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Object of the Report

Plutonium is an unavoidable result oT present nuclear power

programmes. Its predominant isotopes are extremely long-lived

and very toxic if absorbed in the body. In view of the

increasing potential for plutonium and man to come into contact,

the consequences of any plutonium.release into the environment

should be scientifically examined. The main report is in three

sections. Part 1 deals with the amounts of plutonium available

in the fuel cycle, its properties and the probability of

routine or accidental release. Part 2 examines the ways in

which plutonium can reach man, in particular through food

chains or inhalation. Part 3 details the

biological effects of plutonium once it is absorbed into the

body, assesses the amounts likely to be harmful and discusses

the adequacy of present standards for plutonium burdens.

There are two appendices. The likely differences between

Pu-239, the most studied isotope, and other plutonium isotopes

or transuranic nuclides are outlined in Appendix A« Appendix B

contains a fuller account of the ways in which the fate of

ingested or inhaled plutonium have been determined.

It should be appreciated that the literature on plutonium

is already extensive, is rapidly expanding, and that each

additional publication substantially refines our

knowledge. There are many areas which have only been initially

explored. Therefore, this report is an attempt to place in

one document a fully referenced account of the on-going work

in many areas. The report - -

is long in consequence, and an extensive summary has been

provided. Those reading only the summary should be warned

that an over-simplified picture of a complex subject can be

obtained.

This report complements others in the NIP series,

particularly NIP-3 (Radiation from Nuclear Power Plants),

NIP-^ (Biological Effects of Radiation), NIP-23 (Safeguards,

and NIP-24 (Nuclear Power in a Food Exporting Country).



2.

Summary

By 1980, over 350 tonnes of plutonium will have been

produced in the spent fuel of nuclear power plants.

Approximately equal amounts of plutonium, which occurs in

several isotopic forms, are contained in the fuel of operating light

water and CANDU reactors of the same capacity. CANDU operating

characteristics, however, .result in the discharge of about twice the

^annually in spent fuel. Two isotopes, Pu-239 and Pu-241, are

fissionable and may be used in future power reactors or in

weapons after reprocessing. A third isotope, Pu-240, detracts

from the effectiveness of reprocessed fuel as weapons material

and little difference in the effectiveness of light water

reactor or CANDU fuel seems likely.

Plutonium dioxide, the chemical form of plutohium when present

in reactor fuel, is inert, involatile & therefore unlikely to

escepe from a reactor either in routine effluents or in the

event of a. severe accident. • •-.- '

In an accident the radiation hazard is posed by

other, more volatile, fission products which are both more

easily dispersed and present ir> greater activities.

Plutonium release is more probable during •

handling and chemical treatment at reprocessing plants. Such

plants are not expected in New Zealand. Plutonium wastes

must be kept in safe storage for long periods, but the problems

of waste management are mainly due to other fission products

that are produced in larger activities and ' .

which can reach man more easily from the environment.

Plutonium is not a hazard when outside the body due to

the limited penetration of the radiation it emits. To be

dangerous it must be absorbed by and retained within the body.

Of the two likely routes, ingestion with food or inhalation

of airborne particles, inhalation appears by far the more

important, by a factor of 10-10 for a given intake of

activity. About one-fifth of the inhaled activity may be .

retained, depending on particle size, but only 10~ to 3 x 10~5

of ingested activity. For ingestion to present a significant

hazard, the plutonium must be transferred from the water or



soil in which it is initially dispersed, and ' '

accumulated in marine, plant, or animal food.

Present evidence indicates that insufficient transfer occurs for

ingestion to be a major hazard. In the aqueous

environment plutonium remains largely with the sediments.

Bottom-feeding organisms and some shell-fish concentrate plutonium

relative to the sediment, but for most marine foods the.

ability to accumulate plutonium is far less than that for naturally

occurring radium or polonium radionuclides. Movement of

plutonium in soils is extremely limited, at least in the

absence of excessive ground water. Plant uptake through

the roots is minimal. In heavily contaminated areas, wind-

driven resuspension could contaminate foliage before the

plutonium moves deeper into the soil. There

is some evidence that, in time, plutonium could be remobilised

from marine or river sediments by biological activity and

that plutonium in soil could become more mobile and available

to plants. "Several factors may contribute, such as formation of

organic complexes, biotic activity, successive cropping or increased

rooting ability. Given the poor retention of ingested

plutonium, none of tiiese factors seem sufficient for ingestion

to offer a comparable hazard to inhalation from any plutonium

releases into the environment. Studies of plutonium in food

chains over long periods are obviously necessary, however.

The inhalation of more than 16 milligrams (mg) of Pu-239 is

expected to cause respiratory failure and death within days.

Below about 1.6 mg survival is likely to be sufficiently

prolonged for cancer to develop and, at lower doses still,

to become the major risk associated with plutonium. Atmospheric

bomb tests have dispersed fine particles contaminated with

plutonium into the atmosphere, and levels of fall-out

plutonium in man have provided a check on models devised to

trace the deposition and subsequent fate of inhaled plutonium.

Agreement between j redicted and measured levels in different



tissues is excellent. From the models and animal studies

at non-acute dosesfthe organs considered at risk for soluble

plutonium compounds which get absorbed into the blood are the

bone and liver. The inhalation of insoluble plutonium compounds

affects the lungs initially and, eventually, the bone and

liver. Effects apart from cancer are not thought to be

significant.

No human cancers have been clearly attributed to plutonium. It

is not possible to predict body concentrations (burdens) of plutonium

above which cancer is certain to occur in an individual and belov

which it will not occur. Plutonium is the same in this

respect as any other carcinogen or'radiation exposure (see

report NIP-4 of this series). To aid calculations, several

assumptions must be made including the application of animal

data,or human (but non-plutonium) exposures. More importantly,

the risk is assumed to be directly proportional to the

plutonium burden regardless of the size of the burden. Animal

data show, in fact, that the fractional incidence of cancer

increases in proportion to the burden only over a restricted

range. At high burdens some animals die from other causes

before cancer becomes apparent* At very low burdens the

incidence becomes statistically undetectable. However, the

assumption of a linear relationship between risk and burden

at all levels permits an estimation of a hypothetical cancer-

causing dose or intake of plutonium which is likely to cause

one cancer. The one cancer could result from one person

inhaling this quantity of plutonium or by spreading the same

quantity over a larger population in which each person inhaled a

fraction of it. When the amount inhaled by each individual

is far less than the cancer-causing intake, as will be the

case for the majority in a large population after plutonium

dispersal, we have no direct information on the likely risk.

Available evidence suggests that the assumption of a linear

relationship continuing to very low burdens will lead to an

over-estimate of the risks.

With the above assumptions it can be shown that one

cancer death might result from the inhalation of between

0.2 - 4 mg of Pu-239, or the ingeration of 0,7 - 12 g of



soluble, or 20-60 g of insoluble, plutonium compounds.

It is not feasible for all aerially dispersed plutonium

to be inhaled before reaching the ground. Calculations

backed by fall-out experience suggest that only 10~^ of any

such dispersal will actually be inhaled. Therefore one

cancer death could be caused by a generalised release into

the air of roughly 100 g of Pu-239 particles, provided these were of

respirable size (less than 1/1000 of a cm). Plutonium from spent

reactor fuel may be rather more hazardous since it contains nuclides

of higher activity/g. Resuspension of fine dusts from contaminated

ground can contribute to the inhalation dose. The risks from re-

suspension could conceivably be as great, but no greater, than those

encountered before any airborne release first falls to earth.

In cases of surface spillage, resuspension is the only inhalation

hazard.

The present limits on plutonium burdens are 0.6 jig of

soluble plutonium, which is presumedto be 90% in bone, and

0.25 (ig of insoluble plutonium in the lung. It is likely that

these limits will be lowered by f- factor of perhaps three to

allow for newer information which shows that more than one

organ is at risk from either soluble or insoluble plutonium.

Values' for the toxicity of plutonium in bone relative to

radium-226, on which permissible levels are based, show a

wide range with tba highest value more than 12 times that

adopted in current criteria. The present value was endorsed

in 1975 by the U.K. Medical Research Council and any further

decrease in the limits is unlikely to be large. Four patients

injected with 2-̂ -10 times the limit for soluble plutonium show no

adverse effects 30 years later. Toxicity in the lungs is also

under discussion. The possibility that the risk from inhaled,

insoluble plutonium may have been under-estimated when the

plutonium is deposited in particles giving intense local irradia-

tion of the tissue has been the subject of some controversy.

However, as discussed in the present report and in report NIP-U of

this series, this possibility is generally discounted. It is

recognised +*Tt the variety of tissues to be found within the

respiratory tract do present problems in the assessment of risk.

Nevertheless, present limits appear adequate in view of the absence

of plutonium-related effects observed in several radiation

workers who have inhaled plutonium activities comparable to, or

in excess of, these limits.



Table 1:1 - Quantities of Plutonium isotopes In the fuel discharged
annually from light water reactors (LWR) and heavy water
TCANDU) reactors. 100% load factor is assumed in
1000 MW(e) reactors for comparative purposes.

Annual production in a 1000 MW(e) reactor
Isotope

Pu-238

Pu-239

Pu-240

Pu-24i

Pu-242

Pu-243

Radiation

a

a

a

P
a

P

Half-life

86.4 years

24,390 years

6,580 "

13.2 "

379.000 "

4.98 hours

LWR
raegacuries kilograms

0.046

0.0105

0.017
4.11
4 x 10~5

7.3

2.

170

73
36
10

0.

,6

003

CANDU
megacuries

0.012

0.026

0.035
3.10

3 x 10"5

7 x 10~9

kilograms

0.66
416

156
28

8



PART 1: PLUTONIUM IN THE NUCLEAR FUEL CYCLE

1:1 Plutonium in reactors

Plutonium occurs in several isotopic forms and is

produced by neutron activation reactions in light water

reactors (LWR) and heavy water reactors of the CANDU type at

the discharge rates shown in Table 1:1. The nuclear reactions

leading to these isotopes are discussed by Pigford, ' who

also gives the production rates for an LWR quoted in the

table. Corresponding data for CANDU reactors are not

available in the same form, and have been estimated from .

Plutonium isotope yields in g/kg of initial uranium in CANDU

fuel kindly made available by Dr P.J. Dyne of Atomic Energy

of Canada Ltd. Similar estimates for some plutonium isotope
(2)yields are available in another report. ' Plutonium-239,

for example, is produced in a yield of 2.6i g/kg of initial

uranium. CANDU reactors consume 0.16 kg of natural uranium
(3)per kW(e)-yr of electrical energy production,v ' so in

table 1:1 the Pu-239 production is estimated to be an annual

rate, for a 1000 MW(e) reactor, of 2.6T x 0.16 x 10 =

k.Z x 105g or 420 kg.

Pu-239 and Pu-241 are fissionable materials and may be

used as a fuel in future commercial reactors or in weapons.

The annual yield of fissionable plutonium discharged from a

1000 MVf(e) LWR is 206 kg and over twice this for an equivalent

CANDU. Pu-240,which fissions spontaneously, reduces the

effectiveness of fissionable plutonium as a weapons material

and the ratio of Pu-240 to fissionable isotopes is similar for

both reactor types. By 1980, it is estimated that a total of
(4)

350 tonnes of plutonium will have been produced. v '

Comparative estimates of the inventory of plutonium

isotopes during the operation of the two types of reactor

are somewhat arbitrary, since CANDU reactors are not made at

1000 MW(e) capacity. Each Pickering reactor of 5^0 MW(e)

capacity contains 105 tonnes of U0 2 or 98 tonnes of uranium.

