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Autoradiograph of a histological section of bone showing patterns of burial 
and accumulation of incorporated plutonium (24lPu) in the macrophages. These 
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FOREWORD

The rapid increase in nuclear power programmes in the Member States o f  
the Agency has led to a progressive rise in the number o f  reactors and associated 
installations, including fuel reprocessing and radioactive waste treatment plants. 
The interest in studying the effects o f  the release o f  radionuclides into the 
environment has grown, especially in releases which might directly or indirectly 
affect man, including such aspects as late somatic and genetic effects.

Although the national and international measures taken to prevent radio
active pollution o f  the environment from the nuclear power industry are far more 
elaborate than those for toxic chemical pollutants released from conventional 
energy and other industries, regular periodic review and reassessment o f  the 
nuclear safety standards and o f  the implications o f  possible releases is essential. 
With this aim in view, the International Atom ic Energy Agency convened an Inter
national Symposium on the Biological Implications o f  Radionuclides Released 
from Nuclear Industries from 26 to  30 March 1979 in Vienna. A total o f 205  
participants and observers from thirty-one countries and four international 
organizations attended.

Sixty-two papers were presented in nine sessions. The main topics discussed 
were radiobiology, radio-oncology, radioecology and toxicology of, firstly, the 
transuranic nuclides such as plutonium , americium and curium and, secondly, o f  
other important radionuclides such as tritium, krypton and iodine. Current data 
and practical information obtained from suitably designed animal studies and 
from the epidem iological, ecological and foodchain analyses were reported. 
Follow-up surveys o f  late effects in accidentally exposed radiation workers were 
also reported for discussion and risk evaluation.

Particular emphasis has been given to the need for developing accurate 
m ethods for assessing absorbed radiation dose to the critical organs and tissues. 
Such data are vital for quantifying the risks to such organs and tissues. The 
m etabolic models, based upon patterns o f  deposition, uptake, redistribution and 
retention o f  specific radionuclides, discussed at this Symposium should help 
develop such information. The observation that lung-tumour incidence was 
more dependent on the total radiation dose to the lung rather than on the mode 
and rate o f  dose accumulation by repeated exposures is significant in terms o f  
the risk assessment o f  occupationally exposed workers.

Some o f the reports dealt with the interactions o f  radiation with carcino
genic chemicals in the production o f  biological effects. The discussions o f  these 
data stressed the urgent need for further investigations on this topic.



The reviews at the Symposium showed repeatedly that the radionuclides 
released from nuclear industries are present in the environment at such low levels 
that they are not considered to pose any health hazard. Indeed, the maximum  
permissible levels (MPLs) o f  various radionuclides as recommended in the various 
national and international safety standards are several orders o f  magnitude lower 
than the respective minimum levels at which such radionuclides have been shown 
to produce a detectable effect. Furthermóre, the actual release levels o f  these 
radionuclides into the environment are usually orders o f  magnitude lower than 
their recommended MPLs. The information gathered during the Symposium is 
thus o f  special importance in reaffirming the safety o f  the current radiation 
protection practices and standards.

The full text o f  the papers presented at the Symposium and their discussions 
are published in these Proceedings, which appear in two volumes. The information  
contained in these books is thus expected to serve as the main source o f  reference 
for the specialists in radiation biology, radiation oncology, radioecology, epi
dem iology, health physics and environmental studies.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial sta ff o f  the International 
Atom ic Energy Agency to the extent considered necessary for the reader’s assistance. The views 
expressed and the general style adopted remain, however, the responsibility o f  the named authors 
or participants. In addition, the views are not necessarily those o f  the governments o f  the 
nominating Member States or o f  the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency, 
this has been done with the knowledge o f  the authors and their government authorities, and their 
cooperation is gratefully acknowledged. The Proceedings have been printed by composition 
typing and photo-offset lithography. Within the limitations imposed by this method, every effort 
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable, 
consistency o f  units and symbols and conformity to the standards recommended by competent 
international bodies.

The use in these Proceedings o f  particular designations o f  countries or territories does not 
imply any judgement by the publisher, the IAEA, as to the legal status o f  such countries or 
territories, o f  their authorities and institutions or o f  the delimitation o f  their boundaries.

The mention o f  specific companies or o f  their products or brand names does not imply any 
endorsement or recommendation on the part o f  the IAEA.

Authors are themselves responsible fo r  obtaining the necessary permission to reproduce 
copyright material from  other sources.
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Abstract

THE CLEARANCE OF Pu AND Am FROM THE RESPIRATORY SYSTEM OF RODENTS 
AFTER THE INHALATION OF OXIDE AEROSOLS OF THESE ACTINIDES EITHER 
ALONE OR IN COMBINATION WITH OTHER METALS.

In this series of studies in rodents the lung clearance and tissue distribution of both 
plutonium and americium have been measured following their inhalation as mixed actinide 
oxides either alone or in combination with other metals. The aerosols used were materials to 
which workers in the nuclear industry may be occupationally exposed or which could be 
generated in the event of an accident in a reactor core or fuel fabrication plant. The studies 
showed that, at least for some P u02 aerosols, the lung model currently being used by ICRP 
for estimating tissue doses from inhaled actinides may overestimate, by about a factor of ten, 
the amount of plutonium translocated to the blood. The presence of oxides of other metals 
can, however, appreciably influence the clearance of plutonium from the lung. While in some 
mixtures plutonium dioxide behaves as an insoluble (Class Y) compound and in others as a 
soluble (Class W) compound, it may also have transportability characteristics between these 
two extremes. Americium-241 behaves as a soluble (Class W) compound when inhaled as the 
oxide. However, if it is present in trace quantities in mixed-oxide aerosols its behaviour 
depends upon that of the materials present in greatest mass.

1 INTRODUCTION

Following the accidental inhalation of actinides, the lung 
model most frequently used to predict the consequences of the 
intake is that developed by the ICEP Task Group on Lung Dynamics 
(TGIiD) J Z J  and subsequently modified in ICEP Publication 19 •
The model has also been adopted by Committee II of ICEP for 
calculating Annual Limits of Intake by inhalation for occupation
ally éxposed workers D J .  This is a generalised model, however, 
and ICEP emphasise that "where appropriate biological data are 
available these are to be used in the model."

3



4 STATHER et al.

Extensive studies over the last three decades have 
investigated the retention of plutonium and other actinides 
deposited in the respiratory system in various chemical forms 
/ 2 , g .  An ICEP Task Group of Committee 2 concluded _/"2j7 that 
the data obtained from these studies were reasonably consistent 
with the values set out by the TGLD. However, most of the 
studies published at the time of the review related to work on 
isotopically pure chemical forms (nitrate, citrate, oxide etc.) 
prepared under laboratory conditions. Little information was 
available on the behaviour of dust particles containing actinides 
of the type likely to be encountered in practice in the nuclear 
power and allied industries. Such dusts can consist of mixtures 
of different plutonium isotopes together with uranium, other 
actinides, fission products or inactive materials. It is 
therefore desirable to test the general applicability of the 
TGLD model to the behaviour of actinide dusts to which workers 
may be occupationally exposed or which might be produced in the 
event of an accident.

2. MATERIALS AND METHODS

2.1 Inhalation exposures

Two different inhalation facilities for small animals 
were used in this work. The techniques employed have been 
described in detail elsewhere /5»6/. One facility enables 
rodents to be exposed to dusts of actinide materials 
collected at nuclear establishments The other generates
aerosols from metals by an exploding wire technique and 
exposes animals on-line to an oxide fume /5/. The dusts used 
in this study represent materials handled in the fabrication of 
fast reactor fuel and in the manufacture of by-products of the 
nuclear industry. The fumes produced by explosion are similar 
to oxides formed by other high temperature methods ¡ j , 8/  and 
might be considered to represent the types of aerosol that 
could be produced by a high temperature fire in a fast reactor 
core. They consist of branched chain - like aggregates formed 
by condensation from the vapour.

Plutonium used for the preparation of the PuÛ2 aerosols 
by exploding wire was initially in the form of delta phase 
stabilised wire or foil and contained 88.2% (239pu and 2W)pu),

1.7% of 238Pu, 0.02% of 2i|1Pu, 0.01% of 2i+2Pu and 10% of 2^1Am 
by alpha activity. Uranium was enriched with 235 и (93%) and 
was in the form of a foil. Foils of other metals (sodium 
potassium, aluminium and calcium) were also used in the 
preparation of mixed oxide aerosols.

