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POREWORD

This report has been prepared by Dr» B,G. Bennett, Environmental
Studies Division, US Department of Energy, Environmental Measurements
Laboratory, 3?6 Hudson Street, New York, New York 10014, United States
of America, who is now working at the Monitoring and Assessment Research
Centre, The Octagon Building, 459A Pulham Road, London StflO OOX, United
Kingdom»

Dr. Bennett wrote this report as a consultant to the IAEA following
a request by the Agency Secretariat» The report deals with technical
aspects - as the title indicates - of the environmental and biological
behaviour of plutonium and some other transuranic elements.

The report is principally addressed to health physicists and environ-
mentalists who are entrusted with studies of environmental impacts, and
of monitoring of plutonium in the environment,

The report, together with other related documents (some important
references are indicated in the text), should provide an adequate basis
for deriving sound conclusions concerning the health problems associated
with plutonium and some transuranic elements.

Any opinions expressed in the report are the responsibility of the
author and in no way should be necessarily taken as the Agency's policy.

The Scientific Secretary associated with this work is Dr. H. Daw from
the Radiological Section of the Division of Nuclear Safety.
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I INTRODUCTION

The dispersion of radioactive materials in the environment and
the evaluation of radiation doses have been thoroughly studied for
many years, leading to the development of comprehensive environmental

1 2transport models ' • The models are comprehensive both in terms of
numbers of pathways and of radionuclides jointly considered. The
effort required to encompass the mass of detail involved is considerable,
but computer codes are available to cope with the tables of parameters
and to carry out the generalized calculations . These comprehensive
models are being applied to radioactive releases from specific sources
and from collections of sources in large regional areas.

There is, nevertheless, the need to examine the behaviour of
individual radionuclides in the environment. Sometimes unique
pathways of exposure exist and more specialized methods of dose
estimation could be considered. In addition, there are occasions
when only approximate estimates of doses from a single radionuclide
are required. A simple method with representative parameter values
may be adequate for the purpose.

In this report, some formulas are presented for making such
preliminary estimates of environmental transfer and dose for the
radioisotopes of the element plutonium. Special attention is often
given to plutonium in considering the releases to the environment
of radioactive materials. The toxicity of the alpha emitting plu-
tonium isotopes is of concern, and their long half-lives lead to
persistence in the environment and long-term potential for exposing
man.

Plutonium may be released to the environment during normal
operation of nuclear installations, inadvertently through accidents,
or in controlled waste disposal operations. Exposure of man to
plutonium in the environment may occur by inhalation or ingestion.
Inhalation intake is normally the primary pathway to man for initially
airborne material. Plutonium is not readily taken up by plants or
absorbed through the gastrointestinal tract of animals or man.



Plutonium is generated in the fuel of nuclear reactors. It may
be recovered through fuel reprocessing and be used as recycle fuel
in thermal reactors or as primary fuel in fast breeder reactors. A
brief discussion of plutonium in the nuclear fuel cycle is presented
in Section II. Plutonium is released, if at all, in only trace amounts
from most nuclear installations. The largest releases from current
practices are in liquid effluents from fuel reprocessing plants.

In Section III, the occurrence of plutonium from weapons fallout
in the environment is discussed. It is important to be familiar with
the fallout plutonium background levels, since releases in the future
from nuclear installations or operations will be superimposed on this
background. Investigations of fallout plutonium, including measurements
in air, diet, and man, have provided relevant data regarding the
environmental behaviour of plutonium«

Procedures for estimating the transfer of plutonium through the
environment and the dose to man are presented in Sections IV and V.
The formulas given are uncomplicated and the values of parameters
are representative, intended to give initial indications of the con-
tributions to the dose from specific pathways. Since wide variations
are possible, careful judgement must be exercised in the application
of these formulas. Consideration of specific sites may require ad-
justment of the parameter values, and assessment of specific release
situations may require more detailed and thorough investigations of
local conditions and special pathways.



II PLUTONIUM IN THE NUCLEAR FUEL CYCLE

Plutonium is produced in thermal reactors and is introduced as
239fuel in fast breeder reactors» In the thermal reactors, Pu is

238formed in the fuel through neutron capture by Pu, followed by
tiv
239

239 239relatively rapid decays of 'D and Np. Generally more than half
the Pu undergoes fission, thus contributing to the energy produced
by the reactor. Successive neutron captures and beta decays form a
number of isotopes of plutonium, americium, and curium, as illustrated
in Figure 1.

Figure 1 Formation Scheme of Important Actinides
réf. [4]
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239As burnup of the fuel proceeds, the percentage of Pu in total
plutonium in the fuel declines as the proportionate amounts of 240Pu,
r\ ~)Q O>1 TPu, and Pu increase. The typical composition in spent fuel is
given in Table 1. The plutonium inventory in a 1000 MWe light water
reactor is about 510 kg, and a total of about 250 kg is removed per
year in spent fuel . In a fast breeder reactor of similar generating
capacity, the plutonium composition of the core plus blanket includes

O "iA 9/1 Tlower percentages of Pu and Pu (Table 1). The plutonium amount
in the breeder reactor discharged fuel is about eight times greater
than for the light water reactor, but the plutonium alpha plus beta
activity is only about four timea as great (Table 2).



Table 1 Isotopic Composition of Plutonium in Reactor Spent Fuel and
in Weapons Fallout (wt ̂

***
230Pu.
2 ̂9

24°Pu
241Pu
242Pu

LWR(U)1

IQ'4

2.4
58.4
24.0

11.3
3.9

FBR(Pu)1

1C'6

0.07
71.7
25.1
2.4
0.76

Fallout2

—

0.01
84.
15.
0.65
0.33

LWR(U): light water reactor fueled with uranium
FBR(PU): fast breeder reactor fueled with plutonium
1) ref: [31]
2) ref: [32]

Plutonium formed in the fuel of light water reactors may reach
the primary coolant through defects in the cladding. Coolant leakage
and subsequent liquid waste processing may provide a pathway for
release to the environment. Plutonium may be released in liquid
effluents or in airborne effluents following aerosol formation.

Plutonium is not usually detected in reactor effluents, although
239 239 5occasionally Np, a precursor of Pu, is reported . Efforts to

detect plutonium in biota near discharge areas for reactor effluents
showed that if plutonium is being released, it is not in sufficient
amounts to be detectable in the presence of background fallout plutonium

n 6levels .