The plutonium content of its fuel averages about half that of

discharged fuel (i.e., 1.3 g/kg for Pu-239). so that its

inventory of Pu-239 is about 130 kg. A hypothetical 1000 MW(o)



CANDU reactor might therefore contain about 230 kg of Pu-239

as compared wiSh 250-3^0 kg in a 1000 MW(e) LV/R, a range

estimated from Pigford.'1'

1:2 Releases from reactor

Plutonium ia a metal lueltiiig at 6*»0°c' ' which burns in

air to form the oxide, PUOQ> This oxide is the form in which

plutonium is produced in LWR and CANDU reactors and also in

vhich plutonium would be used as a fuel. PuOg is very

insoluble in water, non volatile, refractory and melts about

No plutonium has been detected in liquid or airborne

effluents during the operation of nuclear reactors; but

Neptunium-239, a short-lived precursor of Pu-239» was observed

in the primary coolant of a boiling light water reactor during
(8 9)a thorough surveillance study.* ' ' It is unlikely that significant

amounts of plutonium would be released even in an accident

situation involving a melt down of the core. The core melt

would involve temperatures of about 2800 C , this exceeds

the melting point of PuOp which would mix with the molten

U02 and boil off in rough proportion to'the UOg vaporised.* '

Some condensation on the walls of containment would be expected

and Table 1:2 indicates that release of long-lived plutonium

nuclides xs probably insignificant when compared with other more

volatile fission products in a severe accident situation.

Accidental releases of volatile fission products, but

not plutonium, have occurred in experimental reactors.* '

Table 1:2 - The inventories of
Plutonium isotopes and some important
fission products in a 1000 MW(e) LTO~
under standard operating conditions and
the fractions likely to be released in
the most serious accident sequence
considered in ref. 12. " _

Radionuclide 1-131 Sr-90 Cs-137 Pu(238+239+2^0)

Inventory, MCi 85 3-7 *.7 0.099

Fraction released 0.7 0.05 0.4 0.003

Fractions released in other accident sequences also indicate
a lower comparative release for plutonium. The data are taken
from tables VI-3-1 and VI-2-1 of ref. 12.
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A more likely consequence of an extremely severe core

melt accident is that the hot material might melt through

containment and contaminate the nearby ground. Limited

leaching of PuOg is then possible (see section 2:2:2) so that

a confinement operation would be entailed.

1:3 Fuel reprocessing

Plutonium is already extracted from spent fuel rods for

weapons purposes and it is probable that commercial reprocessing

to recover a valuable fuel will increase in the future. It

appears unlikely that New Zealand would require reprocessing

facilities,but the transportation of spent fuel must be

considered (see NIP-6). In the reprocessing plant, the PuO2
is converted to other forms - notably Pu(NO_)^ and organic

plutonium complexes - both of which are more soluble than

PuO,. Release of plutonium to the environment appears more

likely at fuel cycle stages involving chemical treatment and

handling than in actual use in the reactor. Incidents

involving the escape of plutonium beyond chemical plant

facilities have been reported, although no harm to the public

or workers has resulted. '

1:4 Waste management

Unprocessed spent fuel and small amounts of general waste

material must be kept in safe storage. Part 2 of this report

indicates that plutonium has a very limited ability to reach

man from the environment. In spite of the very long half-life

of most plutonium isotopes, the problems of waste management

are due to other shorter-lived fission products, especially

caesium, which can more easily reach man and are produced in

larger amounts.

1:5 Safeguards

Plutonium-239 and 2k 1 are fissionable and therefore

weapon material. The necessity and ability to guard reactor

fuel against illicit use is discussed separately in NIP-23.

PART 2: PATHWAYS TO MAN

In the remainder of the report, the ways in
which plutonium can reach and affect man are examined. The bulk of
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available information concerns Pu-239 although it should be

recognised that Pu-239 and Pu-240 cannot be differentiated

analytically and the term Pu-239 normally refers to a mixture

of the two isotopes. Appendix A summarises the important

differences which are anticipated for other isotopes of

plutoniumand other transuranic nuclides.

The behaviour of plutonium in the environment is

influenced by the water solubility of the particular compound

in which it is complexed. All ionic states of plutonium

(states 3+, 4+, 5+, and 6+, are possible) have a tendency to

hydrolyse rapidly and polymeriseinto insoluble forms.*'' '

Most compounds, notably PufX,, are insoluble therefore. In

association with a few ions or compounds, plutonium can

remain reasonably soluble. Notable among these are the nitrate

ion (particularly in acid condition^, carbonate ions

(commcL?ly found in soil and water), and certain organic

complexing agents.

2:1 Routes of entry into the body

Pu-239 decays by emission of an alpha-particle which has

an extremely short range in tissue of about 40-50 \i (1 u. = 1 micron

1O~ metre) or about five cell diameters. This range is less

than the depth of the layer of 'dead1 surface cells of the

skin and therefore particles deposited

on the external surface of the skin cannot irradiate even the

sensitive, basal layers. To constitute a health hazard,

therefore, the plutonium must gain internal access to the body

and be retained on or within sensitive tissue.

Absorption through intact skin is minimal and essentially
(14)nil for insoluble compounds both in animals and man.y ' A

maximum of 1-2% of soluble plutonium nitrate in 10 M nitric

acid was absorbed through rat skin after five days

exposure!^ * ' Human skin seems to be a greater

barrier, however, with the absorption of plutonium nitrate in

0.4 M nitric acid being less than 2 x 10~ # per hour after

an eight-hour application. A different situation arises when

the skin is damaged "by a cut, burn, or abrasion* ' but

localised contamination of damaged skin to very high activities

is only likely to occur withradiation workers.
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This leaves ingestion with food and drink or inhalation

of airborne particles as the main routes of entry into the

body. The fate of ingested or inhaled plutonium in the body

is covered in detail in Appendix B. Fractions of plutonium retained

after ingestion are very limited,*1 ' being about 10~6 of the

intake for insoluble compounds and 3 x 10 for soluble

compounds. The fraction retained is held in the bone, liver

and other soft tissues in the ratio h^ik^s10, while the

remainder is excreted within k8 hours. In contrast, roughly one-

fifth of inhaled plutoniura is retained for periods of years,

initially in the lung. Within 5-10 years about two-thirds is

excreted and the remainder is relocated into the bone, liver

and thoracic lymph nodes. Therefore, inhalation is the more

significant route unless pathways within the food chain

provide highly contaminated food.

2:2 Food chain considerations* * *

2:2:1 - Vater to man -

The behaviour of plutonium in water has been studied

in the Irish Sea as a result of discharges of low level waste

containing about 10 Ci of plutonium isotopes over a 20—year

period from the Windscale reprocessing plant.* ' ' Waters

in the vicinity of nuclear power facilities have also been

monitored particularly in Lake Michigan,* ~ ' the coastal

Atlantic near Savannah, USA, ' and Bombay Harbour, ' although in

these cases the plutonium activity has been dominated by plutonium

from atmospheric fall-out. Fall-out plutonium has been studied

in the oceans,'22'2^' and at the bomb test sites at Bikini and

Eniwetok atolls. (2/*'25) The behaviour of 25 Cx of PuO2 in

Arctic waters following an aircraft accident is also known.

There is no doubt that 95$ or more of the plutonium

initially dissolved or suspended in water sinks to the

sediments within a year.' ^' Movement within the sediments

is of several types. Flocculent surface sediments (approx.

1 cm depth) are transported horizontally in currents along

the sediment bed. For this reason, no build-up in plutonium

concentration has been detected in the vicinity of the

Windscale outfall.^16^ Similarly plutonium activity in the sea was

detected 30 km from the site of an aircraft accident after

two years.*2 ' The plutonium also moves vertically downward
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into the deeper, compacted sediment. In the Irish Sea' ' and
fig)

in Lake Michigan* ' this downward migration is attributed to

normal sedimentation processes brought about by newer deposits..

Off Massachusetts, however, the natural sedimentation rate

appears too low to account for the depths at which fall-out
(27)

plutonium has been detected. It is proposed* ' that the

activities of benthic (bottom-dwelling) organisms, such as

sediment burrowing v. —--. introduce a degree of biological

movement downwards.

The plutonium concentration in the aqueous phase is in

a near steady-state condition in the Irish Sea* ' and in
(18)Lake Michigan.* ' In the former, the equilibrium inventory

in sea water is around 60 Ci while approximately kO Ci may

be transported out of the area annually; at Bikini atoll

there is an annual net flux of 6 Ci of plutonium out of the
(Zk)lagoon waters to the open sea.* ' This has led to the

suggestion that surface sediments can act as a source for the

resuspension of part- of the plutonium inventory. Quantitative

estimates of likely resuspension are preliminary. All agree

it will be "small", with one author suggesting about 2°/0
solubilisation annually of the cumulative deposition in Lake

Michigan.' ' Up to 10$ of the PuO, dispersed into Arctic

waters apparentVsolubilised or resuspended within •'two years.* '

Solubilisation is likely to vary with the amount of organic

material and the amount and nature of the biological activity

present in the sediments. At times of high plutonium input

into the aqueous phase, the sediments act as a sink to remove

plutonium; at times of low input the sediments act as a

source for resuspension.

Bowen has shown that redistribution within deep sediment

cores has occurred off Massachusetts and suggested that

plutonium in the deep sediments could become remobilised by

the action of benthie life and their predators. ' Against
(17)this is evidence from the deeper sediments in the Irish Sea.* '

Over the past 20 years different transuranium nuclides have

been discharged in relative proportions which varied with

time. The vertical profiles in deep sediment cores accurately

display the history of the radionuclide constitution of
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the discharge. Here at least, little remobilisation appears

to have occurred over 20 years. Differences in the

sedimentation rates and biotic activity in the two areas may

explain this apparent contradiction. It should not be expected

that plutonium behaviour will be identical in deep ocean,

coastal, estuarial or river waters.' '

The possibility of biological remobilisation, at least in

some areas, means that food chain pathways must be monitored

carefully, particularly those commencing with in-sediment

feeding biota which accumulate sediment in the digestive

system and are then swallowed whole by predators. Derived

working limits for the discharges into the Irish Sea are

calculated by way of the critical pathway-critical group

concept (see NIP-4) and, for this purpose, many marine

organisms are sampled regularly. The levels of plutonium in

seaweed and fish flesh from the Irish Sea have been up to Vfc

and O.005$ of permissible derived working limits respectively in
(17)recent years. '' No health hazard has been posed by current

practices at Vindscale. The monitoring activities are being

continued in case of unexpected changes in the very iaug term.

Many common trace elements are concentrated to an extent

similar to plutonium in the lower levels of the marine food

chain, but at higher levels plutonium is heavily discriminated
( 18)

against in comparison with most other trace elements.1 ' The

following tables indicate the general pattern of plutonium

distribution in the marine environment.
Table 2:1 - Approximate concentration of plutonium

in sectors of the marine environment
vithln 10 km of the Windscale outfall
during 1974. The figures are from
Hetherington et al.1^7) and normalised
to a 1 Ci per day discharge rate -which
was roughly the level current during

Material Plutonium (pCi/g)

Sediment 10

Seaweed 1

Fish flesh 0.004

Sea water 0.0002
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Table 2;2 - Concentration factors relative to sea
water (pCi/kg organism/pCi/1 sea water)
for three alpha-emitting nuclides.{28)

Organism

Seaweed

Zooplankton

Molluscs, ; soft

Phyt oplankt on

Vertebrate fish

Vertebrate fish

Vertebrate fish

Entire fish

tissue

bone

gut

muscle

Ra-

102

1

3
2

3

5
8

2:

-

X

X

X

X

-

X

X

26

10 3

10 2

1O2

10 3

io2

101

101

Po-210

1O3-1

2 x

2 x

4 x

4 x

-
2 x

10*

10*

10*

10

103

103

103

Pu—239
103-10*

2 x 103

3x1O2-2x1O3

4 x 102

20-600

10-100

1-30
_

Plutonium does not appear to accumulate appreciably in edible fish

flesh, and the main risk would appear to be from fish eaten whole

(e.g., sardines or anchovies).