Details of the actinide preparations used in this study 
and the aerosol characteristics for the different exposures 
are given in Table I.



Table I 

Summary of experiments

IAEA-SM-237/5 5

No. Chemical form . _ . ... I.L.D. Source or method of
characteristics , — n j j. •

a kBq Pu aerosol production
AMAD X  + S.E.(n )

___________________ (щ-0 ** _________________________

1 239Pu02/U02a 1.5 1.8 0.77 + .06 (5) Sampled as an aerosol
at the ball mill and 
blending stage in a

p,q production line for
2 PuOg/UOg 1 .8  1 .9  1 .3$ + .2 2 (5 ) experimental fast

reactor fuel. Pu0_
calcined at 55 0°C.

„ Q Pu0 2 îTO2 ratio 1 : 2  by
3 PuOg/UOg 1.5 1 .8  1 .0 8 + .07 (5) mass.

k 239Pu02a 1 . 3  1.5 1.13 + .14(12) Fume0

5 23^PuO„ 2 . 2  2 . 2  1 .1 3  + -26 (5 ) oc-n source fabrication
“ plant. (9996 Pu-238 by

alphas)

6 2^"Am0 2 1 .9  2 .0  1 .6 8 + .2 5 (5 ) а-n source/a-foil
fabrication plant.

7 239Pu02 + U02& 1.3 1.5 .81+ + .16 (6) Mixed oxide fume
(PusTJ atomic ratio 
1 :1 .0 6).

8 239Pu02 + TJ02a 1.3 1.5 1-27 ± .21+ (6) Mixed oxide fume0
(Pu:U atomic ratio 

1:4).

9-12 239PuQ_ + M0 a 1.3 1.5 Mixed oxide fumes0
of Pu with Na, K, 
Ca or Al.

a consists of a number of Pu isotopes hut 
Pu-2 3 9 (+ 240) is the main component 
(see text and Table II).

b initial lung deposit.

с produced by exploding wire technique.
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2.2 Animals

The golden Syrian hamsters used were dominant spot 
normal (DSN) strain, 6 to 8 week old males (100 - 120 g) 
(Ceombehurst Breeding Establishment, Basingstoke, Hants).
The ratSj6 to 8 week old females (130 ~ 150 g), were 
BMT strain obtained from the Medical Research Council 

Ridiobiology Unit, Harwell. A H  animals were given food and 
water ad libitum.

2 .3  Analysis of tissue samples

Aninals were either killed with ether or, where lung 
histology was to be carried out, anaesthetised with barbiturate 
(3!>0 mg kg-1 of Brietal Sodium, Lilly). During all 
dissections precautions were taken to minimise cross con
tamination /5,9/. Sections were taken of the left lung of 
some animals both for staining with haematoxylin and eosin 
and for autoradiography. The lung was subsequently analysed 
for plutonium and/or americium content.

The americium content of samples was estimated from the 
60 keV У-ray emission. Plutonium was measured in ashed samples 
by either solvent extraction or by isotope dilution /10,11/.

З. RESULTS AND DISCUSSION

3.1 The Lung Clearance of Plutonium and Americium inhaled as 
oxides.

In the first study (experiment 1) hamsters were exposed 
to a dust sampled from a glove box at the milling and blending 
stage in a production line for experimental fast reactor fuel. 
The material consisted of PuÛ2 (previously calcined at 550 C) 
blended with UO2 in the ratio of 1 to 2 by mass. Americium-21+1 
was also present in the dust (~0.1% by weight, 7% by alphas) 
formed by in growth from 241pu.

The tissue retention of both plutonium and americium at 
times between 7 and £Ц0 days after exposure is shown in Table
II. There was no significant difference in the clearance of 
plutonium and americium from the lung- over the period of the 
study. The retention of plutonium in the lung could be 
described by two exponential functions with half times of 
about 11 days (U0%) and 200 days (60%). Both clearance phases 
predominantly represent elimination of particles from alveolar 
lung.



Table II

Retention of •plutonium and, americium in the tissues of hamsters at

various times after inhalation of mixed actinide oxides from

a fast reactor fuel fabrication planta

% Initial lung deposit X  + S.E. (N = 5)

Remaining
m . ^  n T • carcass
Time after , nodes Liver /
inhalation Lungs (x tO-2) (x ЮТ2) ,
(days) Pu Am Pu Pu Pu

IAEA-SM-237/5 7

7 8 0 .3 + 7.9 8 1 .3 + 8 .0 0 .2 8 + 0.02 1.2 + 0.1

30 60.1 + 8 .7 6 0.0 + 8.6 0 .8 0 + 0 .1 6 2.2 + 0.6

90 44.2 + 6 .2 4 6 .3 + 6 .2 1.4 + 0.2 5.4 ± 0 .1

180 3 1 .0 + 7 .1 3 1 .1 ± 6.5 2.9 ± 0.3 5.2 + 0.9

Sko 1 0 .8 + 1 .8 1 1 .8  + 1 .9  45 ± 6.9 4.9 Hh 0. 6 9.6 + 2.9

The composition by weight of plutonium at the time of chemical 
separation from Am-2i+1 was:
Pu-239, 77%J Pu-240, 19%; Pu-241, 3.3%; Pa-2i|0f 0.6% 
and Pu-238, 0.1%. At the time of exposure approximately 
16.1%  of the total чс activity was due to Pu-2 3 8 and 6.6% to 
Am-21+1.

Including trachea and major bronchi.

Corrected for in growth from plutonium-241 over the period of the 
study.

Am-2i+1 content of lymph nodes and other soft tissues <  1% ILD.

The transfer of plutonium to the blood after inhalation 
of plutonium dioxide occurs in two phases /12/. The first 
phase is rapid occurring within the first few days after 
exposure and is due to the movement of the soluble component 
of the aerosol into body fluids. This readily transportable



Table III
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Retention of -plutonium in the tissues of hamsters after inhalation 

of actinide aerosols

Expt. Chemical
foim

Period 
of study 
(days)

% Initial lung deposit*3

ЗО days End of Study

Lungs Lymph
nodes

E.T.D. 0 Lungs Lymph
nodes

E.T.D. 0

1 239PU02 5U0 60.1 - 0.030 10.8 0.1+5 0.15

2 tl 36О 61+. 6 0.16 O.O72 31+. 8 1.08 0.31

f tt 51+0 1+8.3 - 0.017 1+.2 0 .1 7 0.095

1+ " Sl+o 1+З.9 0.025 0.061 1 5.I 0.36 0.30

5 238Pu02 600 50.5 0.6U 2.60 11.1+ 3.2 7.0

6 2hXtmQ2 27Í+ 65.5 - 18.9 13 .5 - 1Д+.7

a Rats

о X (N = 5 or more) 

с Extrapulmonary tissue deposit

material appears to be predominantly that fraction of the 
aerosol consisting of particles of about 1 nm or less ¡Л 2/.
The second, slower, clearance phase is mainly due to the 
fragmentation and dissolution of Pu02 particles in the 
alveolar region of the lung. Some plutonium will also enter 
the blood after translocation to the thoracic lymph nodes.
The transfer of plutonium from the thoracic lymph nodes to 
the blood has not been demonstrated unequivocably but the 
movement of plutonium through lymph nodes draining simulated 
wound sites has been established. /Î h j

The amounts of plutonium deposited in extrapulmonary 
tissues in this experiment (0.03%  at 30 days, 0 .15%  at 
£1+0 days) show that for this dust sample both the transportable 
fraction and the subsequent rate of transfer to the blood are 
small. The amount of americium in extrapuliaonary tissues was 
below the limit of detection (<1% I.L„Do). Plutonium deposited 
in the thoracic lymph nodes at 51+0 days was about three times 
the deposit in other tissues.
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In three further experiments hamsters or rats were 
exposed either to the mixed РиС>2 and UO2 dust or to a PuC>2 
fume produced by the exploding wire technique. The results 
obtained for the tissue distribution of plutonium at 30 days 
and at the end of the study (360 or 51+0 days) are shown in 
TableIII(experiments 2 to 1+). In all three studies the amounts 
of plutonium deposited in tissues from the blood were less than 
0.1%  of the initial lung deposit at 30 days and less than O.hp/o 
at the end of the study. The behaviour of americium in these 
three subsequent studies was very similar to that obtained in 
the first experiment; there was no significant change in Am/Pu 
ratio in the lung over the periods of study, and with two 
exceptions the levels in other tissues were below the limit of 
detection.