Table 2 Plutonium in 1000 MWe Reactors

Maximum inventory (kg)
T)ischarged in spent fuel (kg/y)

12Activity in spent fuel (10 Bq)
236TPu
238

239
240

241

Pu
'Pu
Pu
Pu

242Pu
Total

510
260

LWR(PU)
2000
400

3300
2000

0.37
2900
340
500

122000

1.4
126000

0.44
6660
360
840

295000

8.9
303000

0.36
9770
3060
3700

525000
11

542000

LWR(U): light water reactor fueled with uranium
LWR(Pu): light water reactor fueled with plutonium
FBR(Pu): fast breeder reactor fueled with plutonium
1) reft.[4]

Plutonium is more likely present in effluents from fuel-reprocessing
plants. The fuel is dissolved in order to separate the reusable uranium
and plutonium from the accumulated fission products. The extent to
which plutonium discharge into waste-processing streams is prevented
depends on the release situation. Reported releases of plutonium and
other radionuclides from fuel reprocessing plants have been summarized
in the reports of UNSGEAR19



Ill PLUTONIUM IN WEAPONS FALLOUT

Atmospheric testing of nuclear weapons caused widespread dispersal
of plutonium throughout the world. An estimated 1.5 10 Bq of ' Pu

7 1 & Awas produced , of which approximately 1.2 10 Bq was globally dispersed .
The two isotopes are not differentiated by alpha spectrometry, however

239mass isotopic analyses have shown that 60% of the activity is Pu and
40^ is Pû . Smaller amounts of Pu, Pu, and Pu were also
produced through weapons testing. The differences in isotopic com-
positions of plutonium from reactors or other sources and fallout will
facilitate the resolution of plutonium due to a contaminating source

9-11from the global fallout background .

Most of the fallout plutonium was deposited in the northern _ohemisphere, with maximum deposition in the mid-latitudes (80 Bq m
average in the 40 to 50 N latitude band) . There was decreased dep-
osition in the equatorial region but a slight rise in the southern
hemisphere temperate region, peaking at about one-fifth of the northern

Q
hemisphere maximum . There are also more regional variations in the
accumulation of plutonium in soil, which depend on deposition patterns,
mostly related to rainfall.

Of the total amount of Pu globally dispersed (1 10 Bq) ,
6 10 ^Bq resulted from the burnup in April 1964 of the SNAP-9A satellite
power source, which failed to reach orbit . The Pu/ * Pu activity
ratio in soil changed from the 0.024 value characteristic of weapons
debris to higher values depending on latitude. Most of the SNAP debris
was deposited in the southern hemisphere.

241The beta decay of Pu is resulting in increased levels of
Am, an alpha emitter. The Am/ 'Pu activity ratio in soil9is currently about 0.25 and will eventually increase to 0.4 • Possible

differences from plutonium in the environmental behaviour of americium•37have been investigated and found to be largely of minor significance .

The depth distribution of plutonium in soil is similar to that
of Cs, both of which migrate downward more slowly than " Sr. Most
of the deposited plutonium (~ 80$) is in the top 5 cm, but measurable

12concentrations can be found down to 20 cm . Depth profiles at various
locations can be accounted for by assuming the downward migration rate

10



from the surface layer of the soil to be at least 10% per year per
.1
,14

centimeter . There are exceptional areas, however, particularly in
desert conditions, where much less penetration with time is observed

2 39 240The levels of ' Pu in surface air have been measured at
several locations. The measurements in New York since 1965 have been

90extended to the earlier fallout period by comparisons with Sr
measurements . The concentration in air at maximum in 1963 was
6.3 10 Bcr m . Integrated activity concentration from 1954 through

-4 -31975 in New York was 2.2 10 Bq y m . Prom the resultant deposition
239 240 —2of ' Pu in soil in the same area, 96 Bq m , one infers a deposition

velocity, V-, of

v 96 Bq m"2 ly . , ._-2 -1V = '—^ -^ "-7T— = 1.4 10 m s
2.2 10 ^ Bq y m •> 3.15 10' s

reflecting both wet and dry deposition processes. Assuming fractional
interception and capture by foliage of 0.2, this corresponds to a_]_deposition velocity onto vegetation of 0.3 cms .

The concentrations of fallout plutonium in diet have been deter-
mined from samplings conducted in New York in 1972 and 1974 • The
highest plutonium concentrations were found in shellfish, followed by
grain products and fresh fruits and vegetables. Lower concentrations
were found in meats, eggs, peeled potatoes, and canned or processed
foods. There was little change in concentrations from 1972 to 1974.
Total ingestion intake of fallout plutonium was estimated to be
0.06 + 0.01 Bq y"1.

Uptake by plants of plutonium in soil has been reported from
various studies to be on the order of 10 to 10 Bq/kg (wet wt) per
Bq/kg (dry soil) ' . Prom the total diet studies mentioned above ,
total plant derived food items contributed 0.04 Bq y~ . The estimated_i
consumption is 314 kg y , corresponding to a concentration of

—4 —l1.2 10 Bq kg . Assuming this concentration results from deposition_2in soil of 96 Bq m distributed to a depth of 20 cm with a dry density
of 1.4 S cm , the equivalent plant uptake factor (ratio of concentration
in fresh vegetation to that in dry soil) is 3 10 •

11



IV ENVIRONMENTAL TRANSPORT

Following release from a nuclear installation or operation,
radioactive material is dispersed in the atmosphere or in the waters
which it enters. The physical transport of the radioactive participates
does not depend upon the radionuclide, and the general estimation pro-
cedures may be applied to determine the concentrations at various dis-
tances from the release point. Information required includes release
rate and duration, release height, wind speed, atmospheric stability,
nature of the surrounding terrain and rainfall during dispersion for
an atmospheric release. If release is to water, it would be necessary
to know the volume and flow rate of the receiving waters and the pot-
ential for sedimentation removal.

The estimation procedures in this report represent quite gen-
eralized methods of assessment using long-term average values of
parameters, appropriate for the low level but longer duration releases
during normal operations. For shorter-term releases, much more
specific conditions might have to be considered, and undoubtedly
field measurement would be required to determine the concentration
pattern in the environment.

In evaluating the radiation exposure caused by release of
plutonium in airborne or liquid effluents, all exposure pathways
must be considered. Figure 2 shows a typical scheme of potential
pathways.

effluent

air

water

man

Figure 2 Environmental Plutonium Pathways to Man
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Radionuclides in air may be deposited on soil, water, and plants
by dry or wet deposition processes. Radionuclides in surface soil or
shoreline sediments may be transferred to air by resuspension. Radio-
nuclides in water may be transferred to aquatic plants and animals and
to sediments or to terrestrial plants and soil by irrigation. Transfer
to animals is by inhalation of air and ingestion of water, plants, soil,
and sediments. Transfer to man is by inhalation of air and ingestion
of drinking water, edible plant portions, and animal products such as
meat and milk.