Levels of polonium-210 and radium-226 in sea water are

generally far higher than plutonium levels. These nuclides

are also retained in the human body in-far larger proportions

after ingestion. Table 2:3 summarises these properties.

(28)
Table 2:3 - Sea water concentrations and

fractional retention in the human
body after ingestionI'^) for
three nuclides.

Typical sea water (pCi/l)

1972 at Bikini and
Eniwetok Lagoons

1974 at 1-9 km from
Windscale outfall

Fraction retained after
' Ingestion

Po-210

0.025

0.06

0.06

0.06

0.3 - 1

3x1O"5-1O"6

The above tables show that plutonium contributes a smaller rad-

iation dose to marine organisms, and much less to their human con-

sumers, than do polonium-210 and radium-226 which occur naturally.

This conclusion certainly applies in the general marine

environment & probably to the relatively heavily contaminated

waters at Bikini and near the Windscale outfall.



2:2:2 - Soil to man -

2:2:2:1 - Migration in the soil:

The ion exchange properties of most soils cause the

diffusion of plutonium through the soil itself to be extremely

slow. This has been demonstrated by observations of

the behaviour of the element buried at the Hanford nuclear
(29)

facilitiesv ' and by the minute movement over 1800-million

years of the plutonium generated in the Gabon, ^ where

uranium levels were sufficiently high to initiate a natural

•power reactor1. Any migration within the soil occurs mainly

along fissures and channels within the sub-surface structure.

Plutonium either solubilised or, more likely, as suspended

aggregate particles in ground water can move along fissures

in ways very dependent upon local conditions. Under

conditions usually encountered even this type of movement is

rather slow. For sites in Germany, a migration vertically

downward of 0.8 cm per annum for aggregates of PuOp has been

proposed while soluble Pu(N0,)A appears to move 100 times
(31)slower.v ' Fall-out plutonium in general soil conditions

may move downward with about 10$ transfer annually between

5 cm increments of soil depth; in desert areas particularly
(32)the rate may be far slower. • Plutonium from liquid wastes

in trenches at Hanford appears to be moving vertically
(33)downward with no significant horizontal movement. ' Here,

as elsewhere, nearly all the plutonium is within the first

20 cm of soil depth. The concentration per gram of soil falls

three orders of magnitude within 2 m.

In summary, there have been few field reports of buried

plutonium migrating to a significant extent. A notable

exception, at Maxey Flats, will be dealt with shortly

(2:2:2:3). In the laboratory, aqueous solutidns- appear to be able t

leach less than 1$ of plutonium held on soil even under

exhaustive conditions.^ ' However, the presence of acids or

organic matter increases leachability to variable extents in

the region of ten-f old. l-*5J Thus, an increase

in plutonium remobilisation with time in the soil cannot be

ruled out.' The mobility of plutonium in soil is fairly similar to
(32)

that of caesium and less than that of strontium.w
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2:2:2:2 - Resuspension:

Before plutonium moves to depths of about 1 cm,

resuspension of surface contamination by wind action may be

an important pathway. The effects of resuspension are assessed

by a factor, K, defined as - activity p«?r m3 of air/activity

per m of ground. * K is _ . .

extremely variable as it depends upon the rate of downward

migration and local conditions of soil surface, ground cover
-2 -13 -1

and wind velocity. Values of 10 -10 ^m have been

reported.v/ There is general agreement that K decreases

with time after initial contamination and that a value in the

range 10 -10~ m~ is appropriate several years after
(38)contamination. ' This value comes from observations at the

Nevada Test Site above aged fall-out deposits and from values
(32)for the tracer U-238 at numerous locations.v ' Most of the

determinations of K for fresh depositions come from dusty,
-4 -5 -1arid environments with an upper limit in the range 10 -10 "m

The draft report WASH-1535*3 * recommends a time averaged

value of K of 10"^m" initially which decreases with a 50-day
-9-1

half-time to an eventual steady value of 10 m . In the

Reactor Safety Study, a half-time approaching one year is
^ (12)used.* '

From such values of K it may be shown that the inhalation

of resuspended material is not likely to be a predominant

hazard if the initial dispersal, is into the air (see :

section 2.2.3.2). In heavily -.:. .

contaminated ground areas resuspension could be a signi-

ficant factor both in inhalation and in the surface spread

of activity as typified by an 11 km spread of detectable

plutonium levels from the Rocky Flats facility. '"^ Surface

contamination of standing vegetation will be dominated by the

deposition of plutonium immediately or shortly after the

contaminating event.

2:2:2:3 - Migration from the Maxev Flats facility:

Recently plutonium levels well in excess of back-

ground have been found up to several hundred metres from the
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Maxey Flats, Kentucky, waste disposal facility. Solid, low

level waste contained in steel drums or in wooden and cardboard

boxes have been buried since 19-63 in excavated trenches 6m deep whic!

ware subsequently backfilled. The chemical and physical

constitution of the wastes is unknown and no quantitative

assessment of either the relative extent or rate of migration

appears possible.

Meyer* ' has suggested the following pathways for the

migration, without attempting to assess their relative

contributions. Ground water was allowed to percolate the

trench area and because of the poor permeability of the sub-

soil failed to drain away. Trenches therefore filled with

water. Plutonium leached into this water either in soluble

form or as suspended aggregates. The leachates flooded back

to the surface occasionally and surface run-off and wind-

driven resuspension of dried surface contamination moved the

Plutonium along the ground surface. The pressure head in the

trenches drove leachate through sub-soil cracks and fissures.

It was noted that the trenching and backfilling operation

disturbed the natural geology of the area, perhaps exacerbating

this route. The fissures reduce the ion-exchange properties

of the soil. Maxey Flats has an acidic, organically rich soil

which favours leachability. Since 1972, the leachates have

been pumped off and-evaporated; atmospheric release from the

evaporators must be considered as well as operational spills

and the removal of contaminated fill.

2:2:2:4 - Uptake in plants:

Contamination of plants occurs via two pathways,

uptake through the roots and surface deposition on foliage.

Because of the poor membrane permeability of plutonium, uptake

via roots is small. The activity per gram of plant is less

than the activity per gram of soil in the rooting zone by

factors in the range 10 -10b. '•}2> ""' This is in contrast to

the uptake of many other radionuclides (e.g., Ra-226 or Cs-137)

which are taken up by plants by factors at y(100-fold greater.

It could take several years before plutonium migrates to the depth

of the rooting zone. Root uptake appears to increase to a small but

significant extent (factors around 5-'0) by successive cropping

or the passage of time, a fact which may be governed by factors
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such as an increase in organic nutrients, the formation of

organic complexes of plutonium or development of extensive
(Lo)

rooting systems. ' Bennet has pointed out that studies of

fall-out plutonium levels in plants have not, as yet, recorded

any increase and that trace heavy elements generally do not

appear to accumulate with time. '

In areas where the surface contamination is high, the

ratio of activities per gram of plant to soil are considerably
-1 -2higher and of the order of 10 -10 both in the arid

/in)
conditions of the Nevada Test Sitev ' and in the humid, more

(LL)
general conditions of the Savannah River reprocessing plant.v '

Wind-driven resuspension is responsible for contamination of

the foliage which is difficult to remove even with efficient
(32)washing.y ' Clearly the ploughing in of heavy surface

contamination would be desirable.

2:2:2:5 - Summary of the ingestion pathway:

The low fractional retention of ingested plutonium

(3 x 10 to 10" ) means that the food eaten must be highly

contaminated before this pathway is considered a comparable

risk to the inhalation pathway. At present the evidence is

that both aquatic and terrestrial food chains discriminate

against the nuclide sufficiently for ingestion to be

neglected. There is evidence that small but significant

increases in the importance of food chains may occur with the

passage of time due to the possible intervention of factors

such as plutonium completing with organic matter (particularly

chelating agent^, biotic activity, successive cropping or

increased rooting ability. Ploughing in of heavily contaminated

sites will be desirable to reduce the contamination of foliage

by resuapension. Movement within soil is not thought to be a

problem at least when excessive ground wat=" is not present.

The experience at Maxey Flats, however, ini-i ates that this

cannot be assumed without a careful local evaluation of each

contaminated site. Migration within soil is another subject

where the effects of time will continue to be watched.

BennetVJ ' has studied the diet of New York residents

and concluded that the average intake of fall-out plutonium

amounted to 1.6 pCi in 1972 in comparison to a 0.2 pCi intake
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by inhalation. On the basis of the relative retention factors

by the two routes, Bennet concludes that the body burden from

ingestion is 1000 times less than that from inhalation.

Superficial contamination (e.g., potato skins) contributed

substantially to the level of plutonium in food.

2:2:2:6 - Acceptable limits of ground contamination:

There is no generally accepted limit to tlie extent

of permissible ground contamination by plutonium and it is

probable that local conditions will always need to take

preference over any generally imposed limit. In some areas

10 nCi per gram of soil is suggested while the Colorado

Standard is 2 dpm per gram, equivalent to about 1 pCi per

gram.' ' Martin and Bloom* ' have shown that people living

and obtaining most of their food from within the Nevada Test

Site would receive most of their collective organ dose from

inhalation. The permissible dose rate to the lung of a

member of the general public (1.5 rem per year) would be obtained

when the ground contamination was 3 nCi per gram or 170 [iCi

per sq.m. Possible impacts of plutonium release on an

agricultural economy have been described in NIP-24 as negligible

in comparison with other fission products.

2:2:3 - The inhalation pathway -

2:2:3:1 - General considerations:

Appendix B details the subsequent history of

plutonium contaminated particles which are inhaled, as given
(47)by the ICKP Task Group on Lung Dynamicsv *', and ICHP

Publication no. 19.' ' In tables 2:4 and 2:5, we present

the salient points.
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Table 2;4 - The organs or tissues which retain
particles of plutonium for more than
one day after inhalation. Particle
diameter is assumed to be 1u. For each
organ or tissue the time for clearance of
half the activity (ti) and the fraction of
the originally inhaled activity retained for
more than one day (f) is given.

Insoluble " Soluble
Organ or tissue t.tdays) r ti(days) f

Lung 500 0.15 50 0.15

(pulmonary r igion)

Bone 36,500 0.023 36,500 0.054

Liver 14,600 0.023 14,600 0.054

Misc. soft tissue3' Life 0.005 Life 0.012

Lymph nodesb' 1,000 0.034 50 0.012

Lymph nodes ' Life 0.003

a) t, is assumed to be life, as few experimental data
are available

b) the lymph nodes are thought to retain about 10% of their
insoluble plutonium indefinitely.

Biological damage to the lymph nodes and soft tissue is

thought to be insignificant in comparison to lung, bone, and

liver effects (see section 3:3). Table 2:5 lists the dose

delivered to the three critic'al organs during 50 years

following inhalation of 1 pCi of insoluble Pu-239 for

different size particles. This accumulated dose is called

the dose commitment and tends to under-estimate the lifetime

dose to young persons, but over-estimate the dose to older

persons.

Table 2;5 - The 50-year dose commitment'(D) to three organs
after the inhalation of 1 uCi of an
insoluble plutonium compound. Values
rounded to the nearest 25 rem.