In the hamsters exposed to the PuÛ2 + ÏÏO2 dust (experiment 
2 ) the amount of americium in extrapulmonary tissues at 3^0 
days was equivalent to 1.5 + 0.1$ (X + S.E., N=10) of the 
initial lung deposit, and in the hamsters exposed to the PuÛ2 
fume (experiment I4.) it was equivalent to 1 . 3  + 0 .2%  (N=6) at 5k0 days. 
This indicates that there is some selective leaching of 
americium from the particles of Pu02 in the lung, although not 
enough to appreciably alter the Am/Pu ratio in the lung itself.

Also shown in Table III are results obtained for hamsters 
exposed to 238puÛ2 (experiment 5) and ^ Am02 (experiment 6).
In both these studies the proportion of the initial lung 
deposit translocated to extrapulmonary tissues was much greater 
than that obtained with 2 39pu0 2« Similar results for 23yPu02 
have been reported by other workers /Т,15»1б/. The increased 
transportability of 2 38pu after inhalation of the oxide 
compared with the values found for 2 39pu may ъе attributed 
to the higher specific activity of particles containing 23^Pu.
Oxides formed from 23°Pu (specific activity O .6 3 TBq g~^) will 
be subject to greater radiolytic effects then oxides formed 
predominantly from 239ри (6.0 GBq g~ ) thus resulting in more 
rapid breakdown of the particles. The occurrence of a 
fragmentation process for plutonium dioxide particles in water 
has been discussed / 1 7 7  a1113- 'the transportability of 2 3°Pu02 
in the lung has been correlated with the fraction of activity 
in particles less than about 1nm in diameter /18/. The amount 
of Pu deposited in thoracic lymph nodes was also much 
greater than in animals exposed to 2 39pu0 2.

In the case of americium dioxide 77% of the total 
body activity was in extrapulmonary tissues at 278 days 
after inhalation. Electron micrographs of particles collected 
on a membrane filter from an aqueous suspension of the 
americium dioxide inhaled by the hamsters have shown that the
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initially crystalline particles are unstable in water and 
became amorphous on ageing / 19 changes that occur to the
americium dioxide in the lung are probably similar to those 
observed in water and may partly account for the rapid 
translocation of ^  Am to the blood.

The rapid translocation of ^ ^ A m  to the blood after 
inhalation of the isotopically pure oxide is in marked 
contrast to its behaviour in a mixed aerosol of plutonium and 
americium oxides. In the latter case the movement of 
americium appears to be limited by the presence of plutonium 
which is the major constituent of the aerosol particles.

3 .2  The effect of other metals on the clearance from lung 
of plutonium and americium.

The previous experiments have demonstrated that following 
deposition in the lung of mixed actinide oxides the behaviour 
of a trace constituent in the aerosol is dominated by the 
material present in greatest mass. In accidents involving the 
combustion of plutonium at high temperatures mixed aerosols 
may be formed from plutonium in association with uranium' or 
other metals. The exploding wire technique has therefore been 
used to generate a series of such mixed oxide aerosols and the 
behaviour of plutonium (and americium in some cases) following 
deposition in the respiratory system of hamsters has been 
followed.

The plutonium content of tissues from hamsters exposed 
to a mixed oxide fume of plutonium and uranium (U:Pu atomic 
ratios of 1 and 1|) and then killed at intervals up to 36O days 
are given in Table IV. UsPu ratios of 1 and I4 were chosen to 
represent the likely extremes that would be encountered in 
accidents involving nuclear fuel. The main difference noted 
between these results and those obtained for the ^39^02 fume 
was an increase in the transportable fraction of the aerosol. 
Thus at 30 days after exposure to a fume with a U:Pu atomic 
ratio of 1+ the extrapulmonary deposit was about 7 times that 
obtained for ^ 39^0^ alone (experiment ¡4) .

Table V  gives results obtained in hamsters for the tissue 
retention of plutonium at 30 days after inhalation of mixed 
oxide fumes of plutonium in combination with sodium, potassium 
calcium or aluminium. In all these experiments the amount of 
plutonium deposited in extrapulmonary tissues was increased 
when compared with the values found for -̂ -̂ PuÔ  alone although 
by varying amounts.
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inhalation of a mixed oxide

Time after 
exposure

Experiment (days) Lung

7a 30 U8 + 11 (1*)

180 9.6 + 3 .2 (b)

36О h.9 + 2.0 (5)

8Ъ 30 51* + 11+ (U)

180
00+1

CM

360 11 + 3.6(10)

fume of -plutonium and uranium.

% Initial lung deposit X  ¿  SE (н )

Remaining 
Lymph nodes Liver carcass

NA 0.029 + 0.008 0.18 + 0.01*

HA 0.11 + 0.03 0.28 + 0.06

0.098 + 0 .0 3 5 0.12 + 0.02 0.26 + 0 .06

HA 0.08 +0.03 0 .3 8+0.25

NA 0.27 + 0.07 0.72 + 0.21

0.3U + 0.12 0.26 + 0.02 0 .6 2 + 0.16

a Pu:U atomic ratio 1 :1.06
b Pu:tJ atomio ratio 1:1+

HA Hot analysed separately from lungs

Sodium and potassium had the greatest influence on the 
behaviour of plutonium (and americium) increasing the extra- 
Bulmonary deposit to more than I4.OO times that obtained for 
З'РиОр alone. Previous studies in rats /9/ and mice /67 

have shown that the presence of sodium may increase by up to 
a factor of about a hundred the amount of plutonium trans
located to the blood within a month of inhalation. This result 
in hamsters is consistent with these findings. In suspensions 
of mixed oxide aerosols with Na:Pu ratios in excess of about 
2 0, about 50% of the plutonium will pass a 100 nm filter ¡ 9 ] .  
Plutonium passing the filter has been shown to be present in 
particles of about 1 nm diameter /20/ and it is primarily the 
presence of these small particles that results in the increased 
transportability of plutonium in these mixed oxide aerosols.
The effect of potassium, as might be expected, is similar to 
that of sodium. In the case of calcium the tissue deposit at 
30 days was about a factor of 10 less than was obtained with 
the alkali- metals. Calcium oxide would be expected to



TABLE Y

The tissue distribution of plutonium and americium in hamsters 30 days after the inhalation of mixed 
aerosols.

NJ

Material
Atomic Ratio 

(Ms Pu)

I.L.D.
akBq Pu 

X  + S .E . (N)

%  Initial Lung Deposit X + S.E. (N)

%  E.T.D.0 
in Liver

Pu Am

Lungs E.T.D.0

Pu Am Pu Am

Na:Pu 27 1.16 + .11 (6) 1*6.8 ± 7.7 0*) W . 5  ± 7.9 3U.0 + 5 . 8 1*0 . 2  + 5 .1* 30 51*

К :Pu 36 1.09 ± .20 (6) 1 9.З ± 5-7 (6) 19.lt ± 6.1 3 0 .0 + 9.5 3 2.I + 1 0 .0 39 61

Ca:Pu 20 1 .1 2  + .1 8 (6) 1*5.1 + 8 .8 (6 ) 1*7.3 + I*. 5 3.U ± 0 . 2 N.A. 30 -

Al :Pu 10 0.1*7 ± .19 (6) 1*8 . 3  + 9 .0 (6) N.A. 0.1*6 + 0.02 N.A. 30 -

a produced by exploding wire technique 

b Am/Pu ratio 0.10 (by alphas) 

с Extra pulmonary tissue deposit 

N.A. Not analysed

STATHER 
et al.
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hydrolyse in the lung and calcium hydroxide should dissolve to 
release any 2 39puOp particles. The relatively small increase 
in the transportable fraction of plutonium suggests either that the 
proportion of small particles formed in the presence of calcium 
was much less than with sodium or potassium or that the 
particles of calcium hydroxide were accumulated by macrophages 
in the lung before they could dissolve and release the 
associated PuO? . Autoradiographs of sections of lung tissue 
from hamsters killed shortly after exposure to the mixed 
aerosol of plutonium and calcium oxides, showed that most of 
the activity in the lung was present as localised deposits 
rather than a diffuse deposit as has been observed in animals
that had inhaled ̂ 39рцо + Nao0 fumes /217. The results obtained

2 ¿ 2 49
for aluminium are similar to those obtained for the PuC^sUC^
aerosol ( u / P u  atomic ratio = J4). The initial transportable
fraction was a factor of about seven greater than was
obtained for 2 39puQ2 alone. Aluminium oxide is insoluble
and subsequent dissolution of the mixed oxide particles
in the lung would be expected to be slow. Further studies
on the behaviour of plutonium in these mixed oxide aerosols
are in progress.

