Xrt)
FM = r (22)

M At

The equation for estimating the magnitude of conservatism due to exclusion
of the environmental half-time in dose computations. The utility of
Eq.(22) is explicit in the family of curves plotted In Figure 4 for
ratios of Tr/T as large as 00/1. Figure 4 shows that after years a
cumulative dose calculated with T = Tr = 30 years would be conserva-
tive by a factor of about 33 when compared to a dose calculated with
T = I year. The curves for land surface in Figure 3 verify this con-
servatism factor. Figure 4 can be used for a wide variety of assess-
ments; its use requires no additional calculations of dose, and the
time scale can be designated In any convenient time units.

A large portion of the expected dose Is accrued during the year
following the first detonation as shown in Figure 5. Even with the
greatly expanded time scale of Figure (compared to Figure 3 the
dose from submersion in contaminated air appears as a step function
because the total exposure time is only one hour in each case. This
is in sharp contrast to the steadily increasing dose which results
from inhalation during the same one-hour exposure periods. The
cumulative dose from inhalation ceases to Increase after a few months
and this entirely a function of the effective half-time in the body.
If 137Cs _li7l3a were taken up appreciably by bone, it might take years
instead of months for the maximum dose to be attained. The remainder
of the curves plotted in Figure reflect the influence of environmental
half-times on external exposures or the combined effects of the environ-
mental half-times and effective half-times in the body on internal
exposures.

The importance of estimating dose as a function of age when assess-
ing population exposures has been pointed out in this paper. Example
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problems presented elsewhere include detailed discussions of the age-
dependent parameters in the INREM code, emphasizing the need for data
describing the population for which dose estimates are being made.7,13
The input data for the INREM code for this hypothetical problem are
given in Tables I and 2 Although the variation of one of the age-
dependent parameters may appear to make it controlling (as does total-
body mass In this case, see Table 1), our previous work has shown that
the smaller variations of other age-dependent parameters should not be
neglected when estimating expected doses for various age groups.7,13
The accumulation of dose from internal exposure is shown in Figure 6
as a function of time and age at the start of intake. With the exception
of the first exposure year, the various age groups retain their relative
positions throughout the exposure period. If we assume that all age
groups have equal biological sensitivity to radiation exposure, those
individuals 10.5 years of age at the time of the first detonation com-
prise the critical population group on the basis of this analysis.
While it Is of Interest to Identify the critical population group by
age, it is Important in population exposure situations to identify the
age at a specific point in time. These identifications are necessary
because one age-dependent parameter (daily radionuclide intake) is
dependent not only upon the age of the individual, but also upon the
radionuclide concentrations in the Intake media. Radionuclide concen-
tratlons in the Intake media may vary considerably as functions of time,
particularly in transient exposure situations where the concentrations
attain peak values for brief periods and then decline steadily. The
parameters currently programed in the INREM code as age-dependent
variables undoubtedly wi I I be shown to be functions of additional factors.
For example, the effective half-time term (Te) may require evaluation as
a function of ambient temperature as well a s age. As we improve our
capabilities for estimating doses to populations, ever Increasing
specificity wi I I be required to identify the critical population group.

The estimated genetic doses to individuals within the various age
groups are given In Table 3 We assume the genetic dose is equal to
the estimated total-body dose due to internal exposure plus the estimated
external dose. There is very little difference among these estimated
genetic doses, primarily because external exposure constitutes approxi-
mately 75 percent of the total dose; and external dose, as currently
estimated with the EXREM code, Is not age dependent. The genetically
significant dose to the population is estimated to be 0386 mrem,
slightly exceeding the highest Individual genetic dose estimate. This
undoubtedly results from the assumptions used in evaluating the future
child expectancy factor (w). However, one would expect the genetically
significant dose to approach the individual genetic dose it) this situ-
ation for two reasons: 1) every individual in the population receives
approximately the same genetic dose, and 2 the median age 28 years)
of the population Is well below the age (50 years) assumed as the upper
age limit for child bearing.
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CONCLUSIONS

Estimating radiation doses to populations from Plowshare appli-
cations is a difficult and complex task. The assessment is difficult
because more bioenvironmental information than is presently available
is needed in order to make the assessment realistic. The desired
input includes information on the source term, release and movement
of radionuclides in the environment, biological and demographic
characteristics of the populations exposed, and dosimetry parameters.