Particle D(rem) per |iCi inhaled
,(li) O.01 0.1 ^.0 10 100

Lung Jgulmona
Bone

Liver

try 850

2,600

1,125

575
1,725

750

300

950
425

100

450

200

25
250

100

For inhaled particles of soluble rather than insoluble

plutonium compounds the lung doses decrease by a factor of about 10,
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while the bone and liver doses both increase by a factor of

about 2. Thus, there is little overall difference in the

collective organ dose delivered in the two vases. It is

evident that the dose commitment is comparable for all three

organs. The dose delivered decreases as tne particle size

increases, due to the decreasing ability of larger particles

to penetrate to the lungs• '

There is little data on the particle sizes that could be

obtained after conceivable nuclear power plant accidents.

Plutonium-laden fallout particles have a mean diameter of about

0.4 |i.* ' Samples from plutonium laboratories and processing

plants wher« some escape has occurred, usually from glove

boxes, have yielded particles with diameters of 0.2-0.55 Hi

0.9 H. ^ 0.05-1.0 (i,^51) and 0.3 ji.^52) Burning plutonium

or plutonium alloy turnings yielded particles of 0.03-0. 13[i. 153J

From such data one might tentatively conclude that leaks from

power plants may involve rather small particles, probably

below 1.0 n in diameter. However, even with extremely small

particles (0.01 ji) the dose commitments only increase by a

factor of about three from those obtained using the standard

1.0 |i aerosol on which maximum permissible annual intakes
(54)have been based recently. There is evidence that particles

resuspended from the soil will be rather large*, Trtit these are

not likely to contribute significantly when an airborne

release has occurred, as is discussed in section 2:2:3:2,

and larger particles carry a smaller dose commitment.

2:2:3:2 - Inhalation via resuspension:

Plutonium deposited on the ground may be resuspended

into the air and could conceivably provide a danger, through

inhalation over periods of time long after the initial dispersal

and settling of any airborne release. It can be shown, however,

that this danger is unlikely to be significantly greater than

that posed by inhalation during the initial passage of the

plutonium cloud. Suppose a cloud of airborne plutonium before

reaching the ground givns a "cloud dosage" at a point of

P f (Ci-s/m3), that is the activity in the cloud multiplied by

the time for which it may be breathed. As the particles fall

with a velocity v(m/s), the deposition density on the ground

will be Pfv (Ci/m2). If K is the resuspension factor discussed
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in section 2:2:2:2 then the instantaneous "cloud dosage" due

to resuspensicm P = PfvK. However, K decreases with time so

we write:

T 2 g & dt ... (A)
to ~ i

where K is the value of K shortly after deposition, t is the

time after deposition and ti characterises the rate of decrease
* *? 1 ( 12 38)

in K. K is taken to ba 10"^ .v *"' ' The value of t, is
° (38) ^

uncertain but has been assigned values of 50 daysv-^ ' and 355

days' ' until a value of K = 10~ m~ is reached, after which

K is assumed, conservatively, to remain constant. From

equation A above, the integrated "cloud dosage" before this

constant value is attained is:
Pr " Pf v Ko

If the slower decrease in K is assumed (tA = 355 days) then
-9 -1 *

K = 1O m after about 17 years which is the value taken for
T above. Thus,

Pr = Pf v K,

For most radionuclides the values of v are generally about

ut
radionuclides the values of v ar generall

m/s' ' ' and since one day is about 9 x 10 sees

<0*

= 0.5 Pf approximately.

-9-1
Once K has decreased to 10 m , the "cloud dotage" due to

resuspension is negligible in a human lifetime. Uncertainties

in ti mean that P could be less by seven-fold; on the other
2 r _2

hand, under uncommon circumstances v could be as high as 10
m/s' ' leading to lO-fold higher values of P .

2:2:3:3 - A test of the inhalation model from fallout:

Fallout has contributed plutonium to the air we

breathe; a total inhalation intake of 42 pCi has been

calculated from the yearly air concentrations of the radio-

nuclide for New York residents by the end of 1973. ' The

activity is associated with particles of 0.4 \i mean diameter

so it has been possible to compute the expected burdens for

various tissues using the lung model outlined above and in

Appendix B. In addition, the plutonium burdens of tissues

from 50-75 human autopsies have been reported.'"' The

observed and computed burdens in pCi are as follows: 0.3 and
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0.2 in lung, 0.2 and 0.5 in lymph nodes, 1.6 and 1.O in bone,

1.1 and 0.9 in liver, and 0.2 and 0.02 in kidney. Such

excellent agreement gives a high degree of confidence in the

model.

2:2:3:4 - The likely extent of inhalation from an
aerial dispersal:

Fallout observations provide estimates of the fraction

of any aerially dispersed plutonium that might be inhaled by

human populations. Up to 1971} about 4 x 10 Ci of plutonium

had returned to the atmosphere*5 ' while the total body content

of each individual on earth is roughly 4 x 10~12 C i . ^ ^ ' ^ '

Thus, all of mankind (3 x 10 people) has retained about

4 x 10"12 x 3 x IP9 _ ,.-8 _ .. .. ., , . .

^ ^QJJ = 3 x 10 of the available plutonium.

Since about 20$ of inhaled fall-out is retained, roughly 10

of the plutonium, which can be regarded as fairly uniformly

dispersed in the atmosphere, has been inhaled. Cohen has

estimated a fraction of 2 x 10 by a more indirect method.^'

Obviously for a release from a land-based source, a greater

fraction may be inhaled. The draft report WASH-1535,'38'

using an advanced meteorological model, concluded that about

5 x 10" of any release from a North Central location in the

USA would be inhaled before reaching the ground (very

conservatively, a similar fraction could be inhaled by

subsequent resuspension). Cohen calculated that about 10

of a release within a city of high population density
(i0~ m~ ) could be inhaled if buildings were not assumed to

(^(tS9^afford protection. ' Evidently, a reasonable estimate for

the fraction of an aerial release likely to be inhaled i s

about 10 .

BIOLOGICAL EFFECTS IN MAN

3:1 The chemistry and physical state of plutonium

The chemistry and physical state of plutonium

compounds has a considerable bearing on the ways in which the

element can affect man. Its chemistry is complicated by the

fact that it may exist in four ionic states. In biological

fluids, one of these states is heavily favoured, namely,

the Pu + ion. * ' All plutonium ions and the Pu ion in

particular have a strong tendency to hydrolyse and, after

hydrolysis, to aggregate into insoluble polymeric forms.
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This tendency is influenced by pH, the amount of plutoniura

present and the nature of any negative ions or molecules with

which the plutoniura is complexed. - Some negative ions

(e.g., the common metabolites citrate and ascorbate) form

stable complexes which resist hydrolysis and which can be

classed as soluble and monomeric in form. These negative

ions can be replaced by even more stable complexing agents

of which the most important are the iron-transporting

proteins which are found in blood (transferrin) and liver

(ferritin). Thus, the small fraction of highly soluble compounds of

plutonium absorbed within the body tends to be easily transported and

retained. Very stable complexes are also formed with chelating agent

such as EDTA and DTPA , which have found use as limited means of

"washing out" plutonium from workers contaminated with t

soluble forms of plutonium. These complexes are so stable

as to be almost completely excreted. Nitrate and chloride .

ions, which are frequently used in laboratory experiments

with plutonium and in reprocessing operations, give rise to

soluble complexes which are, however, susceptible to

hydrolysis. These compounds are more slowly absorbed since

the plutonium becomes partially complexed with transferrin

and partially hydrolysed to polymeric, insoluble forms, the

actual extent of each pathway depending upon the conditions.

Most plutonium compounds, however, are insoluble and

frequently highly polymeric ±n body fluids. They are not

taken up by transferrin and may be retained for long periods

at the site of initial deposition. PuO,, is typical of this

class of compounds. A small amount of long-term dissolution

into the blood can occur (see Appendix B) and any

solubilised plutonium is best regarded in much the same way

as initially soluble material.

The tendency towards an insoluble polymeric nature is

fundamental to the understanding of plutonium in man. Auto-

radiography can detect the oc-particle tracks from plutonium

bearing tissues. Single tracks are rarely seen unless the

* Ethylene-diamine-tetra-acetic acid

** di-Ethylene-triamine-penta-acetic acid
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Plutonium was introduced as a highly stable salt, such as

citrate, which remains mcnomeric. Hydrolysable salts give

rise, shortly after injection, to aggregates'- ' while auto-

radiographs of the livers of dogs exposed to PuO_ by

inhalation never show single tracks.^ ' Due to its

particulate form, plutonium tends to locate on surfaces and

to be regarded as a foreign body by the tissues with which it

comes in contact. Like all foreign bodies,plutonium is

frequently found in association with the phagocytic (literally

"cell-eating") components of tissues. Phagocytic action

serves to embed the foreign particles in phagocytic cells

which, where possible, carry them to where they may be swept

away in a stream of mucous. It is carried out by a variety

of specialised cells whose nomenclature depends upon such

factors as their appearance, mobility, site of action, etc.,

but for the purposes of this report they will all be classed

as phagocytes.

Soluble or solubilised plutonium being carried around

the body in the blood by transferrin eventually becomes

deposited chiefly in bone or liver but the ratio of

depositions between the two sites depends upon the degree of

hydrolysis and polymerisation. The stable, monomeric

complexes favour skeletal deposition, whereas the more

aggregated, hydrolysable salts tend to be caught in the

liver.<63>

3:2 Acute effects

Animal experiments indicate that the inhalation by

man of more than 1 mCi of plutonium (16 mg of Pu-239) is

expected to cause death within a few days as a result of

severe inflammatory damage and killing of the functional cells

in the lung.* ' As the dosage decreases, survival time

increases but death is still due to respiratory failure until

the dosage reduces to about 0.1 mCi. Below this level

survival time is prolonged sufficiently for cancer to develop

and eventually become the primary cause of death.

Relatively large amounts of plutonium are required before

cancer is likely to arise after ingestion with food (see later),
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The possibility must be considered that large doses could

induce severe effects in the intestines in spite of its short

residence time. No significant problems are envisaged,

however, because of the short (50 |i) range of alpha-particles.

This means that only a tiny fraction of the alpha-energy

dissipated actually escapes from within the food mass. Further, the

epithelial cells of the intestines are lined with 140-^50 \i{

of mucous. 1 Ci of Pu-239 in food can be shown to

irradiate the mucal layer to 0.01 Mrem using a residence time

of 0.7 day in the lower large intestine, 135 S for the average

mass of food plus intestines in this region, and a ratio

between the total energy dissipated and the energy dissipated

in the intestinal lining of 1:0.005 as recommended by ICRP.

Experiments in rats given 1 Mrem to the lining showed no
(67 )

significant histologicai changes. x

3:3 Delayed effects

Long-term effects of plutoniura in the blood and the

organs and tissues in which it is retained (see Table 2:4) are now

considered. The gonads are believed to be the only soft tissue

of importance. Cancer is the effect of most concern at low dosage

levels apart from in the gonads where genetic effects must be

considered.