In all the studies in which the americium content of 
tissues was measured (Table V) its overall clearance from 
lung and the amount deposited in extrapulmonary tissues were 
not appreciably different from the behaviour of plutonium.
It was noteworthy that the relative amounts of plutonium and 
americium taken up by the liver showed that the two isotopes 
were behaving independently after they had entered the blood.

3 .3 Comparison of lung clearance data for mixed oxide 
aerosols with the TGLD model.

In the TGLD model the respiratory system is divided 
into three compartments: the nasopharynx (N-P), the tracheo
bronchial (Т-В) region and the pulmonary (p) region.
Deposition of inhaled particles in these three regions is 
considered to be primarily a function of particle size. The 
chemical form influences the subsequent clearance from the 
lung. For insoluble (Class Y) compounds, such as plutonium 
dioxide, deposited in the N-P region, 1% of the deposited 
activity is assumed to be translocated to the blood with a 
half-time of 0.01 days. For the lung itself the TGLD 
arbitrarily divided clearance processes between the T-В and 
P compartments. For activity deposited in the T-В region 1% 
is taken to be translocated to the blood with a half-time of
0.01 days and for activity deposited in the P region 18.5% 
translocates to the blood either directly or by way of the 
thoracic lymph nodes /2/. Plutonium is cleared from the
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lungs with a half-time of 500 days and from the lymph nodes 
with a half-time of 1000 days. Although particle size can 
influence both lung clearance [ \ ]  and the rate of transfer 
to blood /2 2,15/ no account is taken of this in the model.
For Class W  compounds such as plutonium nitrate the 
proportions of the deposited activity translocated to the 
blood from the N-P, T-В and P regions are taken to be 10%
50% and 20% respectively.

In animal studies it is not practicable to measure 
deposition in the P and T-В regions separately and the 
retention of activity in tissues is commonly expressed in terms 
of the total deposit in these two regions (the initial lung 
deposit). In rats and hamsters the deposit in the N-P region 
is about 35% of the total deposited in the respiratory system 
for particles with an aerodynamic dimeter of 1 /23/.
This fraction increases with particle size.

For comparison with the results obtained in the experiments 
with rodents Figs. 1 and 2 give tissue retention data in man 
predicted by the TGLD model following inhalation of a Class Y 
and Class W  aerosol with an AMAD of 1 .5 цт. The results have 
been expressed in terms of the initial lung deposit (P plus 
T-В regions) although the contribution to the activity 
entering the blood from material translocated from the N-P 
region is also included. Of the inhaled activity the fractions 
deposited in the N-P, T-В and P regions are 0.Ц0, 0.08 and
0.20 respectively. In the model early clearance to blood 
is ascribed arbitrarily to absorption from the N—P and T-B 
regions but after the first few days virtually all the 
activity entering the blood comes from the pulmonary region.

The lung retention data for plutonium for the first 
group of hamsters exposed to a PuÛ2 + UO2 dust are plotted as a 
function of time in Fig. 3 together with the total activity 
entering the systemic circulation. This latter value has been 
derived from the extrapulmonary tissue deposit by correcting 
for excretion. The results obtained for the hamsters in the 
second study with similar material (experiment 2) have been 
similarly plotted in Fig. Д. The slower clearance of 
plutonium from the lung in the second study may have been the 
result of a higher initial lung deposit (0.77 and 1.35 a kBq 
Pu respectively). It is known that the alveolar clearance of 
plutonium is inhibited at high doses /2lj/. There are 
appreciable differences between these observations in hamsters 
and the predictions of the TGLD model for a Class Y compound 
of plutonium. The discrepancies are greatest at early times 
after exposure although even at a year the total activity 
entering the blood is still at least a factor of ten less 
than predicted.
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For the experiments in which hamsters were exposed to 
mixed aerosols of plutonium in combination with other metals 
(Na, K, Ca, Al) comparison of the tissue retention data for 
plutonium with Figs. 1 and 2 shows that in the presence of 
Na and К the systemic deposit at 30 days is similar to that 
predicted for a Class W  compound, in the presence of Al its 
behaviour is similar to that of a Class Y compound and in the 
presence of Ca its behaviour is intermediate between these 
two extremes.

Clearly the results obtained in experiments with animals 
are not strictly comparable with the TGLD model as the amount 
of plutonium translocated to the blood depends both upon the 
fractional deposition in the three regions of the respiratory 
system, which will vary with the species, and on the overall 
rate of clearance of plutonium from the lung. However there 
is some evidence that although mechanical clearance rates vary 
between species the rates of dissolution of inhaled particles 
may be similar /25/.

The early clearance of plutonium dioxide from the three 
regions of the respiratory system and the rates of 
dissolution of the long term component of retention in 
pulmonary lung have therefore been examined in more detail.

3.U Clearance of plutonium from the three regions of the
respiratoiy system in hamsters after deposition as the
oxide.

The absorption of plutonium from the three regions of 
the respiratory system after deposition of the oxide was 
measured in hamsters. For this study a suspension of a 
239puO£ fume, was prepared by impinging it onto distilled 
water. Aliquots of this suspension (0.5> kBq, 10 ц1), were 
injected directly into the three defined regions of the 
respiratoiy system of anaesthetised animals /ll/. The animals 
were kept for 30 days and then killed. The distribution of 
plutonium is given in Table VI. Most plutonium (0.09%) was 
absorbed from the pulmonary region. This value was similar 
to the extrapolmonary tissue deposit in hamsters 30 days after 
inhalation of a 239puQ2 fume (0 . 0&/o of the initial lung 
deposit, experiment I4). The amounts of plutonium absorbed 
from the T-В and N-P regions were 0.06% and 0.03% respectively; 
values which are less by factors of 16 and 35 than the pre
dictions of the TGLD model for a Class Y compound. The data 
also show that less than 0.1% of the administered activity was 
retained in the N-P region at 30 days. The majority (> 99%) 
of activity deposited in the N-P region was excreted in the 
faeces by this time.
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TIME [D A Y S ]

FIG .l. TGLD Model. Clearance o f  plutonium from the respiratory system in man after 
inhalation as a Class Y compound. AMAD 1.5 ¡im.

The results indicate therefore that although some plutonium 
deposited in the N-P region as the oxide enters the systemic 
circulation it is not a major component of the total systemic 
activity for aerosols which deposit principally in the lower 
regions of the respiratory system.

Absorption of soluble (Class W) compounds of plutonium 
from the three regions of the respiratoiy system was not 
measured in this study. Previous work in rats has shown that 
following the deposition of plutonium nitrate (in 0.01 N НЖ)̂) 
in the N-P, T-В and P regions the extrapulmonaiy tissue deposit 
was 10%, 11% and 39% respectively of the administered activity 
Æ 7 .  The greater uptake from the pulmonary region is con
sistent with the present results with the oxide.
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TIME СDAYSЛ

FIG.2. TGLD Model. Clearance o f  plutonium from the respiratory system in man after 
inhalation as a Class W compound. AMAD 1.5 цт.

3.5 Long term clearance from pulmonary lung

Activity retained in the pulmonaiy region after the early 
clearance phase is either cleared up the ciliary escalator 
and excreted in the faeces or it is translocated to the blood 
or thoracic lymph nodes. Some material deposited in the 
lymph nodes will eventually enter the systemic circulation.
The amount of plutonium translocated to the blood depends upon 
the relative rates of these different processes. The fractional 
rate of transfer of plutonium to the blood (Fb) has therefore 
been calculated, for the period between 30 days and the end of 
each study for each of the four 239PuC>2 exposures (Table VII).