A. Airborne Releases
1. Concentration in Air

Calculation of the dispersion of radioactive material in airborne
releases can be accomplished using the generally applicable methods,

1 2for example Gaussian dispersion with the Pasquill parameters * .
Results of such calculations are summarized in expressions of the
dispersion factor, 'Y/Q, which relates air concentrations to the
release rate. The value of the dispersion factor depends on the
stack or release height, wind speed, and the meteorological and
topographical conditions. For air concentrations in Bq m and

—1 —3release rate in Bq s , the units of the dispersion factor are an .

The estimated concentration of radioactive material in air for
a specific release rate is obtained from the following expression:

C (x) = ooncentration in air at distance x from stack
(Bq m"3)

n(x) = dispersion factor appropriate to release conditions** -\

Q = release rate of radioactive material (Bq s )

Figure 3 shows typical values for the long-term average dispersion
factor at a representative site for distances up to 100 km from the
release point for various stack heights. The concentration in air
däereases inversely approximately as the 1.4 power of the distance

13



due to dispersion. Accounting for depletion of the plume by deposition
changes the dependence slightly; the 1.5 power of the distance could be
considered approximately valid.

10s

source distance x (m)

Figure 3 Long-term diffusion factors for various release heights,
based on Pasquill*s diffusion parameters and the
meteorological frequency distributions measured in the
main wind direction (30° sectors) at a representative
site in Europe_______________________________

réf. [38]
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12 -lAs an example, for a release rate of 10 Bq y , using the
long-term dispersion factor of 10 s/m for a 40 m stack, the

_2 _7average concentration in air at 1 km distance is 3 10 Bq m .
At greater distances, accounting for dispersion and plume depletion,
the air concentration decreases approximately as

|(x) .V
The average dispersion factor for a region, such as from 1 to 100 km
from the stack, is determined as follows:

_,p '
A _ -q* - io V * ———— = 4 1 0- u *

12 -1Thus, the average air concentration in that region for the 10 Bq y
release rate is

— 12 / -Q ^ Iv -A 7 -3Ca = 10 Bq/y 4 10 7 am"3 ————=•*=———— = 1 x 10 4 lia*"
3.15 10' S

A useful expression is the integral concentration in air, which for
this example is 1 x 10 Bq y m per Bq released.

The local situation should te evaluated quite carefully to
determine the dispersion factor appropriate for the specific conditions
of the release. For the formulas which follow it will be assumed
the concentration in air is suitably estimated or measured at the
point of interest.

2. T)eposition Rate
Deposition of radioactive material in air occurs by wet and

dry removal processes. Dry deposition is usually most significant
in the local region of a release. The contribution from wet
deposition by rain-out and wash-out of radionuclides in air depends
on precipitation duration and amounts.

Estimates of deposition rates are most easily obtained using
the deposition velocity, which is the ratio of cumulative deposition

15



to integral concentration in air. The following formula is then

used to obtain the deposition rate:

F(x) = c (x) V.
3t 0

—P —lF(X) = deposition rate at distance x (Bq my)
C (x) = concentration in air at distance x (Bq m )
V = deposition velocity (my )

For a specific site it would be most useful to determine ex-
perimentally the average deposition factor which accounts for both
wet and dry processes. A long-term average deposition velocity of

—2 —11.4 10 m s was inferred from depos]
aerosols [Section III of this report].

—2 —11.4 10 m s was inferred from deposition of fallout plutonium

For an air concentration of l Bq m , the deposition rate is

p(x) = ! M 1.4 icT2 2. 3'1? 10* = 4 105 Bq m~2 y"1
m s y

5 -2The integral expression for cumulative deposition is 4 10 Bq m
per Bq y m .

3. Resuspension

Winds may cause particles on the soil surface to be resuspended
into the air. The simplest formulation for estimating the effect is

by use of the resuspension factor, K. The following formula applies
tV\e

for the additional contribution to^concentration of the radioactive
material in air due to resuspension:

C = K C
Sl

C = concentration in air due to re suspension (Bq m )
-2G = concentration in top 1 cm of soil (Bq m )

sl -1
K « resuspension factor (m )

For larger areas of contamination, a representative long-term
average value of the resuspension factor applied to activity in the

-9 -11^top 1 cm of soil is 10 ' m . It would be useful to determine the
dust loading in air at specific sites. The value given here for the
resuspension factor should be adjusted if the soil dust level is
significantly different from about 50 |ig m~ . Of course, other

16



factors should also be considered if a specific local situation
is "being considered, such as the form of released material, the

soil and weather conditions and vegetative cover.

If one assumes that the amount of radioactive material deposited

on the soil surface decreases only by radioactive decay, a very

long-lived emitter would begin to make a significant contribution
to the integral air concentration. For example, resuspension of
239Pu could increase the integral air concentration by a factor of
15 over the period of its mean life:

1 ££-£ 1.4 10~2 2L 3.15 107 - 10"9 - 1.44 x 24100 y =
m3 s y m

15
Assuming no removal of surface activity, however, is inconsistent
with the fact that with time there is downward movement of plutonium
in soil. With 10 per cent per year removal rate from the top 1 cm
of soil, as observed for fallout plutonium , the integral con-
centration in air is increased by less than 0.5 per cent by resus-
pension:

! »LZ U4 1Q-2 m 3>15 1{J7 s 1Q-9 1
m3 s y m

4. Transfer to Plants
a. Foliar contamination

The concentration of radioactivity in plants due to deposition
onto plant surfaces can be estimated with the following formula:

F Fi - e" V'] r f

C = concentration in vegetation (Bq kg )
—2 —1F = deposition rate (Bq my)

[l - e ] = build-up of activity on plants
/N _1
e(x = effective removal constant (y )
t = vegetation exposure period (y)
r = foliar interception and capture fraction
f - reduction factor due to washing, if leaves are ingested,

or due to translocation, if seeds or fruit are ingested
_pY = agricultural yield (kg m )

17



Some of these factors vary with the type of vegetation.
Representative values are:

Q
Y = 2 kg (wet wt) m [crops]

Q
= 0.75 kg m [pasture grass]

t = 60 d [crops]
= 30 d [pasture grass]

^> /Y = *n /14 d [for radionuclides with radioactive
e\i decay half-lives >> U d]

r = 0.2
f =0.1 [leafy vegetables]

= 10 [root vegetables, fruits, grain]
= 1.0 [pasture grass]

Useful reviews of these and other parameters of terrestrial
pathways models including discussion of the range and variability
of values, have recently been published .