We believe that an important objective in assessing population
exposure situations should be to derive the best estimate of the
expected dose from all modes of exposure. Furthermore, knowledge
of the expected dose from each important exposure mode is a prerequisite
for setting specific guidelines and regulations for Plowshare applica-
tions. Such dose estimates must be made carefully for another reason--
they will be scrutinized by a public that will want to know the best
estimate of the dose (risk) frt)m a given Plowshare application (benefit).
There is every reason to believe that the public will be extremely
interested in all Plowshare applications, and that the success of Plow-
share may very well depend upon the public's acceptance of the risks
involved.

Estimating expected doses requires knowledge of the deposition
and redistribution of radionuclides in the environment as well as com-
plete account of product utilization. Systems analysis offers promise
for predicting the amount of radioactivity released from given Plow-
share applications that ay expose man both internally and externally.
The systems analysis technique is well suited for this application
because it is a powerful predictive tool capable of evaluating complex
situations. Data already obtained from field studies can be used in
systems analysis, but additional studies will have to be carried out
to extend Its application to Plowshare projects.

Estimation of the expected dose as a function of age Is the first
step toward identification of the critical population group. More
data are required to evaluate the age-dependent parameters in the INREM
code. These data, incomplete for many radionuclides at the present tme,
necessitate assumptions which lead to conservative dose estimates
rather than the preferred estimates of expected dose. Currently, the
critical population group, defined as that group expected to receive
the highest dose, is oftentimes Identified by age relative to a given
point in time. As our capabilities develop for estimating population
dose, consideration of additional factors influencing dose will
facilitate identification of the critical population group with greater
specificity.

The genetically significant dose is another important consideration
in the overall evaluation of population exposures, particularly when
large numbers of individuals are involved. The additional Information
required for this estimate Is a demographic description of the population.
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When all Individuals within the population receive the same total
expected dose, the genetically significant dose to the population
approximates the genetic dose to the individual. It is unlikely,
however, that the total expected doses resulting from Plowshare events
will be equal for all age groups; in that case, the accuracy of the
demographic Information Is as Important as the accuracy of the age-
dependent dose estimates for the ultimate estimation of genetically
significant dose.

The Plowshare Program encompasses a variety of applications.
Each application, and perhaps each event, will have distinguishing
characteristics; thus, each will require specific radiological-safety
considerations. The methods presented here represent our progress
to date In developing a comprehensive methodology for assessing the
potential radiation hazards to the general population. This method-
ology Is constantly undergoing revision as a result of experience.
In spite of anticipated changes in methodology, the central theme
will continue to stress the best possible estimates of expected doses
to the populations affected by each significant release of radio-
activity to the environment.

ACKNOWLEDGMENTS

The authors are deeply Indebted to William Doyle Turner of the
Computing Technology Center at Oak Ridge for all the computer pro-
gramming in the INREM and EXREM codes. He is also responsible for
developing the mathematical approach used in the solution of the
nuclear chain equations which appear in the models for external dose.

Considerable thanks are also due to E. G. Struxness and K. E.
Cowser who participated in the many discussions which lead up to the
formulation of this paper.

Although the contents of this paper deal with the use of peace-
ful nuclear detonations in general, much of the ground work was laid
as a result of our participation in the radiological-safety feasibility
study for constructing a sea-level canal with nuclear explosives. The
feasibility study was supported by contract AT(26-1)-171 between the
Battelle Memorial Institute, Columbus Laboratories, and the U. S.
Atomic Energy Commission, Nevada Operations Office.

570



REFERENCES

1. Ng. Y. C., C. A. Burton, S. E. Thompson, R. K. Tandy, H. K. Kretner,
and M. W. Pratt, 1968. Prediction of the Maximum Dosage to Man from
the Fallout of Nuclear Devices IV. Handbook for Estimating the
Maximum Internal Dose from Radionuclides Released to the Blosphere,
UCRL-50163, Part IV.