By 30 days all the soluble fraction of the inhaled aerosol 
should have translocated to the blood and subsequent transfer
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TIME [D A Y S ]

FIG. 3. Clearance o f  plutonium from the respiratory system o f  hamsters after inhalation o f  
a plutonium dioxide/uranium dioxide dust sampled from a glove box in a production line 
for fast reactor fuel. (I.L.D. 0. 77 ± 0.06 kBq, experiment 1).

will depend, mainly upon the rate of dissolution of plutonium 
particles in the lung.

If the overall half-time of retention of plutonium in the 
lung between 30 days and the end of the study was x days if 
y Bq were cleared from the lung over this time and z Bq were 
translocated to the blood then the fractional rate of transfer 
to the blood (Ft,) is:

,  0,621 i  4-1
b  X  y

Despite differences in species, the initial lung deposit, 
the retention half-time of the long term component and the
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FIG.4. Clearance o f plutonium from the respiratory system o f  hamsters after inhalation o f  
a plutonium dioxide/uranium dioxide dust sampled from a glove box in a production line for 
experimental fast reactor fuel (I.L.D. 1.35 ± 0.21 kBq, experiment 2).

source of the 239puC>2» the overall rate of transfer of plu
tonium to the blood, in the four studies differs by only a 
factor of two (average 0.0017% day“l). This value is a 
factor of ten less than that predicted by the TGLD model for 
the same time period for a Class Y compound. For animals 
exposed to fumes of plutonium and uranium oxides (experiments 
7 and 8) there is an indication that the presence of uranium 
may result in an increase in the value of Fb for plutonium 
although only by a factor of about 2. The values of F^ for 
З̂орц and 4 Ajq after inhalation as oxides were similar to 
those predicted for Class Y and Class W  compounds respectively.



Table VI

Retention of plutonium in tissues of the hamster at 40 days after deposition 

aa the oxide In the 3 regions of the respiratory system

2 0  STATHER et al.

% Administered activity X +_ S .E . (N  = 6 )

Region Lung Liver
Remaining
carcass * babsorbed

TGLD model 
% Absorbed at 
30 days 
(Class Y)

N -Pa  .007 + .001 .007 + .001 .017 + .002 .028 1.0

T-B 3-3 ¿1.3 .015 + .0035 .01*1 + .011 . 061* 1.0

p la .6 +5.8 .022 + .003 .058 + .007 .092 0.21

a 0.1% retained in head at 30 days 

Ъ Corrected for excretion (x 1.15)

с 0.01$ of Pu in suspension passed a 25 nm membrane filter

CONCLUSION

These studies have demonstrated that following the inhala
tion of mixed oxide aerosols containing plutonium and americium 
the behaviour of the individual actinides can be markedly- 
influenced by the presence of other elements. While some forms 
may behave as soluble (Class W) or insoluble (Class Y) compounds 
there are others with solubility characteristics between these 
two extremes.

It has also been shown that, at least for some plutonium 
dioxide aerosols likely to be inhaled by workers in the nuclear 
industry, the model currently being used by ICEP to calculate 
doses to tissues following the inhalation of actinides may 
overestimate, by about a factor of ten, the amount of plutonium 
translocated to the blood.
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T A .B L E  V I I

Estimated rates of transfer of actinides from tha -pulmonary region of the lung

in hamsters

Experiment
Chemical

form
Period
(days)

Half-time
of

retention 
in lung 
(days)

Fractional rates of transfer (d-1)

Overall lung lb 
clearance Lung to blood 
(x 10^ )  (x 10“2)

1 239Pu02 30-51+0 206 O.3I+
r

0.0012

2 239Pu02 3O-36O 370 О.19 0.0021

3 239Pu02a 3O-5I+O 11+5 0.1*8 0.0012

1+ 239Pu02 ЗО-51+О 331 0.21 0.0025

5 238Pu02 3О-6ОО 265 0.26 0 .01*7

6 21+1 Am02 30-271* 107 0.61* 0.53

7 239Pu024tf02 3О-36О 100 O .69 0.001*1*

8 239Pu02-HTO2 3O-36O 11+1+ 0.1*6 0.0031

TGLD Class Y 30-51*0 500 0.11* 0 .0 1 7

TGLD Class V 30-51+0 50 1.39 0.51

a rats

Fb - see text
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DISCUSSION

R.G. CUDDIHY: I notice from Table I that some o f  your aerosols are called 
“fum es” . Can you say something about the generation and exposure techniques 
you use and about your characterization o f  these aerosols as particles and 
particle sub-units?

J.W. STATHER: The aerosols are generated by an exploding wire technique. 
Either plutonium wire or a plutonium-metal sandwich is placed between two  
electrodes and a voltage o f  10 kV discharged across it. This vaporizes the metal, 
which forms a fum e and then condenses. The aerosol generated in this way 
consists o f  agglomerates or particle chains. After allowing the aerosol to stabilize 
in the exploding wire chamber, we pass it through a dilution chamber and a
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single-stage impactor, with a cut-off in the 5—10 дш range, into animal exposure 
chamber. The size distribution o f  the particles is measured by means o f  
cascade impactors installed in the exposure chamber during test runs. The 
AMAD o f the aerosols is — 1.3 Aim. Filtration studies with aqueous suspensions 
o f these aerosols have been made to  establish the size distribution o f  the sub-units. 
In m ixed-oxide aerosols with sodium at Na/Pu atomic ratios in excess o f  ~  20, 
up to 50% o f  the activity is found in the particles that are ~  1 nm in diameter.
A fuller characterization o f  the aerosols is given in Ref.[6] o f  our paper.

R.G. CUDDIHY: Another point is that your 238Pu aerosols were more 
soluble than those o f  239Pu in the course o f  only 30 days, judging from the 
absorbed fractions. Did you  store these aerosols for any length o f  time before 
using them for the exposures?

J.W. STATHER: Yes, they were stored in water for a short tim e before 
the exposure o f  the animals.

J.H. FREMLIN: Sodium and potassium oxides are very corrosive, so I 
would expect a particle o f  a few  tenths o f  a micrometre in diameter to destroy 
an area o f  cell membrane at least 1 ¿zm in diameter. Might not this, rather than 
increased solubility, be the reason for the penetration o f  the membrane by 
americium and plutonium?

J.W. STATHER: We have made extensive histological studies o f  the lungs 
o f the animals exposed to these m ixed-oxide aerosols and have not observed any 
damage that could be ascribed to the effect o f  sodium or potassium oxide on 
the lung tissues.

C.L. SANDERS: High-fired 238P u 0 2, when deposited within 24 hours o f  
calcination at 750°C in the lungs o f  rats, exhibits a soluble com ponent (with  
~  1% o f  the am ount deposited translocating to  bone and liver within one day) 
and an insoluble com ponent (amounting to  99%). By suspending the 238P u 0 2 
in water for a few  weeks we can increase the soluble fraction.

J.W. STATHER: Yes, that tallies with our own observations.
J.C. NENOT: You have shown us the considerable differences existing 

between the migrations from lung tissue o f  the plutonium compounds used, 
especially P u 0 2 and Pu-Na mixtures. You apparently attribute the differences 
mainly to a size effect but I would have thought, in view o f certain differences 
in the distribution and, in particular, o f the very different therapeutic effectiveness 
o f  DTPA, that the differences might be due to other factors.

J.W. STATHER: In the case o f  mixed-oxide aerosols produced by the 
exploding wire technique, we consider that the increased transportability o f  
plutonium  in the presence o f  sodium is due mainly to  changes in the plutonium  
particle size in the aerosol matrix. This point is discussed briefly in our paper, 
but it is dealt with more fully in Ref. [20]. I think the observation that the 
presence o f  sodium influences both plutonium and americium to roughly the 
same extent supports this view. Some higher valence states (e.g. PuVI) may be
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produced but in the light o f  recent observations at our laboratory and also o f  
the findings o f  Dr. Sullivan at Battelle Memorial Institute and Dr. Larsen at 
Argonne National Laboratory that Pu(IV) and Pu(VI) are absorbed to the same 
extent from the rat gut — a finding that runs counter to a report published 
by W eeks1 in 1956 — there are no grounds for thinking that changes in valence 
will influence absorption.