3:3:1 - Blood -

Blood transports small but significant fractions of the

Plutonium intake. The element is cleared from the blood within

hours but the circulation passes blood through tissues containing

the nuclide and bone deposition will cause some exposure of the

blood—forming (haematopoetic) tissue of the marrow. After exposure

to low levels of plutonium, the only common effect observed in dog

blood has been a reduction in lymphocyte numbers (part of the

white cell count), but no serious consequences of this have been

detected even at doses which lead ultimately to cancer.' '

Leukaemia has been a rare finding in animals at doses designed to

cause eventual bone or liver tumours.* ' Ellett' ' suggests on

a theoretical basis that leukaemia in man might result at about

1/10 the rate of each of these other tumours. Reports of a signi-

ficant excess of leukaemia cases among Vindscale workers have been

dismissed by the UK National Radiological Protection Board, although

their study did not follow-up workers who left the industry. '

3*3:2 - Gonads -

Tissues other than bone and liver take up around IO56

of the plutonium circulating in the blood. Human autopsy data
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show that the gonads do not concentrate plutonium.' "'

Experiments on soluble plutonium injected directly into the

bloodstream show that the fraction transferred from blood

to gonads in humans is about 10 of that administered, a

figure supported by animal data ranging from 10 -10~ .*' '

When the route of entry is by inhalation, the fraction of the

initial intake reaching the bloodstream is around 5$ and 12$

for 1.0 \i diameter particles which are insoluble and soluble,

respectively. Therefore, the fraction of the initial intake

reaching the gonads is likely to be about 10~ . Animal data

confirms that the uptake after inhalation is one to two

orders of magnitude less than after intravenous injection.'' '

The plutonium which does deposit in the testis is known to be

divided between that in germinal tissue (which is important

in determining the hereditary risk) and that in the connective

tissue (which is deemed unimportant). A rather uncertain

figure of about one-half the total testicular deposit is
(71) (72)

usually quoted for germinal tissue. ' Green et al.v' '

believe that the distribution is such that the germinal tissue

is irradiated at 2-2.5 times the dose rate to the whole

testis. However, it is clear that the energy deposited into

germinal tissue after inhalation is at least 1000-fold less than that

into bone or liver. If we assess risk in terms of dose (energy/g),

then this is partially offset by the smaller size of the gonads (35 £

for the testes and 11 g for the ovaries compared to 1800 g for the

liver and 5000 g for bone). ' ' Using fractional incorporations
-4 -k

from the blood to the gonads of 5 x 10 and 10 for testes
and ovaries, respectively, the U.K. Medical Research Council has

estimated gonadal doses to be about one-tenth and one-fifth
(KL)

of the liver and bone doses.v ' These values are probably

conservative. For the same dose, somatic and genetic
(7k)

effects are roughly equal.vl ' Therefore, the risk of

inducing genetic disorders in man appears small compared with

any somatic risk that might be incurred.

3:3:3 - Lymph nodes -

The model for clearance of inhaled plutonium from
('\h)

the respiratory tractv ' predicts that part of the lung

deposit drains to the thoracic lymph nodes. Soluble particles

are cleared from the nodes with a 50-day half-time. However,



26.

when the particles are insoluble, one-tenth of the lymph node

accumulation (or 1.5$ of the original lung deposition) is

held indefinitely, the rest being cleared slowly with a half-

time of 1,000 days. In a few years, the activity (curies) in the

lymph nodes becomes comparable with that in the pulmonary

tissue. There is both human and animal data to support this

contention* * ' ' and, for PuO_ in the dog at least, to

suggest that the clearance model may even under-estimate the

effect. When account is taken of the relatively small mass of

the thoracic lymph nodes (which could be as low as 15 g compared

to 570 g for the lung), ' then it becomes clear that the

dose commitment to the lymph nodes (i.e., the energy

deposited per gram of tissue) can be far higher than that to

the lung. Lymph node dose commitments 200 times the lung
(77)value have been calculated. ' Nevertheless, dogs exposed

to plutonium by inhalation have shown no evidence of primary

cancers arising in the lymphatic tissue. Of 2-1 long-term

surviving dogs, however, 20 had malignant lung tumours.

This experimental evidence strongly suggests that the cells

of the lymph nodes are relatively radioresistant, at least in

terms of irradiation by inhaled, insoluble plutonium and that,

in practical terms, the lung is the organ of greater concern.

3:3:4 - Liver -

Autoradiography indicates that at first the

;c
(79)

(78)deposition in the liver is quite uniform.l ' The plutonium

is associated with the iron-transport protein ferritin.

As time progresses increasing aggregation occurs as the liver
( 78 )cells die and the plutonium is taken up by phagocytes. w '

Eventually, the aggregates become held in a network of

phagocytic cells. Whereas it is thought that plutonium held

in bone is not released until the bone is physically

destroyed, there is limited and imprecise evidence in humans

that the plutonium in liver is gradually cleared with a half-

time of several years. The half-clearance time is assumed to

be 40 years.* ' Plutonium in the blood is taken to divide

mainly between bone and liver in equal amounts. Since the

half-clearance times and masses of these organs are roughly

comparable, the dose to the two organs will also be comparable
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(Table 2:5). Experimentally liver tumours are rarely seen in

rodents. In dogs, liver tumours do occur although still at a

lower frequency than bone tumours and are a comparatively

rare primary cause of death (two out of 96 dogs given

sufficient activity to induce bone cancer).' ' However,

liver tumours have a longer latent period before clinical

manifestation of disease than bone tumours and become a

progresively more substantial fraction of the total tumours

found as dosages decrease and life span increases,' ' At the

low levels of general interest in man, liver and bone tumours

may indeed constitute comparable risks.

3:3:5 - Bone -

The fraction of soluble or solubilised plutonium

deposited in bone is laid down almost exclusively on the
fi3 "54)endosteal surfaces which line the bone cavities.v • ' During

bone growth or remodelling of the bone after damage, the activity

may be buried under freshly laid down bone or sloughed off

with resorbing bone to be taken up by phagocytic cells. The

phagocytised particles may be re-deposited on bone surfaces

cr move into the marrow. Thus the distribution is not static

but it does appear that plutonium spends a great proportion

of the time it is contained within bone irradiating the cells

lining the surfaces. Two problems in radiation protection

calculations arise from this non-uniform distribution.

Firstly, it is in the surface lining cells that most bone

cancers arise spontaneously. Secondly, the dose limit for

the irradiation of bone is calculated from numerous human

data on radium-226 activity in bone; however, Ra-226 is more

uniformly distributed in the total bone mass than plutonium

(although not completely homogeneously). Thus in bone

plutonium deposits its alpha-particle energy into a smaller

mass than does Ra-226 and this smaller mass is the most cancer-prone

tissue (i.e., for plutonium in bone there is a higher risk

per irradiated cell than for radium). Hence, a distribution

factor is introduced for Pu-239i *>y which the dose delivered

to bone, calculated on the total bone mass, is factored

upward. There is considerable evidence in animals that Pu-239

is indeed more harmful than Ra-226 on the basis of the same
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energy deposition in bone.1 ' It is also suggested that

the ratio of toxicities between the two nuclides may be

different in man and dog due to- differences in the rate at
(81 )which plutonium is buried by fresh deposition of mineral. '

Values suggested for the distribution factor in man range from
/go \

5 to 64.* ' The value used by most radiation protection

authorities at present, and recently endorsed by the Medical

Research Council of the UK,^ ' is 5.
3:3:6 - Lung -

The exchange space of the lung contains a great

variety of components vith very different absorbing

characteristics. It is not surprising, therefore, to find

that autoradiographs demonstrate a great inhomogeneity in the

distribution of plutoniua throughout the region. * ' This is

accentuated by the tendency of even soluble compounds to

become particulate and phagocytised. The distribution is

not static, however, as clearing mechanisms move the particles

towards the alimentary tract or the lymph nodes. Scar

tissue, however, can act as a point for long-term retention.

Cell susceptibility dxfferences can be expected also in

lung tissues. Ideally, ve need to know the dose commitment

for each cell type and some index of susceptibility to cancer.

Plutonium particles are deposited on the surface layers of

the lung and it is these surface (epithelial) cells which are

thought to be most susceptible. But which particular

epithelial cells? "Spontaneous" lung tumours tend to arise

in the larger airways of the bronchial region rather than the
(83)pulmonary region. * ' Tumours in uranium miners exposed to

alpha-particle emission from radon and its daugnters also
(Vt)arise in the bronchial epithelium.v ' Estimates of lung risk

(7*1in the BEIR report >' ' from data mainly on uniform

irradiation of the whoXe respiratory tractf refer to tumours

arising in the bronchial epithelium. The mass of the

epithelial layer of the bronchial region is debatable but is

certainly only a fraction of the total lung mass.v'^' However,

clearance of particles is rapid from this region (about one

day, Appendix B) and -the dose commitment correspondingly small.

In the pulmonary region a higher dose commitment is expected
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and the epithelial layer will constitute a more significant

fraction of the total mass since the tubes and sacs in this
(73)area are thin-walled.v ' In these pulmonary tissues, the

frequency of "spontaneous" tumours (alveolar carcinomas) is

low but in animals exposed to PuOp by inhalation it is in

this region, and not the bronchial region, that evidence of

cancerous and pre-cancerous change is found.' * '

3:4 The estimation of cancer risks

As plutonium body burdens in animals increase from

zero, the fractional incidence of cancer is known to rise/ '

Between fractional incidences of roughly 10-50$ the relationship

between incidence and burden is approximately linear. As

burdens become higher, however, the incidence of cancer actually

declines as life-shortening effects other than cancer begin to

occur and the animals do not survive long enough to manifest

a cancer. This fact, plus the inherently random nature of

radiation events at the cellular level means that it is

impossible to measure a burden which is 100$ certain to cause

cancer in any individual, a so-called cancer-causing dose.

Smoking is very analogous in this respect. We can define this

hypothetical cancer-causing dose by assuming that the roughly

linear relationship found over a restricted range is found at all

burdens. The cancer causing dose is then the activity which

leads to one cancer.

Mathematically, if An cancers occur in n people given a

burden of A/n each, where A is the total activity distributed

amongst them, then the linear hypothesis states that:

Risk <C Burden

so that, An _ k A , where k is a constant, or An = kA
n ~ n

This holds approximately in the range where — = 0.1-0.5. The

cancer-causing dose (c.C.D.) is then defined as the value of

A leading to An = 1, or the cancer-causing dose is i/k, a value

which is independent of the size of the population considered.

Problems in risk estimation occur at very low burdens

also, since the incidence falls to levels below those

statistically significant in any reasonable experiment. Again

the linear hypothesis must be assumed, this time for very low
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doses. Table 3:1 gives some idea of the problem.

Table 3;1 -

No. of
subjects

10O

1OO

100

/ 10O

(10OO

10O

100.000

Individual burden -
as a fraction of
C.C.D.

1

0.1

0.O1

0.O01

0.O01

0.O00O1

0.OO0O1

No. of
C.C.D. in
the popu-
lation

100

10

1

0.1

1

0.001

1

Estimated
fatalities

Approach 100

10

1

0.

1

0.

1

Footnote

a

b

b

1 a

a

001 a

a

a) estimates assume linearity holds over whole range

b) estimates confirmabis by experiment

•not a l l deaths due to cancer

As the individual burdens become a small fraction of the

cancer—causing dose, we see that before a single fatality is

found, larger and larger populations must be investigated.

However, there is no direct information on the risks from such

low individual burdens. The bulk of available evidence suggests

that the use of the linear hypothesis over-estimates the

effectiveness of very small amounts of radiation.* ' '

Nevertheless, at present, any estimates can only assume that

an intake of plutonium equivalent to the cancer-causing dose

must be equated with one cancer fatality regardless of the

number of people amongst whom i t is distributed and their

individual burdens. Since our assumption is — = k — , we

find An = kA, that i s the number of fatalities depends only

on A, the total activity distributed and i s independent of n.

In a generalised dispersion of plutonium most of the estimated

fatalities come from populations containing only a very small fractio

of the cancer causing dose per individual. Such estimates

must therefore be regarded as an upper limit only.

3s 5 Cancer-causing doses

Table 3:2 provides estimates for the plutonium intake

equivalent to the cancer-causing doses for the organs at

significant risk for different routes of entry into the body.

Two methods of calculation have been used (see following

section), one of which has been similarly used by Cohen* '

whose values are also tabulated. «j



31.

Table 3:2 - Cancer-causing doses calculated in
grams. To convert to curies, divide by
16 for Pu-239. The estimate of risk
summed over all organs is obtained by
calculating the dose at vhich the sum
of risks to each organ i~. unity.