2. Kaye, S. V., and D. J. Nelson, 1968. "Analysis of Specific Activity
Concept as Related to Environmental Concentration of Radionuclides,"
Nuclear Safety 9 53-58.

3. Kaye, S. V., P. S. Rohwer, K. E. Cowser, and W. S. Snyder, 1969.
"Predicting Radiation Dose Equivalents for Populations 1. Dose
Models and Methods of Application," BloScience 19: 238-41.

4. Kaye, S. V., and S. J. Ball, 1969. "Systems Analysis of a Coupled
Compartment Model for Radionuclide Transfer in a Tropical Environ-
ment," pp. 731-739 in Proc. Sec. Nat. Symp. on Radioecology (Ann
Arbor, Mich., May 15-17, 1967). CONF-670503.

5. International Commission on Radiological Protection, 1959. Recom-
mendations of the International Commission on Radiological Protection
(Report of Committee 2 on Permissible Dose for Internal Radiation).
ICRP Pub. 2 Pergamon Press, London.

6. International Commission on Radiological Protection, 1966. Prfn-
ciples of Environmental Monitoring Related to the Handling of
Radioactive Materials (Report of Committee 4. ICRP Pub. 7,
Pergamon Press, London.

7. Rohwer, P. S., and'S. V. Kaye, 1969. Age-Dependent Models for
Estimating Internal Dose in Feasibility Evaluations of Plowshare
Events. Plowshare Research and Development Progress Report for
October 1, 1967 to April 1, 1968, ORNL-TM-2229.

8. Turner, W. D., S. V. Kaye, and P. S. Rohwer, 1968. EXREM and INREM
Computer Codes for Estimating Radiation Doses to Populations from
Construction of a Sea-Level Canal with Nuclear Explosives, Report
K-1752, Computing Technology Center, Union Carbide Corp., Nuclear
Division, Oak Ridge, Tenn.

9. International Commission on Radiological Protection, 1964. Recom-
mendations of the International Commission on RadiologIcal Protec-
tion (as Amended 1959 and Revised 1962). ICRP Pub. 6 Pergamon
Press, London.

571



10. United Nations, 1958. Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation, General Assembly
Official Records: Thirteenth Session, Suppl. No. 17 (A/3838),
New York.

II. Kaye, S. V., and P. S. Rohwer, 1968. Estimating External Dose in
Feasibility Evaluations of Plowshare Events, Plowshare Research
and Development Quarterly Progress Report for April 1, 1968 to
June 30, 1968, ORNL-TM-2249.

12. Turner, W. D., the EXREM 11 Computer Code for Estimating External
Doses to Populations from Construction of a Sea-Level Canal with
Nuclear Explosives. Report CTC-8, Computing Technology Center,
Union Carbide Corp., Nuclear Division, Oak Ridge, Tenn. (in Press).

13. Rohwer, P. S., and S. V. Kaye, 1969. "Predicting Radiation Dose
Equivalents for Populations 1. Results Obtained with the Dose
Models." BloScience 19: 326-330.

572



Table 1. Age-dependent parameters used in the INREM code to calculate dose to the total body.

Age T aI E M2 f 3 2 1, 2,4 5

(yr.) (days) (MeV) (g) fa fw Air Water Food

(cm3/day) (cm3/day) (g/day)

0-1 17 0.48 8,000 0.75 1.0 5.4 x 106 430 960

1-5 18 0.52 15,400 0.75 1.0 7.0 x 106 460 1045

5-10 30 0.54 25,100 0.75 1.0 9.7 x 106 625 1375

10-15 46 0.55 41,000 0.75 1.0 1.4 x 107 810 1520

15-20 54 0.57 65,000 0.75 1.0 1.6 x 107 950 1645

>20 61 0.59 70,000 0.75 1.0 1.7 x 107 1000 1260

1T. F. McCraw, Radiological Health Data and Reports, 6 711 (1965).