We also found that Ca-DTPA was an effective treatment for the soluble 
com ponent o f  plutonium  inhaled in m ixed-oxide aerosols produced by this 
technique 2.

1 WEEKS, M.N., et al., Radiat. Res. 4 (1956) 339.

2 STATHER, J.W., RADWELL, P., National Radiological Protection Board Annual 
Research and Development Report, 1977 (NRPB/R+D2) (1978) 112.
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Abstract

THE 1976 HANFORD AMERICIUM ACCIDENT.
The report presents the 2^-year medical course of a 64-year-old Hanford nuclear 

chemical operator who was involved in an accident in an americium recovery facility in 
August 1976. As a result of the accident, he was heavily externally contaminated with 
americium, sustained a substantial internal deposition of this isotope, and was burned with 
concentrated nitric acid and injured by flying debris about the face and neck. The immediate 
and longer-term medical care given the patient, including the decontamination efforts and 
clinical laboratory studies, is discussed. Special in vivo equipment and techniques were used 
to measure the americium deposited in the patient. These and subsequent in vivo measurements 
were used to estimate the dose rates and the accumulated doses to body organs. Urinary and 
faecal excreta were collected and analysed for americium content. The interpretation of these 
data was complicated by the fact that the intake resulted both from inhalation and from 
solubilization of the americium embedded in facial tissues as a result of the accident. A total 
of 1100 /uCi was excreted in urine and faeces during the first two years following the accident. 
The long-term use of diethylenetriaminepentate (DTPA), used principally as the zinc salt, is 
discussed including the method, route of administration and effectiveness. To date the patient 
has apparently experienced no complications attributable to this extensive course of therapy, 
even though he has been given approximately 560 grams of DTPA.

* Work performed for the US Department of Energy under Contracts EY-76-C-06-1837 
and EY-76-C-06-1830 and based on data released as TID-28938.
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1. INTRODUCTION

On August 30, 1976, at 2:55 a.m., a 64-year-old nuclear chem
ical operator was injured by the chemical explosion of an ion ex
change column used for americium recovery. The explosion occurred 
in a waste treatment facility operated under the auspices of the 
United States Energy Research and Development Administration (now 

the Department of Energy) in the state of Washington. The primary 
materials in the resin column were concentrated nitric acid, cat
ion exchange resin, and americium. As a result of the impact of

flying acid and debris, the operator sustained chemical burns of 

the face, eyes, neck, and right shoulder as well as lacerations 
and embedded foreign bodies in these areas. He was heavily exter
nally contaminated with americium and inhaled a significant quan
tity of the element.

2. PATIENT CARE AND DATA ANALYSIS

2.1 Initial medical care and findings

The injured operator was assisted from the scene of the acci

dent by co-workers, who were also contaminated with americium but 
to a much lesser extent. A health physics technician and a fellow 
operator, in protective clothing and respirators, removed the oper
ator's contaminated clothing and began decontamination by flushing 
his face and eyes with water. Two registered nurses assigned to 
the area, wearing protective equipment, continued decontamination. 
An ambulance designed to handle contamination cases then trans
ported him 40 km (25 miles) to the Emergency Decontamination Fa
cility (EDF)l in Richland, Washington, where he arrived about two 
hours after the accident. Upon his arrival at the EDF, 1 g of 
calcium diethylenetriaminepentate (Ca DTPA) was administered intra
venously and the operator was decontaminated further with soap and 

water in a shower. Removal of superficial foreign matter from the 
face and neck and irrigation of the eyes with normal saline were 
carried out by attending physicians and nurses. Surgical and 
opthalmological consultations were obtained.

The EDF is a detached facility adjacent to the Richland 
community hospital. It was built in 1963 by the United States 
Atomic Energy Commission as an emergency support facility for the 
Hanford production site. The EDF consists primarily of a large 
windowless room with supporting facilities for radiation and con
tamination control. The room has thick shielding walls and two 
heavily shielded enclosures to protect attending personnel against 
penetrating radiation; such protection was not necessary in this 
case. The ventilation system provides heating and cooling, and 
exhausts through two banks of high-efficiency particulate-air 

filters. All radioactive liquid wastes are collected in a hold
ing tank. Storage space and change and wash rooms for support 
personnel are also present in the facility.
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FIG .l. Early urinary excretion and DTPA administration.

Physical examination revealed chemical burns of the face, scalp, 
neck and shoulder with more severe involvement of the right than 
the left side. The surfaces of the eyes were hyperemic. The eye
lids were swollen and marked eyelid spasm was present. Crude test

ing indicated that vision was intact in both eyes. The blood pre- 
sure was 115/60 and the pulse 60/min with an occasional dropped 
beat (this condition had been present before the accident). The 
remainder of the examination was essentially normal.

Administration of DTPA was continued, with several doses given 
daily for the first month (Figure 1). DTPA chelates americium and 
other heavy metals, minimizing their deposition in the body and 
promoting their excretion in urine. [1] Since long-term therapy 
with this agent was anticipated, it was deemed advisable to switch 
at an early date from Ca DTPA to Zn DTPA. The rationale for the 
change to Zn DTPA was that prolonged frequent administration of 
Ca DTPA has been shown to cause major bodily depletion of Zn. At 
high levels of administration, the adverse effects observed have 
been more severe in experimental animals treated with Ca DTPA than 
in those treated with Zn DTPA.[2]-[6] Zn DTPA had been used clini

cally abroad but had not previously been approved for human use in 
the United States. The United States Food and Drug Administration 
provided permission to use Zn DTPA in this case.

Fluid intake was encouraged to promote urinary excretion. Liq
uid and solid intake and output were recorded, and all urinary and 

fecal specimens were collected separately for radiobioassay. The 
chemically burned areas on the face, neck, and right shoulder were
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left exposed; no dressings or external medications were used. Oph
thalmic steroid-antibiotic ointment was instilled into each eye 
several times daily.

Facial contamination was monitored during the first few days 
by means of alpha radiation survey meters. However, since much of 
the contamination was embedded in the tissues of the face, primar
ily about the right eye and in the wound on the forehead, it soon 
became necessary to use more sophisticated equipment to measure the 
total burden present in the face. Based on measurements made using 
a sodium iodide detector, about 3000 pCi of americium were estimat
ed to have been deposited on the face, with an additional 300 pCi 
embedded in the facial tissues. Another detector was used to meas
ure the 3-, 17-, and 60-keV photons. The ratio of these emissions 
was used to estimate an average depth of 0.7 mm for the facial 
deposition.

One surgical effort using local anesthesia had been attempted 

during the first week to remove some of the larger and more deeply 
embedded foreign bodies from the face; a gamma-detecting probe was 

used to locate the deposited material. This effort proved unsuc
cessful because the larger foreign bodies identified by x-ray ex

amination were apparently no more radioactive than the surrounding 
skin and subcutaneous tissue.

2.2 Decontamination procedures

Decontamination procedures were undertaken twice daily for the 
first week after the accident; after this time, the same procedures 
were used once daily. During the decontamination procedure the 

patient, clothed in a disposable plastic suit, sat in a shower room 
that was filled with steam to promote sweating. The steaming was 
followed by a bath during which he was scrubbed and rinsed by pro
perly protected attendants. During the bath, the patient's body 
was flushed with a DTPA solution^ while he protected his eyes with 
soft washcloths. (Antibiotic ophthalmic ointment was applied to 
the eyes prior to the bath.) The DTPA solution was flushed off 
with water. Detergent soap (pHisohex°) was then scrubbed on the 
body and rinsed off with water. Because the patient's facial skin 
was tender from the chemical burns, he washed his face, including 
the area around his eyes, using diluted baby shampoo on soft towel
ing. The face was then flushed and the procedure repeated several 
times. A Water-PikR was used to clean the ears and the surrounding 
skin.

2
Ca DTPA was used in the external decontamination solution, 

mixed initially in proportions of one third DTPA (25%) solution and 
two thirds normal saline. Later, Shubert's solution!-/] (a DTPA solu 
tion with other chelates) was prepared and used for external 
decontamination.



IAEA-SM-237/51 31

Baths as described were discontinued after two months, but 
daily showers for decontamination and general hygiene were contin
ued. All decontamination solutions and wash liquids were collected 
in a holding tank, analyzed, and found to contain a total of about 
4500 pCi of americium. The hair of the patient's head and eyebrows 
was shaved during the first week because it could not be decontami
nated. The hair and eyebrows subsequently grew back normally.