Route of
entry

Form
Cancer-causing doses

Organ Method A Method B
Cohen Present

Inhaled Insoluble Lung

Bone

Liver

All
organs

1.0x10

2.7x10

1.6x10

-3
"3

1.4x1O~3 5x10-4

3.1x10

9x10'

6x10

2x10

-4

-4
-4

Inhaled Soluble Lung

Bone

Liver

All
organs

3.8x1O~3

1.0x10

1.5x10"

9x10'

r2

-4

3.1x10-3

5x10

4.5x10'

2x10'

-4

Ingested Insoluble Bone

Liver

All
organs

150

90

56

48

33
2O

Ingested Soluble Bone

Liver

All
organs

12

5
3
2

1.6

1.2

O.7

Injected Soluble
into
blood

Bone

Liver

All
organs

4.2x10"

1.6x10

8x10

5x10

-4
,-5
-5

5x1O~5

4.5x10"5

2.5x1O~5

3:5:1 - Method A:

This method involves estimating the mean organ dose

from a given intake of Pu-239 and applying risk coefficients

per unit dose (R) for a cancer to arise in the organ. The risk

coefficients are obtained from human exposures to non-

plutonium sources. A fractional incidence for a given

exposure can be derived and, hence, the hypothetical cancer-

causing dose.

Assume 1 jiC of Pu-239 deposited in an organ of mass M.
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Since 1 tiC emits 3.2 x 109 disintegrations per day and

each disintegration liberates 5.15 x 10 eV, the energy

absorbed per day = 3.2 x 109 x 5.15 * 10 = 1.65 x 10

To convert the energy absorbed to a dose in reras (a unit which

takes into account the effectiveness of different types of radia-

tion), we require to know that 6.23 x 1O13 eV/gram = 1 rad, and that

1 rad = Q rems, where for Pu-239 in most tissues except bone,

Q = 1O and in bone Q = 50 because of the surface-seeking

properties in bone of Pu-239.

Therefore, dose/day =

dose is given by

2.65 x 102

1.65 x IP1:6 x g = 2.65 x 10* |[ rems/nCio „ S = 2.6«; v in
2 S

6.23 x 10'

If the duration of exposure is taken as T, and the retention of

the Pu-239 in the organ is characterised by ti , then the total

T

M V " ^ t,)o i

Thi3 gives a total dose (in rems)

2.65 x 10

per pCi deposited.

Thus, if the intake were C (iCi and a fraction, f, is

deposited in the reference organ then the mean organ dose is

given by:

3.82 x 10 (-O.69T)-[
...(2)

The parameters used in equation (2) are summarised below:

Table 3:3 - Parameters used to evaluate cancer-
causing doses.

M(grams)(73)

Bone

5000

365O0

365OO

2.8x10"2

5.1x10"2

5x1O"7

1.5x1O~5

0.45

Liver

1800

14600

14600

2.8x10"2

5.1x1O"2

5x1O"7

1.5x1O"5

0.45

Lung

57O

500

50
0.2

0.2

0

0

0

Form of
Plutonium

Insoluble

Soluble

Insoluble

Soluble

Insoluble

Soluble

Soluble

Route

Inhaled*

Inhaled*

Ingested

Ingested

Injected
*These values are an average for particles in the most
relevant size range of 0.T-1.0n mean diameter.
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Lung

Bone

Liver

calculation.
R

cancers per man-rem
2.5 x 10~ 5

5 x 10" 6

2 x 10~ 5
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To give the maximum risk for a 65-year life-time with a

15-year latent period, the value of the exposure time, T,

was taken as 18,250 days (50 years'). Thus, the cancer-

causing dose only yields its full radiation dose after 50

years.

The risk coefficients used in the present calculation have

been derived by the M.R.C. ' and are as follows:

Table 3:4 - Risk coefficients (R) used in method A. present

Source

Bomb survivors and
radiotherapy patients

Human Ra-226 ingestion

Thorotrast patients

Assuming risk is always proportional to dose, then one

cancer will occur for a dose of 1/R man-Tens, from which the

cancer-causing doses may be calculated via equation 2.

Coher>'s estimates of the cancer-causing doses are

consistently higher than the present estimates. For a similar

method his estimate is three-fold higher for inhalation of

insoluble compounds and 6-8-fold higher for soluble compounds,

ingestion or injection.. Cohen uses an age corrected estimate

of risk which is half of the maximum risk encountered between

the ages of 10-30. The age correction involves the assumption

that there is a constant elevated risk between 15 and 45 yeart-

after exposure only. In view of the 100 and kO year half

clearance times of Pu-239 deposited in bone and liver,

respectively,v ' the present calculation prefers to use the

maximum risk. There are insignificant differences in the lun£

and bone risk coefficients used in the two calculations, but a

difference of an order of magnitude in the liver risk

coefficient. It is not clear which estimate is the more
(38 i

correct. Cohen follows the procedure adopted in WASH-1535

as follows. The BEIR* ' report does not attempt an estimate

of liver cancer risks but, from A-bomb survivors and radio-

therapy patients, makes an admittedly uncertain estimate of all

cancers other than leukaemia, breast, lung, bone, and stomach
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-6 -6
plus intestines, of 1 x 10 per man-rem-year or 30 x 10 per

man-rem in total assuming 30 years of elevated risk. The

liver risk is taken to be in the same proportion to this

total risk as the proportion of all spontaneous cancers which

are liver cancers, namely, 6$, giving a liver risk of about

2 x 10* per man-rem. The present calculation uses a risk factor

of 20 x 10~ per man-rem as suggested by a recent MRC report

on Pu-239.'^ ' This estimate derives from the risk of liver

tumours from the a-emitter Thorotrast in human patients.

Thus, this estimate appears more closely allied to the Pu

situation, although high Thorotrast doses, highly aggregated

particles and an associated chemical toxicity do make it a

very crude analogy.

In the present estimate, therefore, the probability of liver

cancer from a given exposure is about twice the bone tumour

probability, whereas Cohen suggests the liver risk is about

one-fifth. Experimentally,* ' seven liver tumours were found

in dogs given up to 0.095 pCi/kg of Pu-239, as against 22 bone

cancers at time of death. However, the data also showed that

liver tumours have the longer latent period and become a

progressively more substantial fraction of the total tumours

found as the dosage decreases. It is possible that at the

lower dosages of general interest, liver and bone cancers may

constitute comparable risks in the 70-year life-time of a man.

3:5:2 - Method B:

Method B uses the time integrated activity (as distinct from dose)

to which an organ is exposed before death. The risk coefficients in

this case can be derived from direct experiments with Pu-239

exposure in animals and the method has the further advantage

that the problems of internal dosimetry are circumvented.

However, no human data are obtainable.

The principle is the same as for mean organ dose but we

need not consider the conversion of activity to dose units.

By analogy to equations 1 and 2, the time integrated activity

TIA is in units of activity days/gram.
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The risk coefficients can be computed by considering

data in two articles by Bair.' ' ' An example is as follows:

For PuO2, 0.007 |iCi deposited per gram of bloodless lung

led to a fractional incidence of 0.84 for lung cancer in dogs

after 3,000 days.

Thus, ^ = 0.007 T = 3,000

and since ti = 500 days for Pu0_ s.n lung

TIA = 5 |iCi days/gram.

Thus, -the risk is —-jr— = 0.17 per (icurie day/gram.

a) Lung risk estimates

PUOQ ( i n s o l u b l e ) Mouse = O.O65 per (icurie-day/gram

Dog = 0 . 1 7 " "
and O.O9 " "

Pu-citrate (soluble) Eat = 0.27 •• »

Pu-pentacarbonate Rat = 0.3^ " "
(soluble)

The mean value for three species and three compounds is

0.2 per (icurie days/gram.

b) Bone risk estimates

All are for soluble Pu-citrate given intravenously

Mouse = 0.14 per (icurie-day/gram

and 0.06 " "

Rat = 0.09 " "

Dog = 0.80 " "

The mean value is about O.27 per (icurie-days/g. There is a

wider range of values for bone than for lung and, in particular,

the risk derived foi- the J >̂g is significantly higher than for

either rodent. Is the human risk allied more closely to the

dog or rodent risk estimates? Data on Ra-226 ingestion in

humans might answer this point with the usual assumption

that, on a retained activity basis, Pu-239 is Z\ times as

( ' 8
,

toxic as Ra-226.(89' Mays et_al.'8°' quote a risk of 0.25 to
people with a mean residual Ra-226 burden of about 2

after 30 years. The mean accumulated dose is calculated to

be 4,500 rads which, since 0.1 |iCi of skeletal Ra-226 is

conventionally taken to deliver 3 rads/yr, means an average



burden of 5 (iCi for the 30-year period (4,500/3 x 30 x 1O =

5 |iCi). Thus, for a Ra-226 TIA of 5 x 30 x 365/5,000 =

11 (icurie-days/g, the risk is 0.25. Allowing for the greater

toxicity of Pu-239, we arrive at °* •* x 2.5 = 0.06 per

(icurie-days/g as the bone risk for man. There are uncertainties

in this estimate because of problems in assessing the relative

toxicity of Ra-226 and Pu-239 in man and the dog, and because of

uncertainty about the rate of clearance of Ra-226 in the early

years. However, the risk to the bone from Pu-239 appears

unlikely to exceed a value of 0.6 per (icurie-days/g. Thus,

from all the available data, a value of 0.2 per |icurie-days/g

for the risk to bone should not be in serious error by more

than a factor of 3*

c) Liver risk estimates

Only one source of data is available,' ' giving a liver

risk in the dog of 0.13 per [icurie-days/g.

As in method A, the above risk estimates can be converted

to give the TIA needed to cause one fatal cancer

induction. Equation 3 is then used to 'evaluate the cancer-

causing dose. Again the full TIA associated with the cancer-

causing dose is only reached 50 years after exposure.

3s5t3 - Summary of cancer-causing doses:

The agreement between the two different methods of

calculation as presented here is within about a factor of 3.

Considering the very different data used, this amount of

agreement is satisfactory. Bair and Thomas^ ' have derived

lung risk coefficients in terms of man-rem (method A)» but

from animal plutonium exposures rather tHan human non-plutonium

data. Their value is approximately five times greater than

used in section 3:5:1 above. This would bring the agreement

between the two methods even closer. When Cohen1s earlier analysis

is included, the agreement is still within a factor of 20,

which is reasonable in view of the uncertainties.

It is fair to state that for three separate treatments,

the intakes of Pu-239 corresponding to the cancer causing dose

as defined above are as follows:
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Inhalation : 0.2-4 mg

Ingestion, soluble material : 0.7-12 g

Ingestion, insoluble material: 2O-6O g

Intravenous injection : 25-hZO |ig

3:6 The likely effects of Plutonium dispersal -

It is evident that the major risk from plutonium is

the release of airborne particles. Combining a cancer-causing

dose for inhalation of, say, 1 mg with the probable fraction

of any general airborne release that will be inhaled, namely,

10 as discussed in section 2:2:3:4, we estimate that there

may be up to one cancer fatality per 100 g of Pu-239 dispersed

accidentally of a breathable size. The effectiveness of

plutonium as a radiobiological poison in the hands of

terrorists who might choose to disperse the element in crowded

areas or in air-conditioning units has been discussed in

NIP-23 (Safeguards). Possible effects due to other nuclides

in reactor wastes are discussed in Appendix A.