2P. S. Rohwer and S. V. Kaye, Age-Dependent Models for Estimating internal Dose in Feasibility Evaluations
of Plowshare Events, ORNL-TM-2229 (April 1968).

3International Commission on Radiological Protection, Report of Committee 11 on Permissible Dose for Internal
Radi ation, I CRP Pub I. 2 Per gamon Press, London 1959). The I CRP va I ues for ad u Itworkers area pp I ied to a II
age groups in the absence of information on the possible age dependence of these absorption factors.

4Modified to include only the daily intake of tap water and beverages based on tap water.

5Agricultural Research Service, United States Department of Agriculture Family Economics Review, Consumer and
Food Economics Research Division (October 1964).



Table 2 Ingestion of 137 Cs (pCi/day) in food as a function of time after the first
detonation.

Time after
the first
detona- pCI day intake in food at any time or individuals in each age class.

tion
(days) (0-1 yr) (1-5 yr) (5-10 yr) (10-15 yr) (15-20 yr) (�20 yr)

0 0 0 0 0 0 0

1 .0096 .010 .014 .015 .016 .013
2 .019 .021 .028 .030 .033 .025
3 .029 .031 .041 .046 .049 .03B
4 .038 .042 .055 .061 .066 .050
5 .048 .052 .069 .076 .082 .063
6 .058 .063 .082 .091 .098 .076
7 .077 .084 .11 .12 .)3 .10
8 .13 .15 .19 .21 .23 .18
9 .27 .29 .38 .42 .46 .35

10 .46 .50 .66 .73 .79 .60
11 .69 .75 .99 1.09 1.18 .91
12 .86 .94 1.24 1.37 1.48 1.13
13 .94 1.02 1.35 1.49 1.61 1.23
14 .96 1.04 1.38 1.52 1.64 1.26
30 .93 1.01 1.33 1.47 1.60 1.22
31 .94 1.02 1.34 1.49 1.61 1.23
32 .95 1.03 1.36 1.50 1.62 1.24
33 .95 1.04 1.37 1.51 1.64 1.25
34 .96 1.05 1.38 1.52 1.65 1.26
35 .97 1.06 1.39 1.54 1.66 1.27
36 .98 1.06 1.40 1.55 1.68 1.28
37 1.0 1.08 1.42 1.58 1.70 1.31
38 1.05 1.14 1.50 1.66 1.80 1.38
39 i.18 1.29 1.70 1.87 2.03 1.55
40 1.37 1.50 1.97 2.18 2.36 1.80
41 1.60 1.74 2.30 2.54 2.75 2.10
42 1.77 1.93 2.54 2.81 3.04 2.33
43 1.85 2.01 2.65 2.93 3.17 2.43
44 1.87 2.03 2.67 2.95 3.20 2.45

224 1.32 1.44 f.90 2.fO 2.27 1.74
409 .93 1.01 1.33 1.47 1.60 1.22
589 .66 .72 .95 1.05 1.14 .87
774 .47 .51 .67 .74 .81 .62

1139 .23 .25 .33 .36 .39 .30
1504 .12 .12 .16 .18 .20 .15
1864 .058 .063 .082 .091 .099 .076
3650 .0019 .0021 .0028 .003 .0033 .0025

7300 0 0 0 0 0 0
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Table 3 Table of Information relative to genetic dose.

k (years) dkI(mrem) Nk2 w k2 d k x Nkx wk

0-1 0.347 180 2.74 171

1-5 0.336 800 2.74 737

5-10 0.365 1,050 2.74 1,050

10-15 0.379 1,000 2.74 1,040

15-20 0.360 900 2.73 885

20-25 0.355 740 2.38 625

25-30 0.355 600 1.45 308

30-35 0.355 550 0.70 137

35-40 0.355 600 0.27 58

40-45 0.355 600 0.06 13

45-50 0.355 560 0.004 1

50-55 0.355 570 0 0

55-65 0.355 890 0 0

65-75 0.355 600 0 0

75-85 0.355 300 0 0

,85 0.355 60 0 0
10,000 5,025

1The total dose (external exposure internal exposure) accumulated to age
50 years, the age assumed to be the upper limit for child bearing.