2.3 Long-term medical care and findings

For the first 4 months, daily superficial debridement of the 
patient's face and neck was performed without anesthesia to remove 
scales, crusts, scabs, and extruded foreign bodies. The frequency 
of debridement was then decreased. Over a period of several months, 
metallic, plastic, cloth, and glass foreign bodies measuring up to
0.5 cm were extruded spontaneously or teased out with tweezers as 
they reached the skin surface.

An indolent superficial ulcer that occurred in the area of 
highest americium concentration (below the medial aspect of the 
right eyebrow) healed after one year, leaving a scar. Foreign 
matter was spontaneously extruded from the area prior to complete 
healing.

During the first month after the accident, multiple daily 
doses of Ca or Zn DTPA were administered intravenously; the patient 

was then given single 1-g doses of Zn DTPA daily until July 1977, 
when the frequency of administration was reduced to three times 
per week.

Laboratory studies were conducted daily during the first three 
months and less frequently afterwards. They included complete blood 
counts, urinalyses, and blood chemistry (SNA 12/60) and fecal occult 
blood studies. The results of the studies were normal except that 
the peripheral blood lymphocyte count declined from 1860/mm^ on the 
day of the accident to 530/mm3 one week later. The average lympho
cyte count was 943 (range: 590-1640) for the next eight months and
1522 (range: 728-3170) for the following 15 months. Previous lym
phocyte counts had been 1520 in January 1976, 2332 in 1973, 2805 in 
1970, and 3151 in 1967. Serial chest x-rays, pulmonary function 
tests, and electrocardiograms have shown no significant findings.

Special studies included several analyses of peripheral blood 
lymphocyte chromosomes, a facial skin biopsy, and a bone marrow ex
amination. Radiation-induced cytogenetic lesions in lymphocytes 
were observed. (Variation in the frequency of radiation-damaged 
lymphocytes as a function of time after the accident will be the 
subject of a separate report.) The skin biopsy revealed scattered 
alpha "stars"; all other changes were compatible with the patient's 
age. The bone marrow examination was performed two weeks after the 
accident and was normal. None of these studies indicated the need 
for a change of therapy.
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The staff pyschologist was involved early in the care of the 
patient and has continued to provide advice to the staff and care 
to the patient and his family.

After two and one-half months of treatment in the windowless 
room of the EDF, the patient was transferred to a nine-m-long (30- 

foot- long) travel trailer adjacent to the EDF, which provided a 
transitional control led-environment before his return home. While 
the patient, his wife, and their dog lived in the trailer, wastes 
were collected and measured for radioactivity, and routine surveys 
of the environment were made. From mid-November 1976 until his 
discharge home in late January 1977, no americium contamination was 
found in the trailer.

The principal medical problem since the accident has involved 
the patient's eyes, which suffered corneal nitric acid burns and 

contained a few superficial corneal and conjunctival foreign bodies; 
the latter were excised or spontaneously extruded over a period of 
several months. In addition, a traumatically induced cataract be
gan to develop in the left eye several months after the accident 
and was surgically removed in February 1978. The cataract had none 
of the characteristics usually associated with radiation induction. 

The patient was fitted with glasses and has been able to obtain a 
renewal of his state motor vehicle driver's license. His visual 
acuity has been improved by the use of special eyeglass covers with 
multiple perforations that reduce distortion caused by the chemi
cally induced corneal irregularities.

2.4 Radioisotope dosimetry evaluation

Early in-vivo measurements were difficult to make accurately 
because of the gross external contamination. Interpretation of the 
measurements was further complicated by the fact that the intake 
resulted from both inhalation and solubilization of the americium 
embedded in the facial tissue. Special equipment and techniques 
that will be described in a later report were improvised, and meas
urements of the americium deposited in the patient's chest, liver, 
and bone were initially obtained three days after the accident.

A cone-shaped, collimated sodium iodide (Nal) detector 1 mm 
thick and 5.1 cm in diameter was used to measure the 241 isotope 
of americium in each lung and in the liver. A lead shield was 
placed between the patient's head and chest to eliminate scattered 
radiation from the face, which otherwise greatly increased the count 
rate in the detector.

Forty pCi of americium were measured in the lungs on day three 
after the accident, indicating a dose rate of 11 rad/day to the 
lungs. Subsequently, routine measurements of lung activity were 
made to determine the rate of clearance from the lungs (Figure 2). 
After 300 days, the activity remaining was largely attributed to 
americium in the ribs. The cumulative average dose to the lungs 
through 1978 was estimated to be 200 rad.
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DAYS POST-INTAKE

FIG.2. In vivo chest counts.

The liver burden on day three post-intake was 40 pCi. Clear
ance from the liver was rapid (Figure 3) and the activity remaining 
after 300 days was also considered to reside in the ribs. The DTPA 
chelation therapy was largely responsible for the rapid clearance, 
which reduced this dose rate from 7 rad/day on day three to less 
than 0.03 rad/day at the end of 1978. The cumulative dose to the 
liver through 1978 was estimated to be 160 rad.

Initially, the activity in a small section of bone directly 
below the knee cap was measured using the Nal detector, and was re
lated to the total bone burden using a model based on data from 
baboon studies.L°J Through this technique, the bone burden on day 
three post-intake was estimated to be 40 pCi. Subsequently, the 

counting procedure was calibrated by distributing americium sources 

uniformly on the inner bone surfaces of a cadaver leg. Using this 
technique, the estimated bone burden for day three was revised to 
70 pCi, which indicates a dose rate of about 3 rad/day. By day 30 

post-intake, the bone burden had decreased to approximately 25 pCi 
(1 rad/day) and has remained at that level. The estimated cumula

tive bone dose was about 860 rad through 1978, and we expect the
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DAYS POST-INTAKE

FIG.3. In vivo liver counts.

dose to continue at a rate of 1 rad/day. Without DTPA therapy, the 
bone burden would be expected to increase substantially over time 
because of the translocation of americium from the soft tissue of 
the face.

The dose to the lens of the eye was calculated to evaluate the 
possibility that the cataract that developed was due to radiation. 
The maximum inital dose rate of about 4 rad/day decreased sharply 
with time. The estimated cumulative dose to the lens of the eye 

was 140 rad through 1978. This is significantly less than the 500 
rad or more associated with cataract formation.

2.5 Bioassay data and effectiveness of DTPA therapy

All urinary and fecal specimens were collected and analyzed 
for americium content prior to the patient's discharge home and, 

subsequently, on an intermittent basis. Treatment with DTPA, which 
was started within three hours of the accident and has continued



IAEA-SM-237/51 35

TABLE I. Fate of Americium in Microcurie Quantities

Time Post-■Intake
Day 1 Day 3 Day 10 Day 60 1 Year 2 Years

Burdens

Facial skin 3000 - - 300 150 35 20

Chest -- 40 15 5 2 1.5

Bone -- 70 30 25 25 25

Liver — 40 16 4 0.2 0.-2

Cumulative

Excretion

Urine 150 400 600 840 880 890

Feces 0 130 180 185 190 200

ever since, drastically alters the usual patterns of americium ex
cretion. Therefore, the bioassay data could not be used to estimate 
the systemic burden. However, these data were useful in determining 
the effectiveness of the DTPA therapy and the need for continuing 
treatment.

The amount of americium initially available for deposition in 
the body may be estimated by adding to the amount excreted in the 
urine and feces the quantity estimated to remain in the bone, liver, 
and facial skin. The calculated total is about 1100 pCi of ameri
cium. (See Table 1 for a summary of the deposition and excretion 
data.) Using models derived from animal experimentation, we esti
mate that a total of 760 pCi would have been deposited in bone and 
liver if DTPA therapy had not been available. Since only about 25 
yCi were retained (see Figure 4), we believe that the DTPA was bet
ter than 95% effective in reducing the anticipated body burdens.
The early data on urinary excretion, shown in Figure 1, indicate 
that Zn DTPA was as effective as Ca DTPA in the decorporation of 
americium. Neither clinical nor laboratory findings showed evi
dence of toxicity from the use of DTPA.