Using the above values and unit deposition (l Bq m ), foliar
contamination results in integral concentrations of

5 10 Bq y kg~ [leafy vegetables]
—Pi ~\5 10 Bq y kg [root vegetables, fruits, grain]
9 T1 10 Bq y kg [pasture grass]

b. Root uptake
The following formula can be used for estimating the concentration

of radioactivity in vegetation due to uptake from soil:

G = T Gv v s
G = concentration in vegetation (Bq kg )
C = concentration in soil (Bq kg )S

T = soil to plant transfer factor (Bq kg wet wt.veg.
per Bq kg" dry wt.soil)

The deposited activity in soil can be assumed distributed
uniformly to a depth of 20 cm. The build-up of activity in soil

18



for a continuous emission rate during the time t is5

'X = physical decay plus removal constant for radioactivity
in soil (y~ )

"t " activity "build-up period (y) _ p
P - surface density of soil to 20 cm depth (kg m )

For a soil density of 1.4 g cm , the surface density, P,
— P "^ Lis 280 kg m . The factor (l - e )/J\_ is approximately equal

to t for very long-lived radionuclides with no removal other thanS
radioactive decay. For example, one may wish to estimate root
uptake following 30 years of operation of a nuclear installation.

Using a value of 3 10 for the soil to plant transfer factor, the

concentration in vegetation due to root uptake following 30 years
—2 — 1build-up of activity in soil with a deposition rate of 1 Bq m y

is 3 10~5 Bq kg"1.

The integral transfer to plants from an accumulated deposit in
soil depends on the rate of removal of activity from uptake availability.
For removal only by radioactive decay, the factor (l - e )A
becomes the radioactive mean life. For plutonium isotopes with mean
lives of tens of thousands of years, the integral transfer to plants
can become quite large. In addition to decay, removal mechanisms
include movement to depths beyond the rooting zone, removal with
harvested crops, and physical or chemical binding with soil particles.

90 137For the longer lived fallout fission products, Sr and Gs, for
which data are available, the rates of becoming unavailable for root
uptake are several percent per year for most foods in addition to

19radioactive decay . Until additional information becomes available,
it will be assumed that plutonium in soil is lost at the rate of
-g°£ per year. This gives a mean time for root uptake of 200 years.
Integral transfer to plants by root uptake is thus estimated to
be 2 10 Bq y kg per Bq m accumulated deposit.

5. Transfer to Milk
The pathways to be considered in the transfer of airborne

radioactive material to milk include ingestion of pasture grass,
inadvertant ingestion of soil, and inhalation. Representative

19



parameters are given for the dairy cow. Some adjustments of

parameter values would be needed if other animals must be considered.

a. Ingestion of pasture gras s

The contribution to the concentration of radionuclides in milk

due to ingestion of pasture grass by the animal is estimated with

the formula:

, , G I T
m = v v m

m

Gm = concentration in milk (Bq fc )

C = concentration in pasture grass (Bq kg )
—1I = ingestion rate of pasture grass by the animal (kg d )

Tm = fractional transfer of ingested activity to milk

m a rate of milk production (£ d )

If the animal receives supplemental feed of different concen-
trations than in pasture grass, it will be necessary to apportion
the intake accordingly. Representative values of the parameters
for dairy cows are:

Iv - 50 kg d"1

m = 10 £ d"1

= 2 10 (plutonium)

Integral transfer to milk is estimated to be 1 10 Bq y jl per
_T

y kg in pasture grass.

"k* Ingestion of soil
Accidental ingestion of soil by the animal as it forages may

make a minor contribution to the radionuclide ingestion intake,
particularly if the grass is sparce. The formula for estimating
this effect is:

G I T

m

G = concentration in surface soil (Bq kg )S
Ig = ingestion rate of soil by the animal

20



The ingestion rate of soil is uncertain. It depends on pasture
conditions and may range from 1 to 1CK of the dry matter intake by
the cow . An approxim;
an example calculation.
the cow . An approximate value of 200 g d is assumed here for

It will be assumed again, as observed for fallout plutonium in
surface soil, that activity is lost from the surface 1 cm layer at
the rate of at least 10$ per year. The integral soil concentration

_2available to the animal from l Bq m accumulated deposit is, thus:
-2 1l Bq m 10 y____________________ = 0.7 Bq y kg
—3 4 2 —2 — 3 —11.4 g cm ' 1 cm 10 cm m 10 kg g

The integral transfer to milk from soil ingestion is, thus,
—8 n—l —23 10 Bq y t per Bq m deposit.

c. Inhalation

Although inhalation by the animal of activity in air and sub-
sequent transfer to milk is not normally an important pathway, if
representative parameters are available, it can be considered.
The following formula can be used:

P G I T .m = a a m.i
m

C = concentration in air (Bq m )

- inhalation rate by the animal (m d )
ss fractional transfer of inhaled activity to milkm

The inhalation rate for the dairy cow is assumed to be 110 m d .
The value of T .is taken to be 2.4 10 from estimated transfer ofm,i -J7
plutonium from lungs to blood of 0.12 and from blood to milk of 0.002.
Integral transfer to milk is, thus, 3 10 Bq y A per Bq y m in air.

d.
The contributions to integral transfer of plutonium to milk from

the three pathways can be compared by beginning with unit concentration

21



of plutonium in air:

i Ingestion of pasture grass:

1 Bq y m~3 4 105 B-2-2— ]_ 10~2 B9 y_^ 1 10~5 Bg y ̂  ̂
Bq y m Bq m Bq y kg

(air) (to deposition) (to grass) (to milk)

= 4 10"2 Bq y
(milk)

ii Ingestion of soil:
c -D -2 a -D 0-1

n -o ~3 /i T r\J -D'3 m -v T n"® -fQf ̂  * i -, —21 Bq y m 4 10^ -^———_ 3 10 -2~~ ~ l 10 Bcf y

Bq y m Bq m

(air) (to deposition) (to milk) (milk)

iii Inhalation;

1 Bq y m"3 3 10~3 Bq y _3 = 3 10~3 Bq y.
(milk)

(air) (to milk) (milk)

Total 5 10~2 Bq y

Most of the transfer (8cK with the representative parameter
values used here) comes from ingestion of pasture grass.