3:7 Present limits on plutonium exposure -

The methods used to set limits on exposure to any

radioactive source have been discussed in NIP-4. Generally,

radionuclides which are an internal hazard pose great problems

in dosimetry which are only gradually being understood. For

soluble plutonium, the presently allowed body burden for

radiation workers is 0.040 |iCi of which 90$ is presumed to be

in the bone. This has been derived from one of the most

direct radiation protection standards, the permissible body burden

for Ra-226 (0. 1 iiCi). Early rodent experiments' 9' established

that Pu-239 was Z\ times more toxic than Ra-226 when based on

the activity retained (or five times on the basis of energy

dissipated since Ra-226 deposits twice the energy per

disintegration).

Inhaled insoluble plutonium is taken to be a risk to the

lung for which the maximum permissible annual dose is 15 rems,

corresponding to a maximum lung burden of 0.016 (iCi if the

energy is assumed to dissipate uniformly over the whole lung.

From this maximum permissible lung burden and the metabolic models

outlined above, it is possible to derive maximum permissible

concentrations in air (MPCa). For soluble and insoluble Pu-239

compounds the MPCf values are roughly 10-1* g/l and 10" 'J g/1,

respectively, l90**'
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A standard practice in radiation protection is to focus

on the organ at most risk from a given radiation source,

vhich is then limited so that the risk to the critical organ is

comparable" with that considered acceptable for whole body-

irradiation. As we have seen, soluble plutonium in blood

is now thought to be divided equally between bone and liver,

while after inhalation of insoluble plutonium the dose

commitment is comparable for three organs, namely, lung, bone,

and liver (Table 2:5). The idea of a single critical organ

for plutonium no longer appears tenable and the ICRP will

almost certainly recommend a reduction in permitted levels by

a factor of perhaps three, so that the risk to all organs

combined is considered acceptable.

Further decreases in the limits have been proposed in
(91)some quartersv ' on the grounds that the original factor

for the greater toxicity of plutonium dose in bone compared

to Ra-226, namely, five, may be too low. The extent of the

greater toxicity of Pu-239 hinges on its surface-seeking

properties relative to Ra-226, relative excretion rates for the two

nuclides, estimates of the relative rate of burial of plutonium by

newly-formed bone in man and dog and the ratios of bone

surface areas to Done volume in different species. At present

such considerations have led to a wide range of estimates for
//TO \

the greater toxicity of plutonium burdens (5-6^). ' However,

the M.R.C. recently endorsed the value of f ive. w ' There are

two factors which tend to offset the seriousness of any

under-estimate of relative plutonium toxicity. Firstly, the

radium burden of 0.1 jiCi at which level no bone tumours have

been detected is a residual burden several years after initial

exposure. Initially, the burden was far higher since radium

is rapidly cleared in the early years after intake. Secondly,

Ellett et al. *• ' have shown that the radium limit is four

times more stringent than the general limit of 5 reins per

annum for penetrating whole body irradiation (i.e., the

radium limit carries only one-quarter the risk of the whole

body limit). Four interesting cases are provided by patients
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thought to have terminal illnesses in 15^5-^6, but still alive

in 1975« They were given 2J-10 times present permissible burdens

of plutonium compounds by injection into the blood as part of a

study on excretion rates. These cases show no signs of

plutonium-related disease/7 ' Fourteen patients similarly

injected did not survive long enough to eliminate any possible

effects of plutonium with certainty, although no such effects

were, in fact, found.

Table 2J5 shows that dose commitment increases as the

size of any inhaled particles decreases. Limits are set

assuming 1 n median diameter particles. Even if the particle

size decreases 100-fold, however, dose commitment only

increases by a factor of 3.

(92)

It has been suggested recently* ' that even minute total

activities of plutonium could constitute a high risk for lung

cancer induction when the activity was associated with a few,

relatively large (but still respirable) particles in an

aerosol. The risk arises from the very high local dose which

might be given by these 'hot particles* .to a small fraction

of the total lung mass (bearing in mind the very short range

of alpha-particles). Several authoritative agencies and

scientists have criticised this hypothesis on ttie grounds of

the inappropriateness of the data used to support it, the

implied mechanism of cancer induction and experimental

observations which, if anything, suggest that hot particles

are less carcinogenic. These arguments are summarised in

NIP-4. However, it should be noted that the hypothesis calls

for the hot particles to be sufficiently immovable, once

deposited, to heavily irradiate just a few cells. Even the

slowly removed deposits in the pulmonary region are subject

to phagocytic action and movement towards the stream of

mucous in the upper respiratory tract. More importantly, the

chemistry of plutonium, the action of phagocytes and the

complex variety of structures found in the lung make it

inevitable that all lung irradiations from plutonium compounds

will involve highly non-hoiaogeneous and particulate sources

of the dose, including those irradiations used to derive risk

estimates conveniently calculated from a homogeneous dose to

the whole lung.
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The practice of averaging the total dose received over

the whole mass of the lung can be more soundly criticised on

the grounds of the different susceptibility towards

carcinogenesis of the various lung tissues as was discussed

in section 3:3:6. Obviously the question of the susceptibility

of the lung to plutonium is complex and at this time we can

only point to the- human evidence available. Some 250 workers

in the plutonium industry are known to have inhaled activities

close to the permissible levels. In particular, 25 workers at

Los Alamos were exposed over 30 years ago, 10 of them to up

to three times the permissible levels, six up to five times,

and three up to 10 times.* • If present standards (which

carry an acceptable, not zero risk) are adequate, cancer might

be expected in perhaps one of these 2$ workers. In fact, not

a single case has become evident to date. In fact, no causal

relationship between exposure and any harmful health effect

has been established in any of the workers in the plutonium

industry.*93'
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APPENDIX A: Transuranium Nuclldes other than Pu-239.

In Part 1, the isotopic composition or plutonium in

reactors was discussed. Although constituting the majority

of the plutonium mass, Pu-239 only accounts for a fraction

of the plutonium alpha-activity in spent reactor fuel because

other isotopes possess higher specific activities-. The

actual isotope ratios will depend on the extent of fuel burn-

up in the reactor and the time since removal from the reactor.
(59)

Cohen has suggested that a factor of about five would be

reasonable for the increased dose per gram to be expected

from reactor plutonium compared with pure Pu-239• With the

passage of time other transuranium nuclides (e.g., Am-24i,

Cm-244) may be expected to increase in importance. Parts 2

and 3 of the report considered the pathways to, and effects

on, man of Pu-239 (in. fact, mixtures with the indistinguishable

isotope Pu-24o). The data on other transuranium nuclides are

far less. Their behaviour will be broadly similar to that of

Pu-239 but, in view of their increasing importance and their

generally higher specific activity, a brief summary of the

major differences expected is given below.

A: 1 - Environmental Pathways

Generally the other nuclides are at least as likely

to reach man as Pu-239, and frequently more so. Americium-241

is taken up to a greater extent in marine biota1 ' although
(19)

in deep sediments it appears to be as immobile as Pu-239.v

On land, however, Am-241 appears to move far more readily
(qL OK)

within the soil profile than Pu-239, v;7 '*-" is more leachable
(32 93)

and is taken up by plants to a greater extent (10-50-fold). '

Present data suggests that Pu-238 and Cm-244 are likewise more

' available "V5'in essence, Pu-238, Am-241, and Cm-244, appear

to behave as if they are more soluble than Pu-239•

A:2 - Man

The apparently greater solubility of these other

nuclides is reflected in their behaviour when taken into

animals. Uptake from food appears to be at least 10 times
( 14)

higher for Am-24i and Cm-244 compounds than for plutonium.v
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Fractional uptake of Am-24i from food is generally taken to

be 10~3 as opposed to 3 x 10"5 for soluble Pu-239.*9 '

(97)Bairv ' lists the following properties of some nuclides.

After inhalation, Pu-238, Am and Cm oxides are cleared from

the lung far more rapidly than the corresponding Pu-239 oxide;

the clearance times are reminiscent of soluble Pu-239 compounds.

While in the lung the distribution is far more uniform than

for Pu-239. After clearance, the nuclides translocate to the

bone and liver so a decreased lung risk is offset by

an increased risk to other organs. Five years after inhalation,

the level of Pu-238 in dog bone was 12 times the Pu-239 level.

Bone sarcomas are regularly found in experimental animals after

inhalation of Pu-238, in contrast to Pu-239. Thirty days after

inhalation of oxides, Cm-244 was roughly equally divided

between lung, bone, liver, and muscle, Am-24i was predominantly

in the liver, and Pu-238 in the bone.

A:3 - Summary

The risks from inhalation of transuranics other than Pu-239

appear comparable to those from Pu-239, since any decreased

lung exposure is compensated by an increased dose to the bone

and liver. Although a greater absorption of the other nuclides

is expected when ingested, the increase does not appear

sufficient to result in ingestion being a comparable hazard

with inhalation.

Thus, the differences outlined above are not sufficiently

large for protection criteria reached on the basis of Pu-239

to be seriously in error at present. Such factors must be

watched and studied further as the other nuclides increase in

abundance.



APPENDIX B; Retention after Ingestion and Inhalation of
Plutonium

B:1 - Ingestion

Plutonium particles can be carried into the body by

way of food, taken into the stomach and thence to the intestines.

Early worlO° ' showed that less than 0.05% of ingested

plutonium was absorbed through the gastro-intestinal (Gl)

tract of rats. The high pH of the duodenum and small intestine

favour rapid hydrolysis and polymeric, insoluble particles.

Absorption is further hindered by the association of the

plutonium with undigested food. In the pig, the fraction of

insoluble Pu0o absorbed from the GI tract is no greater than
-6 (09)

10 of the initial intake. v / A Task Group of Committee 2,
(L)
(iL)

of the ICRPV ' considers that, due to hydrolysis, even

soluble compounds are unlikely to be absorbed to a much

greater extent and for such compounds adopt a fractional

absorption of 3 x 10 . Numerous data quoted by the Task

Group show that higher fractional absorptions can occur from

highly acidic solutions or with chelated complexes though

the fraction rarely exceeds 10 . In acid solutions, at

least, one day old rats with incompletely developed intestines

show a 100-fold increase' in the absorption of

soluble plutonium compared with mature rats. ' However, the

ability for increased uptake disappears within 3-^ weeks and enhanced

absorption for human infants is unlikely to be so great as

their intestines are more highly developed at birth. The

foetus is protected from plutonium contamination since cross-

placental transfer is negligible. In rats, cross-placental

transfer amounted to 10~ and 2 x 10~ of the initial
(97)deposition of soluble and polymeric plutonium, respectively.

Man appears likely therefore, to retain only 3 x 10~ to 10 of

ingested plutonium and the main report indicates that his

food intake is unlikely to contain sufficiently high activities

to make ingestion a major route.

B:2 - Inhalation

B:2:1 - Deposition;

The initial deposition of inhaled plutonium-laden

particles is unlikely to be influenced by chemical parameters
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but will depend on physical factors such as particle size and

the physiology of the person concerned. For these reasons,

Committee 2 of the ICRP considered that the problem could be

treated in the same manner as the deposition of dusts. In

1966, a Task Group on Lung Dynamics issued a comprehensive

report which still provides the basis for the initial
(k7)

deposition of inhaled radionuclides. v '

Three regions of the respiratory tract (RT) are defined in a

way that is not necessarily that found in text books of

anatomy but which appeared to the Task Group to be most

appropriate to problems of dosimetry.

1) The Naso-Pharynx (N-P) begins at the nostrils and extends

to the larynx; 2) tte Tracheo-Bronchial (T-B) region includes

most of the non-functional, larger air passages beginning

with the trachea and extending down the progressively

branching bronchial region (the bronchial tree) to end at and

include the terminal bronchioles; 3) the pulmonary (p) region,

loosely termed the lung, beyond the bronchial tree contains a

variety of thin-walled structures which, act as the functional

area of the lung (the region in which exchange of gases

between air and blood occurs). Regions 1 and 2 are further

differentiated in that in these regions the epithelial

(surface) cells possess hairy tufts (cilia) and are covered

in mucous. This is not the case for the pulmonary region.