2Calculated with information obtained from: U. S. Bureau of Census,
Statistical Abstract of the United States, 1968 (89th edition),
Washington, D. C. 1968).
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QUESTIONS FOR STEPHEN KAYE

1. From C. E. Nelson

In your discussion, what "dose" were you talking about, skin dose,
gonade dose, "whole-body dose," lung dose, or what? To what
structure does "cumulative dose" refer?

ANSWER:

The radionuclide we were dealing with was cesium-137 and the
critical body organ for this nuclide is total body. So these were
total body doses.

2. From Frank Lowman:

Microgram and microcurie frequency distributions of trace elements
and rdionuclides In plants and marine animals are log-normal extend-
ing over an order of magnitude or more in most populations. Tipton's
and Foster's data suggest that this may also be true for humans. How
would one adjust considerations of Standard Man to protect the 3 to
10% of the population group concentrating to 7 times the arithmetic
mean amount of a radionuclide concentrated by individuals of the
population?

ANSWER:

You better send this one to the ICRP. This really is not a problem
which we are able to deal with right now since, as Dr. Lowman has
pointed out, this is true that most all of these measurements of
stable elements in the biota and in the different organs of man are
known to follow the log-normal distribution and, of course, this can
be handled nicely statistically, but there is this part of the popu-
lation then which would be neglected when we are calculating doses
based on the mean individual. I think that this problem has been
discussed by Dr. Tipton who has conducted most of the analyses for
Standard Man and I know It's something that she continues to work on,
In fact, she has various models which show the statistical distribution
of these concentrations in various populations. I don't think this
problem actually comes under the heading of this paper and I would be
glad to refer it to Dr. Tipton at some time for you, Dr. Lowman. This
really is in her area and the ICRP. It's not up to one individual, I
think, to comment on something like this.

3. From Robert Patzer:

Does the EXREM Code include inhalation of radioactive material from
dry fallout which is re-suspended in ar--for example by wind?
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ANSWER:

The EXREM Code deals only with the external eXDOSure, the radio-
activity which is outside the body. If the radioactivity Is re-
suspended, then we would calculate the dose due to Inhalation, if
It's taken back Into the body, using the INREM Code.

4. From Robert Patzer:

Does the INREM Code handle Intake of radionuclides from contaminated
consumer products? For example--contaminated natural gas to food
and air In a home.

ANSWER:

Yes, the Input to the INREM Code Is microcuries per day and It makes
no difference what the medium Is--whether it's water, food, It could
even be with a slight little change In the model or the way we put
the input Information In, it could be through a wound.

5. From S. G. Bloom:

You stressed age dependency In the INREM Code. What about the depend-
ency on Intake rate? In particular, aren't f n and Ain functions of
Intake rate? What are the relative errors in neglecting Intake
dependency versus age dependency? How do these errors compare wth
the uncertainty in the biological parameters?

ANSWER:

As the Code is now written, the lambdas are not a function of the
intake rate, so wherever this Is known to Influence the elimination
rate, we have not taken this into consideration. You have to under-
stand that this a very general, working-type model which Is not
Intended for any one little, specific application, like if you were
only dealing with one pathway of exposure. If you were specializing
in that with one radionuclide, you would develop a specialized model
for that. But we're talking about a model which will handle hundreds
of radionuclides, many different modes of exposures and it also
considers all of the detonations so that we cannot write a model
which would restrict its use. Therefore, It has to be general. But
when we do have data on parameters, then we can make changes in the
program. No computer program, as far as I am concerned, is ever
final. We are always updating this and our limitations here In this
internal program are that we cannot find the necessary parameters for
let's say most of the radionuclides as a function of age of the indi-
vidual. We have it for tritium, for cesium, for strontium, for Iodine.
When we get out of that small little group, then we have some Infor-
mation, but we have to fill In with conservative estimates or
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sometimes we fill In with the Standard Man values. But I'm sure
that as time goes on, we wi II get more and more nformati on so
that we will be able to calculate the age dependent dose for many
more radionuclides. This is our hope.
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