6. Transfer to Meat

The transfer to meat is by the same pathways as those for transfer
to milk. The formulas are of the same form. Parameter values are
suggested for estimating transfer to beef and to liver.

a. Ingestion of pasture gras s
The contribution to the concentration of radioactivity in meat

from ingestion of pasture grass by the animal is estimated by the
following formula:

mb

22



G, = concentration in meat (Bq kg )
T-JJ = fractional transfer of ingested activity to meat
m"b = rate of meat production (kg d )

Apportionment of ingestion intake is again necessary if the
animal receives supplemental feed. It will be assumed that the cow
grazes for one year and is then slaughtered to provide 300 kg of
beef (m (beef) = 300 kg y~ )t and 9.5 kg of liver (m (liver) =

l C R 1 &
9.5 kg y~ ). Values of T, are 2 lO"0 (beef) and 3.5 10 (liver) .

Integral transfer to meat from 1 Bq y kg in pasture grass is,
thus, estimated to be:

1 10~3 Bq y kg"1 (beef)
7 10~2 Bq y kg"1 (liver)

b. Ingestion of soil
The formula for estimating the contribution to the concentration

in meat from this pathway is:

n G I T ,Gb = s s b
mb

The parameters have been defined previously. As for the dairy cow
-1 -2 -1G =* 0.7 Bq y kg per Bq y m deposition and I = 0.2 kg d .S S

Integral transfer to meat per unit activity deposited (l Bq m )

by this pathway is:

3 10~6 Bq y kg"1 (beef)

2 10~4 Bq y kg"1 (liver)

c. Inhalation
The contribution to concentration in meat from inhalation of

radioactivity in air is estimated by the formula:

0 C I Tv .b = a a b.i

T, . = fractional transfer of inhaled activity to meatD, i

The inhalation rate is assumed to be 110 m d~ . The values of
T^ ^ are taJken to be 2.4 10 for beef and 4.2 10~3 for liver

23



from estimated transfer from lungs to blood of 0.12, from blood to
-i Q

muscle of 0.02, and from blood to liver of 0.035. Integral
transfer to meat per unit integral concentration in air (1 Bq y m )
is:

-10.3 Bq y kg'"1 (beef)
-120 Bq y kg" (liver)

d. Total
The contributions to integral transfer of plutonium to meat

from the three pathways from unit concentration of plutonium in
air are summarized below:

i Ingestion of pasture grass:

1 Bq y m"3 4 105 Bq m"2 1 10~2 Bq y kg"1 1 10~3 Bq y kg"1
Bq y m-3

(air)

= 4 Bq y kg" (beef)

-I300 Bq y kg" (liver)

Bq m
(to deposition) (to grass)
-1

-1Bq y kg
(to beef)

7 10~2 Bq y kg"1
Bq y kg

(to liver)

-1

ii Ingestion of soil:
-2

1 Bq y m"3 4 105
-l

(air)
Bq y m Bq m

(to soil) (to beef)

Bq (beef)

-1

iii Inhalation:
-l

"
1 Bq y m J 0.3 **-

(air) B(T y m

(to beef)

20 Bq y kg"1
Bq y m
(to liver)

o n r»~4 Bq y kg ,-!,,. N2 10 n "_2a— r 80 Bq y kg (liver)
Bq m

(to liver)

= 0.3 Bq y kg"1 (beef)

= 20 Bq y kg"1 (liver)

Total

24
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For transfer to both beef and liver, ingestion of pasture grass is
the predominant pathway.

B. Liquid Releases
1. Concentration in Water

Calculation of the dispersion of radioactive materials released
in liquid effluents to water bodies requires estimates of the water
receiving volume, depth, and flow rate or renewal time. Attempts to

19 1generalize the situation have been presented ' . For estimates here
it will be assumed that the flow rate of water into which the radio-
active material is discharged is known and that potential sedimentation
removal is accounted for. The following formula can then be used to
estimate the concentrations in water:

P O-3.w = W

GW = concentration in water (Bq ß, )
Q = release rate of activity (Bq s~ )
s = sediment removal factor
W = flow rate of receiving water (is )

Alternatively, the factor W can be interpreted as the receiving
water volume V(£) multiplied by the renewal rate T (y )• The renewal
rate is the inverse of the turnover time of the receiving water.

The formula for the concentration in water may be corrected for
incomplete mixing depending on the flow velocity and distance. Physical
decay during transit will be insignificant for plutonium isotopes.
Correction for removal of radioactivity from water to sediments depends

20on the flow rate and depth . It becomes less important for faster
moving waters or waters of great depth. Some consideration will also
have to be given to the method of introducing the effluent into the
receiving waters, i.e., near the bottom or at the surface. Since
sedimentation is important for plutonium isotopes, the local situation
should be closely regarded. Depending on the type of sediments, there
may be mechanisms which may eventually cause resuspension of sediments
back into the water. In the formulas that follow, it will be assumed
that the concentration in water is suitably estimated or measured at
the point of interest.
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2. Transfer to Drinking Water

Drinking water may be obtained directly from the water body and
account need only be taken of removal of radioactivity during treat-
ment. The following formula applies:

Cdw = Cw S

C, = concentration in drinking water (Bq ß )
C = concentration in water before treatment (Bq £ )W
S = treatment reduction factor

Treatment of drinking water by settling or filtration is generally
effective in removing particulate radioactivity. A reduction factor,
S, of 0.1 after treatment has been measured for several radionuclides

19 21 22and should be applicable to plutonium '' ' . The integral transfer
is thus 0.1 Bq y t in drinking water per Bq y £ in water.

3. Transfer to Fish
The simplest method for estimating transfer of radionuclides

from water to fish is by using a transfer factor relationship. It
would be necessary to know that a nearly equilibrium situation
applies. The formula is:

Gf = C T.f w f

G» = concentration in fish (Bq kg )
—l n —lT„ a transfer factor from water to fish (Bq kg per Bq $ )

Representative values for the transfer factors for plutonium
are:

Freshwater:

Salt water:

Tf =Tf =Tf =
10

3
300

(fish)

(fish)

(shellfish)

Integral transfer to fish from unit integral concentration in water
(1 Bq y a"1) are:

10 Bq y kg" (freshwater fish)
3 Bq y kg" (marine fish)

300 Bq y kg"1 (shellfish)
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4. Transfer to Plants by Irrigation
The deposition rate onto farm land from radionuclides in irrigation

water is given by the formula:

F = G Rw
—2 —lF - deposition rate onto soil (Bq m y )

G = concentration in irrigation water (Bq Ê )
R • • +• + fb -2 Ql\K = irrigation rate (y. m y )

The concentration in vegetation may then be estimated using the

same methods as for airborne deposition onto vegetation. If sprinkler

irrigation is used, the initial retention of deposited activity on
vegetation can be assumed to be 0.2.