Several assumptions are required in applying a dust

deposition model. First, only nasal breathing is considered.

There is evidence that the mouth can also act as a partial

filter but this will be a highly variable phenomenon and

cannot be easily accommodated in the model. In mouth

breathing, higher T-B and lower N-P deposition is expected.

However, the Task Group suggest that pulmonary deposition is

unlikely to be affected. Second, the volume of air respired

per minute, which will alter with the work rate, must be

taken into account. Increased demand for air can be met by an

increased respiration frequency or by an increased volume

intake per inhalation. It is more usual for the second course

to be taken and the model assumes a constant respiration

frequency of 15 cycles per minute, but considers a range from

11 to 32 l/min in the total volume of air inhaled. Volumes
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above this range are rarely exceeded except for very short

periods, but smaller volumes vould be applicable for the

resting state. However, it can be shown that the percentage

of the inhaled particles deposited within the respiratory

tract varies by no more than 20$ for the three-fold range of

inhalation volumes. The way in which this deposition is

fractionated between the compartments is more variable but does not

vary by more than a factor of two for the three-fold change

in the inspired volume considered. For most purposes of

dosimetry then, taking the mean volume respired per minute

(about 20 l/min) will not cause serious error. This volume

is equivalent to a moderate work rate.

The third assumption concerns particle size and

distribution. A uniform shape of particle cannot be expected

and to aid calculation every particle is assigned an aero-

dynamic diameter, that is the diameter of a sphere of unit

density having the same settling rate as the particle in

question. Any dispersed aerosol will consist of a

distribution of sizes and extensive data on dusts suggest

that the most common distribution can be characterised

completely by two parameters. One is the aerodynamic diameter

of the particle of median mass (MMAD) while the other is the

geometric standard deviation, a .

(Lf)
The Task Groupv ' detail numerous theoretical and

experimental treatments which lead them to believe that the

MMAD can be used to describe the fractional deposition

between the compartments of the respiratory tract for the

distribution that it represents over a wide range of a .

For radionuclides in aerosols, radioactivity rather than mass

is the important factor and figure 1 gives the variation in

the fraction of the inhaled activity deposited in each compartment

of the respiratory tract for a range of activity median aero-

dynamic diameters (AMAD) from 0.01|i to 100|i (microns).

Extrapolations beyond this range are complicated and

unnecessary since aerosols of such large or small size are

infrequent and unstable. A pertinent point here is that

airborne fallout is contained on aerosols with an AMAD of



_1_ The effect of different aerosol sizes on the

deposition of inhaled activity in the following regions:

M M , total respiratory tract; naso-pharynx;

-.-. pulmonary. Deposition in the tracheo-bronchial

region varies little over the size range indicated and

is usually taken as a constant Sc/o of the inhaled

activity. The actual values can be obtained by sub-

traction of the N-P and P depositions from the total

respiratory tract deposit. The data have been obtained

by eye from figs 12, 13, and \k of ref. k7, with a

constant respiration rate of 15 cycles per minute and

an inspired volume of 20 litres per minute through the

nose.
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about 0.4(1.' ' Few data are available on particle size

distribution from accidental releases of plutonium and

obviously escape situations can be envisaged involving a

whole range of sizes. The information that is available

suggests that accidental laboratory releases usually concern

particles with an AMAD of less than 1.0|i. Where no evidence

of particle size can be brought forward, the Task Group on

Lung Dynamics recommends that an AMAD of 1.0|i be assumed.

This is the value used in recent calculations by the M.R.C.
/E/I)

in evaluating plutonium hazards,w ' and in this case the

fractional depositions are (see figure* i) 30$ in N-P, 8$ in

T-B, and 25$ in P, leaving 37$ to be exhaled.

B:2:2 - Clearance and re-distribution of deposited
plutonium:

The rate at which plutonium particles deposited in

the respiratory tract are cleared to other tissues or the

exterior is of prime importance in the assessment of the

actual radiation dose that will be delivered by any contaminated

aerosol. It is obviously desirable to define clearance

pathways and rates for particular compounds of interest but

this is not possible at present. Instead, all transuranic

compounds are divided into three classifications which depend

upon their maximal clearance time from the respiratory tract.

Class D refers to compounds with maximal clearance times of

about one day. Only the stable, chelated compounds of

plutonium are likely to fall in this class. Class \I refers

to compounds retained for up to about six months. Plutonium

nitrate and chloride, which are soluble but hydrolysable

compounds, fall in this group but the majority of transuranic

compounds are highly insoluble (e.g., PuO,,) and are

categorised as Class Y, retained in a significant percentage

for more than six months. In ICRP Publication 19^ ' all

the information available up to the end of 1970 on clearance

pathways of inhaled transuranic compounds in animals has

been collected (about 25 separate studies). The data include

the fractional deposition in various tissues, the degree of

retention and half-clearance times. On this basis, a general

estimate is made of the clearance pathway and rates for Class

V and Class Y plutonium compounds. It must be enphasised



47.

that the clearance model cannot be rigidly correct (e.g., a

retention in a tissue of 1$ for Class Y compounds means that

the retention for a particular compound in that class is

unlikely to be negligible nor greater than a few percent).

Bearing in mind that little human evidence is available, the

recommendations contained in ICRP Publication 1 9 * ' are

certainly the best available guidelines as to the likely fate

of plutonium or any other transuranic radionuclide deposited

in the respiratory tract. The next two sections are best

read in conjunction with fig. 2.

B:2:3 - Early clearance:

Clearance of the plutonium deposited in the

respiratory tract takes place in two stages. Within one day,

the total N-P deposition and T-B deposition is cleared, the

majority going to the GI tract, the remainder into the blood.

About 1$ of this early clearance is to the blood for the less

soluble Class Y compounds while for Class V compounds 10$

reaches the blood. The mechanism of clearance to the GI

tract is poorly understood. Apparently the particles are

engulfed by phagocytic cells and swept 'in a moving layer of

mucous to the oesophagus and swallowed into the GI tract.

kO% of the pulmonary deposition is also cleared to the GI

tract with a half clearance time of one day. The surface of

the pulmonary region is not ciliated nor covered in mucous

but the particles appear to be engulfed in specialised

phagocytic cells which can migrate to the upper portions of

the respiratory tract and there become subject to mucal

streaming to the oesophagus.

B:2:4 - Long-term clearance;

According to the model, 6o$> of those particles

deposited in the pulmonary region are retained for more than

one day. For insoluble Class Y compounds, the half-clearance

time of these retained particles is 500 days, two-thirds of

this clearance (or 40% of the initial P deposit) being to the

GI tract, one-quarter (15?6 of the initial P deposit) draining

to the thoracic lymph nodes associated with the lung and one-

twelfth (5$ of the initial P deposit) solubilising into the

blood. For more soluble Class W compounds, the half-clearance

time is only 50 days and the amounts going to the lymph nodes



Fig. 2 The parameters for the clearance of Class Y compounds

(e.g.( PuO») from each of the three compartments of the

respiratory tract. The percentages refer to the

percentage of the deposition originally in the compartment

at which the arrow starts and which is translocated to

the compartment at which the arrow finishes. The other

figures refer to the half-clearance times in days, d,

or years, y, for the translocation between the compart-

ments indicated.

Clearance routes from P indicated as being via T-B

are intended to show that part of the P clearance is by

migration to the mucous stream in the upper respiratory

regions. 10$ of the lymph node deposit is permanently

retained and clearance from soft tissue is believed to

be very slow. Data obtained from ref. 14.
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Fig. 3 The deposition and clearance of an inhaled Class Y

aerosol with an AMAD of 1 «0)i, for an inspired volume of

20 litres per minute and a respiration frequency of

15 cycles per minute. All percentages in this figure

refer to the percent of the original inspired activity

carried on the route marked. The numbers are computed

from figs 1 and 2.
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and blood are reversed (i.e., 5% and ^5CJ> of the initial P

deposit, respectively).

From the lymph nodes the plutonium particles slowly

solubilise into the blood. In the case of Class W compounds complete

solubilisation with a 50-day half-clearance time occurs. The

half-clearance time for Class Y is much longer, about 1,000 days

and 10% of the original lymph node deposit is considered to be

permanently lodged.

We find, therefore, that within 5-10 years effectively

all the plutonium deposited in the respiratory tract is

removed to either the GI tract, the bloodstream, or. the lymph

nodes. The greatest clearance is to the GX tract (all the

N-P and T-B deposits, and, from both early and late phases,

a total of 80% of the P deposit) from which the plutonium is

rapidly excreted with negligible absorption into the blood.

The small fraction circulating in the blood is very

significant since the plutonium is deposited eventually into

bone, liver and soft tissue in the ratio 45s45:1O (i.e., the

current model suggests that it nearly all ends up, equally

divided, in bone and liver). Removal from bone and liver is

a very protracted process with half-clearance times of 1OO

and 40 years, respectively.

B:2:5 - Summary of the lung model for Class Y compounds

The clearance pathways and half clearance times are

summarised in figure 2 for Class Y compounds. In figure 3 we use the

deposition and clearance models to trace the course of an

original inhalation of 100$ activity contained in an aerosol

of 1.O(i AMAD. For this aerosol, 15$ of the initial activity

is retained for long periods and is sited on the pulmonary

region initially.

B:2;6 - Comparison of the model with experimental data

A study of 60 dogs given PuOg by inhalation can be

used to test the lung model. Stuart et_al. * ' found a

retention in the pulmonary region about three times longer

than the model predicts and that 85% rather than 60% of the

deposit is' cleared with this longer half-time. A major discrepancy

in the do^ is that 75%, not 15%, reaches the lymph nodes and



70% rather than 1054 of the lymph node deposit remains

indefinitely. It is quite clear from animal data that

plutonium reaching the GI tract is.almost completely excreted

and that bone and liver are the major deposition sites for

Plutonium circulating in the bloodstream' -*' ' The relative

proportions reaching bone and liver vary considerably with

species and compound and, therefore, the equal partition

assumption of the model is the safest possible and is unlikely

to be in error by more than a factor of two or so.

The half-clearance time in bone is well supported by the

evidence. Human excretion rates of soluble plutonium (which

would be predominantly from the skeleton) suggested half-

times for total clearance between 84-200 years.* ' Animal

data suggest that retention can be extrapolated between
(14)

species by body weight and longevity. ' In animals, the

half-clearance time is between 1-2 times the average life

expectancy (i.e., for man 65-130 years). From body weight

extrapolations the limits are 17-75 years. It appears clear

that Pu in bone can be regarded as there for life and the

recommended half-life of 100 years cannot be seriously

questioned at present. Extrapolation of the animal data for

liver on the basis of body weight yield a range of 5-68 years

for the half-clearance time in man. Human data are limited

and of little precision; they do indicate a half-life of many

years. The 40-year recommendation for livar retention is not

likely to cause a serious over- or under-estimate./ 2 \
Finally, Bennety ' has used the levels of fall-out

plutonium present in New York air to predict organ burdens

according to the model. The agreement with the actual levels

determined by autopsy is remarkable.

B:2;7 - Calculation of organ doses

In section 3:5:1 a formula was developed for

determining the dose accumulated by any organ during a period

T after taking a known activity of Pu-239 into the body by

any route. The parameters used to determine the actual doses

to be received (e.g., Table 3:3) are derived from figures 1, 2,

and 3 for insoluble compounds and from similar treatment of
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the data of refs 14 and 47 for soluble compounds. The lung,

bone, and liver dose commitments given in Table 2:5 were

derived from such considerations. -
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