5. Transfer to Milk

Ingestion of drinking water by dairy cows may be a pathway

of transfer of radionuclides to milk. The formula for estimating
the contribution to the concentration in milk is:

G I TC = w w m

m
G = concentration in milk (Bqjt )
C at concentration in cow's drinking water (Bq L )

•™"1I - drinking rate of cow (0 d )w
m = rate of milk production by cow

The water consumption rate by dairy cows can be assumed to be
about 60 £ d . The transfer factor for plutonium is taken to be

—6 rt — 12 10 and milk production 10 H d . Integral transfer to milk of

plutonium in water (l Bq yjt ) is thus estimated to be 1 10 Bq y H ,

6. Transfer to Meat

Ingestion of drinking water by the animal may also contribute

to the radionuclide content in meat. The formula is:

Cb = °w T" T*>
mb

C, = concentration in meat (Bq kg" )
T^ = fractional transfer of ingested activity to meat
m, = rate of meat production (kg d~ )
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The values of T, and m, are the same as for transfer of activity inD D
pasture grass to meat. Drinking water intake "by the beef cow is
assumed to be 50 li d . Integral transfer of plutonium to meat from
water (l Bq y £ ) is estimated to be:

1 10~3 Bq y kg"1 (beef)
7 10~2 Bq y kg"1 (liver)
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V TiOSÏÏ TO MAN

The dose to man from plirtonium in the environment depends on the
inhalation and ingestion intake amounts and the distribution and
retention times in the "body organs. The guidance of the IGRP can be
relied upon as the basis for the dosimetry .

A. Intake Rates
The inhalation and ingestion intake rates, for which specific

pathways have been considered, are listed in Table 3« These are the
values for reference man . Considerable variations could apply to
specific individuals in particular populations.

Table 3 Inhalation and Ingestion Intake Rates*

Inhalation (22 nr'/ô) 8030 m3/
""""""""""""""̂™""" «7

Ingestion
Leafy vegetables 30 kg/y

Root veg, fruits, grains 240

Milk (.3 t/d) 110
Beef 50

Liver 4.6
Fish-freshwater 2

marine 6

Shellfish 1
•Drinking Water (1.2 i/d) 438

* Values for reference man or average consumption for Europe and
the US. [33]

B. Metabolism

The IGRP Task Group lung model is the basis for determining the?/:
disposition of inhaled plutonium . The lung is divided into the naso-
pharengeal, tracheobronchial and pulmonary regions. Transfer parameters
from the lung are classified as T), W, or Y for initial retention of
the inhaled aerosol on the order of days, weeks, or years (Table 4)»
For plutonium, soluble compounds (plutonium nitrate, chloride, sulphite,
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citrate) are assumed to be of type W and insoluble compounds (plutonium
dioxide) as type Y.

Particles deposited in the nasopharengeal and tracheobronchial
regions are cleared rapidly and primarily to the gastrointestinal tract.
One component (40̂ ) of the deposit in the pulmonary region is cleared
to the gastrointestinal tract with a 1 day half-time. The remaining
deposit (60̂ ) is cleared with assumed half-times of 50 days for Class W
and 500 days for Glass Y particles. Twenty percent of the pulmonary
deposit is transferred to blood, either directly or through the lymph
system. Some permanent retention in the lymph glands is assumed for
Glass Y particles, specifically 10^ of the amount passing through the
lymph system. The lung model parameters are summarized in Table 4»

It is assumed that activity in blood is transferred in equal
amounts (45̂ > each) to bone and liver. The removal half-time from
bone is taken to be 100 years and that from liver 40 years . The
remaining 10°̂  of activity in blood is distributed to soft tissues
and excreted. For dose calculations, the ICRP assumes that a small
fractional amount is translocated and permanently retained in gonads
(3.5 10 for males and 1.1 10 for females)^ . The remainder of
plutonium in blood is assumed to be directly excreted.

Regional deposition in the lung depends on the particle size
(Table 5)» A typical size of ambient aerosol in the atmosphere to
which the fallout plutonium radioactivity becomes attached is 0.4 V"1»
One micrometer is also a size considered typical of general exposure
situations and is often used in model calculations. For the 1 ym
average particle size, deposition in the pulmonary region is about
Since 6ofo of the pulmonary deposition is retained for a longer term,
about 15^ of the inhalation intake contributes to the initial lung
burden. The lung model transfer parameters indicate that about 5^> of
the intake reaches the bloodstream (Glass Y) and with the subsequent
distribution to the bone and liver, 2% of the inhalation intake can be
expected to be found in each of these organs. For soluble compounds
the estimates are 12$ of the intake reaching blood with 5^ expected
in bone and in liver.
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For dose calculations, the ICRP assumes that the fractional
amount of plutonium crossing the gut to blood is 10 for Class W
compounds and 10"-3 for Class Y compounds . Subsequent distribution
from blood to organ and organ retention are as mentioned above. There
is insufficient knowledge to give an age dependence for these factors.

Table 4 Parameters for the ICRP Task Group Lung Model24

Region

N-P

T-B

P

L

Pathwa>

(a)
(b)

(c)
(d)

(e)
(f)
(g)
(h)

(0

Compound class

(D)

0.01 d/0.5
0.01 d/0.5

0.01 d/0.95
0.2 d/0.05

0.5 d/0.8

0 5 d/0.2

0.5 d/l 0

(W)

O.Old/0.1
0.4 d/0.9

0.01 d/0.5
0.2 d/0.5

50d/0.15
1 d/04

50 d, 0.4
50 d/0 05

50 d/ 1.0

(Y)

0.01 d/0.01
0.4 d/0.99

0.01 d/0.01
0.2 d/0.99

500 d/0.05
I d/0.4

500 d/0.4
500 d/0. 15

1000 d/0 9

B

L
0
O
D ——

1 <'> '
n

ta) Nasopharynx
Region (N P)

'c> Troxheo - Broncn«!
Region (T-B) ( —

1
* Pulmonary '

(h) Region (PJ

1
Lymph
odes(L)

(b) c

1

(d) 1
—— (f) __ I ;

(g) c
i

;

t The first value listed is the biological half-life; the second is the regional
fraction.

2 f 9*7
Table 5 Regional Lung Deposition Fractions '

Particle Size Nasopharyngeal Tracheobronchial Pulmonary
(urn) (N-P cavity)

0.05 o.
0.10 0.
0.30 0.
0.50 o.
0.70 0.
1.0 0.
3.0 0.
5.0 0.
7.0 0.

002 0,

01 0,
07 0,
14 0,
21 0,
30 0,
64 0,
77 0,
84 0,

(T-B) region) (P) region)

08
08
08
08
08
08
08
08
08

0.59
0.50
0.36
0.30
0.26
0.23
0.13
0.10
0.08
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G. Dosimetry
The absorbed dose rate per unit activity in tissue is given

by the formula:

V = 1.6 IQ"10 Sq m

D = absorbed dose rate (Gy s )

er = activity in tissue (Bq)

1.6 IQ'10
 = 1.6 IQ'13 J£iie 1 âifSl- 1 -SZ———- 103 f

MeV Ba joule kg'1 k£
E = effective energy per disintegration (MeV dis )
m mass of tissue (g)

When this formula is multiplied by the quality factor, Q, and by
N, the product of other modifying factors (H = 1 assumed by IGRP),
the dose equivalent, H, is obtained. It may also be necessary to
account for the absorbed fraction, AF, which is the incomplete
absorption of energy in the target organ, such as bone surfaces
and red marrow when bone is the source organ. The IGRP makes use
of the following formula :

SEE = Zf-2.

SEE = specific effective energy (MeV g dis )
AF = absorbed fraction in target organ
® = quality factor (20 for alpha particles)

The activity in tissue is some fraction, f, of the intake amount, I;

q = fl

Thus, the dose equivalent rate per unit intake is:

H/j = 1.6 10~10 f SEE

• _i
H = dose equivalent rate (Sv s~ )
I = intake amount of activity (Bq)
f = fractional transfer to source organ
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The ICRP presents estimates of the dose equivalent for 50 years
23after the intake « For retention expressed as a single exponential

component, the integral of the time dependence is:
.50

_T
"X r effective elimination constant (y )

T „_ z effective half-time in tissue (y)

The committed dose equivalent per unit intake is, thus:

H^= 1.6 10"10 f SEE 1.44Teff [1 - e~50/l] 3.15 107

7
where 3» 15 10 is "the number of seconds per year

Some parameters of this formula can be combined into an expression
of the number of disintegrations (transformations) occurring in the

source organ in the 50 year period. That is:

U = f I 1.44T [1 - e"5°X] 3.15 107
eff

U = transformations over 50 y in source organ

The ICRP gives values of this expression per unit intake of activity:
O T

U/I. The committed dose equivalent per unit intake is then:

= 1.6 10"10 SEE

For illustration, calculations of the committed dose equivalent
239per unit intake of Pu by ingestion and inhalation are given below.

Some values of parameters for the calculations are listed in Table 6.
By understanding the procedures of the calculations, one is in better
position to make adjustments if necessary, such as in the exposure
period or other parameters. The doses per unit intake of other isotopes

23of plutonium and of other radionuclides are given in the ICRP reports .
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239Table 6 Parameters for Dose Calculations for Pu

Organ

Lungs
Liver
Gonads
(male)
Bone surfaces
Red marrow

Mass
(g)

1000
1800
35

120
1500

Teff
(y)
(a)
40
UO

(*)
(b)

AP

1
1
1

0.25
0.5

SEE
(MeV g"1 dis'1)

0.105
0.058
3.0

0.22
0.035

(a) Table 4
(b) 100 y in bone

The formulas to be evaluated are:

u/T = -f I [i - e- 3.15

= 1.6 10~10 SEE

Given below are the values to be substituted in these equations.
The transfer from intake to blood is indicated by f, in each case.
For ingestion the values of f 1 <*<$ 10~4 (Glass W) and 10~5 (Class Y)̂ C

For inhalation the following formula is used:

f — T) p1 4-D F - f D ^ F ^ - F a F )l "M—P a T—"R r» ~ ^ p n i ̂-*• -L» 1^ A I J J v O C l\ •*•

The deposition fractions in the lung compartment used by the IGRP
for the 1 ]m aerosol are DN_? = 0.3, DT_B = 0.08, and D = 0.25.
The values of F , the transfer fractions, can be found in Table 4.
Indirect transfer to blood from the lungs via the GI tract is
negligible.

Ingestion
(Class W, f, s 10~4)
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H r

Liver
Bone surfaces
Red marrow
Gonads (male)

Inhalation

(Class W,

Lungs

Liver
Bone surfaces
Red marrow
Gonads (male)

(Glass Y,

Lungs

Liver
Bone surfaces
Red marrow

0.45 f.•*•
0.45 fl
0.45 x 0.5 fx*
3.5 10"4 fj_

fj_ = 0.12)

f

0.6 T>P
0.4 T)P0.05 Dp

0.45 fl
0.45 f1
0.45 0.5 fj*
3.5 10"4 fj

fx = 0.05)

0.6 DP0.15 0.9 TÎ
0.15 0.1 T)

0.45 fj
0.45 fx
0.45 0.5 f *

40 y
100 y
100 y
**

Teff
50 d
1 d
50 d
Total
40 y
100 y
100 y
**

500 d
1000 d
**

Total
40 y
100 y
100 y

4.7 IO4«
6.0 IO4
3.0 IO4
5.5 io1

I (dis Bq )

.93 IO6/-
0.01 10
0.08 io6
1.0 10 ***

5.7 io7
7.2 IO7
3.6 IO7
6.6 IO4

0.93 IO7
0.42 IO7
0.59 io7
1.9 io7***
2.3 IO7
2.9 IO7
1.4 IO7

4.4 10"7
2.1 IO-6
1.6 10"7
2.6 10

X (Sv Bcf1)

1.7 10"5

5.3 10"4
2.5 io~3
2.0 10"4
3.2 10"5

3.2 10~4

2.1 10~4
1.0 10"3
7.6 10~5

Gonads (male) 3.5 10"4 f. 2.7 IO 1.2 10-5

to trabecular bone
I[i _ e-50X] = 50 y

*** negligible contributions from other transfers

**
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The above calculations were simplified by the fact that radio-
active decay could be ignored. A summary of results is given in
Table 7» Also given are the weighted dose equivalents, which account
for the varying incidence of effects (fatal cancers and hereditary
effects) from irradiation of the various organs. The weighting
factors are those suggested by the ICRP.

D. Dose from Plutonium in Air

The dose to man from intake of plutonium by the various transfer
pathways is determined from the estimates of intake rates and the dose
factors discussed above. For plutonium in air, the pathways leading
to inhalation and ingestion intake are considered.

1. Inhalation
The general formula used to determine the doses from inhalation

intake of radionuclides is

TV = C I. G,h a h h

D, = dose equivalent due to inhalation ( Sv)
C = intégral concentration in air (Bq y m )
I. = inhalation rate ( m y )
G, = dose equivalent per unit inhalation intake ( Sv Bq )

The concentration in air should refer to the respirable fraction only.
For long range dispersion, the particles are largely of respirable

28size (85$ for fallout plutonium). In localized areas where re-
suspension is important, the respirable fraction could be somewhat

29less (25̂ 1 for example, in a specific case).

The dose equivalent commitments from unit integral concentration
of "PU in air via the inhalation pathway are listed in Table 8.

2. Ingestion

The pathways which follow from radioactive material in air
and which contribute to the ingestion dose are consumption of leafy
vegetables, root vegetables, milk, beef, and liver. The following
formula is applied:
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Table 7 Committed Dose Equivalent per Unit Intake of 239Pu

Organ

Weighted dose equivalentDose-equivalent
[Sv Bq"1]

Weighting Ingestion Inhalation Ingestion Inhalation
factor Glass W Glass Y Class W Class Y Class W Class Y Class W Class Y

[Sv Bq"1]

Gonads
Lungs
Red marrow

0.25
0.12
0.12

Bone surfaces 0.03
Liver 0.06

2.6 Kf8 2.6 10 9 3.2 10 5 1.2 10~5 6.6 10"~9 6.6 10~107.9 10~6 3.0 10"6

1.7 10~5 3.2 10~4 - - 2.0 10~6 3.9 10~5

1.6 Kf7 1.6 10"8 2.0 10~4 7.6 10~5 2.0 10 2.0 10~9 2.4 10~5 9.1 10"6

2.1 10~6 2.1 10~7 2.5 Kf3 1.0 10~3 6.2 10"8 6.2 10~9 7.4 10~5 2.9 10~5

4.4 10~7 4.4 Kf8 5.3 10~4 2.1 10~4 2.7 10"8 2.7 10"9 3.2 10"5 1.2 10~5

Total 1.1 10""7 1.1 10~8 1.4 10~4 9.2 10~5

Ref: [23]



ck
D = dose equivalent due to ingestion (Sv)
s _iC^. = integral concentration in food k (Bq y kg )
Ik = intake rate of food k (kg y" )

= dose equivalent per unit ingestion intake (Sv Bq~ )

values of the parameters have been discussed previously. As
an example of results of this calculation, the dose equivalent com-

239mitments from unit integral concentration of Pu in air via the
ingestion pathway are listed in Table 8. The dose factors for
soluble or insoluble plutonium may apply in particular circumstances.
The detailed results for the assumption of soluble plutonium are
listed in Table 8 for the various ingestion pathways. The results
for insoluble plutonium are less by a factor of ten in all instances.

239Table 8 Dose Equivalent Commitments from Pu in Air
[Sv per Bq y m ]

Bone
Lungs Surfaces

Inhalation (Class W) 0.1 20
(Class Y) 3 8

Ingestion (Class W)
Root veg. , grain
fruit
Leafy veg.
Liver
Beef
Milk

Ingestion total
(Class W)
(Class Y)

4

2
4
5
1

6
6

10

10
10
10
10

10
10

-2

-2
-3
-4
-5

-2
-3

Red
Marrow

2
0.6

3

1
3
4
9

4
4

10"3

io-3
IQ'4
IQ'5
io-7

10"3
IQ'4

Liver

4
2

8

4
8
1
2

1
1

IQ'3

IQ"3
IQ'4
io-4
io-6

io-2
IQ'3

Gonads

0.3
0.1

5
2
5
7
1

8
8

IQ"4

io-4
IQ'5
io-6
io-7

io-4
io-5

Effective

1
0.7

2

9
2
3
6

3
3

IQ'3

IQ"4
io-4
10-5
io-7

IQ"3
io-4
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E. Dose from Plutonium in Water

The dose equivalent commitments for ^Pu in water Sv per Bq yd
is summarized in Table 9»

239Table 9 "Dose Equivalent Commitments from Pu in Water
fSv per Bq yJt"1]

Bone
Surfaces

Ingestion (Class W)
Shellfish
Drinking water
Pish - freshwater

- marine
Liver
Beef
Milk

Ingestion total
(Class W)
(Class Y)

6
9
4
4
7
1
2

8
8

ID"4
10-5
ID'5
10-5
io-7
io-7
IQ'9

io-4
10-5

Red
Marrow

5
7
3
3
5
8
2

6
6

IQ"5
io-6
io-6
io-6
io-8
10-9
io-10

IQ'5
io-6

Liver

1
2
9
8
1
2
5

1
1

IQ'4
10-5
io-6
io-6
10~7
io-0
IQ"10

io-4
10-5

Gonads

8
1
5
5
8
1
3

1
1

10
10
10
10
10
10
10

10
10

-6
-6
-7
-7
-9
-9
-11

_c

-6

Effective

3
5
2
2
4
6
1

4
4

IQ"5
io-6
io-6
io-6
io-8
10-9
io-10

10-5
io-6
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VI CONCLUSIONS

In this paper, formulas have been presented for making approximate
estimates of the transfer of plutonium through the environment and the
dose to man. The "representative" values of parameters have been
suggested only to complete the example calculations. There is always
a considerable range of conditions that could be encountered in the
environment and quite different values of parameters can apply in the
various circumstances. Thus, it must again be stressed that consid-
erable caution must be exercised in selection of parameter values
and in application of the estimation formulas.

The results of the calculations presented here indicate that
inhalation is the most important transfer pathway. Resuspension of
deposited activity is unimportant, based on the assumptions used
here, but the local conditions should be carefully examined before
accepting this conclusion. The contributions from ingestion pathways
to the total doses from initially airborne activity are at least an
order of magnitude less important than the inhalation pathway.

The most important ingestion pathway is the consumption of plant
foods, due to the greater concentrations achieved and the higher
consumption rates of these foods. Important parameters in estimation
of the contributions of these pathways are those related to the ret-
ention of direct deposition on vegetation: the interception fraction,
the crop yield and the retention time on plant surfaces. Some of these
factors, particularly the crop yield, can be relatively easily measured
in the field. When specific crops are being considered, more judgement
can be used in parameter selection, and uncertainties should then be
somewhat reduced. After deposition and particularly for long-term
considerations, the value of the plant uptake factor and the uptake
availability time of plutonium in soil are important factors. There
is not yet a great deal of information to guide parameter value selection
in these considerations. For the aquatic ingestion pathways, transfer
of plutonium to shellfish should be most carefully considered.

There may well be other pathways of transfer of plutonium to man
than those considered here. The investigation must carefully consider
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the release situation and the local environmental conditions, including
land and water utilization and pO*4lcUW population factors and habits.
A list of formulas with limited discussion may serve in initial de-
liberations, but a great deal of considered judgement must go into
appropriate adjustments or elaborations of transfer and dose estimates
and into the interpretation of results and their proper utilization.
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