2.6 Current clinical status

More than two years after the accident, the patient is experi
encing no symptoms definitely attributable to the radiation expo
sure. There is no evidence of functional impairment in the bone, 
lung, or liver; the cumulative doses to these organs are, respec

tively, 860, 200, and 160 rad. The patient continues to have vis
ual difficulty as previously outlined, but the condition is stable.
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FIG.4. Effectiveness o f  DTPA in reducing liver and bone burdens.

3. CASE MANAGEMENT

3.1 Team approach to decision-making

A team approach was used to arrive at decisions regarding 
treatment and arrangements for the patient's care after his dis

charge. The team, which consisted of the patient, staff and con
sulting physicians and radiobiologists, the staff psychologist, 
health physicists, nurses, and radiation monitors, met frequently 
and many of the procedures and methods used were based on the 
consensus of the assembled group. Including the patient in the 
decision-making process was invaluable, not only in obtaining his 

concurrence in the choice and application of procedures but also 
in giving us the benefit of his knowledge, based on his long ex
perience in the industry. His understanding, willing cooperation, 
and concern that his experience benefit others were exemplary.

3.2 Public relations

The#case aroused national and international interest, both in 
the scientific community and in the communications media. In the 
days immediately after the accident, time demands by the media were 
great and required careful control to prevent interference with the 
proper care of the patient. The situation was further complicated 
by the need to secure the patient's privacy and prevent the dissemi
nation of privileged information. From the beginning, public rela
tions professionals worked closely and effectively with the medical 
and scientific staff. The importance of carefully organizing the 
public relations aspects of such an emergency cannot be overempha
sized.
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4. CONCLUSIONS

4.1 Unusually high levels of americium deposition have not caused 
any demonstrably harmful effects in the patient during a two-year 
period of observation.

4.2 Prompt and intensive chelation therapy proved extremely effec
tive in this case. Zinc DTPA appeared to be as effective as Ca DTPA 
in removing americium from the body and preventing its translocation. 
No toxicity from DTPA therapy was observed over a two-year period.

4.3 The "total" person must be treated. Not only medical and 
health physics concerns must be considered, but also psychological 
effects, the impacts on the responses of family and friends, and 
the effects on the patient of extended inactivity.

4.4 The use of a team approach to decision-making was highly suc

cessful and helped surmount the many difficulties encountered in 
this case.

4.5 The use of a transitional discharge regime (EDF-trailer-home) 
was beneficial psychologically and assured adequate control of 

contamination from bodily sources (i.e., contaminated skin flakes 
or scales, and excretion products).

4.6 Careful organization of the handling of public relations 

under the stress of an emergency is well worth the effort.
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DISCUSSION

J.C. NENOT: When you compare the americium deposition evaluated for 
the liver and skeleton as a function o f the DTPA treatment given, on the one 
hand, and in the assumed absence o f  any therapeutic effect, on the other, 
are you referring to the effectiveness o f  the DTPA with respect to a single initial 
lung deposition or to the deposition plus the amounts on the skin?

B.D. BREITENSTEIN: My understanding, as a physician, is that when the 
health physicists evaluated the effectiveness o f  the DTPA treatment, they  
considered only the americium that they thought was likely to  have reached the 
bloodstream and that, according to their m odels, would have been deposited
half in the liver and half in the skeleton. The lung burden and the facial deposition  
would be considered separately and taken into account in the m odel as a source 
o f  americium entering the blood and becoming internally deposited. Perhaps 
Mr. Mays, as a health physicist, can clarify this point.

C.W. MAYS: Health physicists define the system ic burden as the deposition  
o f  a radionuclide taking place after it reaches the bloodstream. For purposes o f  
evaluating risk, I prefer to consider the to ta l body burden, which includes the 
part still unabsorbed from the lung and puncture wounds, and to evaluate the 
dose to each tissue on the basis o f  the retention values varying with time.



IAEA-SM-237/S1 3 9

V. VOLF: Mr. Breitenstein, according to your Fig.4, approximately equal 
amounts o f  americium were removed by DTPA from the liver and bone. It is 
assumed that the radionuclides cleared from the liver are excreted together with 
bile into the intestine. According to your Table I, however, much less 
americium was excreted in the faeces than in the urine. Does this simply mean 
that the faeces were not sampled as com pletely as the urine?

B.D. BREITENSTEIN: I am sure the collection o f  urine and faeces were 
com plete in both cases. The patient was attended round the clock by registered 
nurses and everyone concerned, including the patient himself, was aware o f  the 
importance o f  collecting the specimens. The patient, incidentally, used a portable 
camping toilet fitted with a plastic collection bag.

A. HEFNER: When treating your patient, why did you not administer 
DTPA intravenously within the first hour o f  the accident at the plant? After 
all, DTPA is most effective when given immediately after the contamination.

B.D. BREITENSTEIN: At the time o f  the accident (1976) it was normal 
practice that only a physician could administer DTPA intravenously. This was 
felt to be necessary since in the United States o f  America DTPA was — and for 
that matter still is — a drug which is still under investigation. Unfortunately, 
the accident occurred in the middle o f  the night and 25 miles from where the 
plant physicians resided. Hence the two-hour delay. In the early 1970s we had 
agreed that the DTPA could be administered in the form o f an aerosol by a 
nurse whenever needed; there were, however, legal objections to this form o f  
administration, so the practice had been discontinued prior to the accident.
In any case, I am not sure that I would have recommended using a DTPA  
aerosol for chemical burns on the face o f  a patient whom I had not examined, 
even had it been available. The present arrangement is that if  a similar accident 
occurs again, a nurse will administer the DTPA either intramuscularly or intra
venously, having first obtained the patient’s consent.

W.F. BRANDOM: Although the stated object o f  your paper is to  discuss 
the biomedical aspects o f  this important case, can you  tell us something about 
the results o f  lym phocyte cytogenetic analyses?

B.D. BREITENSTEIN: I do not have any figures with me, but as far as 
I remember the cytogenetic findings for the peripheral lym phocytes were normal 
for the first few  days following the accident. After a few  m onths as many as 
30% chrom osom e abnormalities were noted. Recent analyses since then indicate 
that the figure has dropped to ~  18%. The team responsible for making these 
analyses at the University o f  Pittsburg and Oak Ridge Associated University 
is planning to publish the data in the near future.

G.A. GEORGE: Do you think the ulcerative lesions around the eye were 
due to the concentrated nitric acid, the radiation or a com bination o f  both?

B.D. BREITENSTEIN: The ulceration near the eyes was due to  a com 
bination o f  factors, the greatest damage being done by the nitric acid. Some o f
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the ulceration was due to the patient’s reaction to foreign bodies and there was 
an unknown contribution from the americium. I suspect that the americium  
was responsible for the slow healing, since ulceration due to nitric acids burns 
alone would have healed much sooner.

G.B. SCHOFIELD: Since the americium was embedded in the skin in a 
number o f different areas, the external measurements o f  the lungs, liver and 
bone may not represent the true deposition data for these organs.

B.D. BREITENSTEIN: The health physicists were doubtless aware o f  that 
problem and the figures given are probably the best estimates they could make 
under the circumstances.
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Abstract

PREVENTION OF LATE EFFECTS BY REMOVAL OF RADIONUCLIDES FROM THE 
BODY?

Data on 239Pu decorporation by zinc chelate o f diethylene triamine pentaacetic acid 
(Zn-DTPA) and on M9Pu toxicity in rats have been used to demonstrate the problems involved 
in predicting the beneficial effect of the treatment. Even after an early treatment the toxicity 
reduction may become less than proportional to the 239Pu removal achieved. As a matter of 
fact, the incidence of osteosarcomas per rad generally increases when the cumulative radiation 
dose decreases. The end effect of delayed and prolonged therapy further depends greatly on 
the schedule chosen. Equal total amounts of Zn-DTPA administered at shorter intervals 
(5 times per week) reduced more and earlier the average cumulative radiation dose due to 
239Pu deposited in the bone than amounts administered only once a week. Furthermore, 
changes induced in the microdistribution of 239Pu by Zn-DTPA administered even late after 
incorporation of 239Pu might exert a beneficial effect, provided that they reduce the irradiation 
of critical cell populations. This possibility has been demonstrated by a quantitative micro- 
autoradiography of bone sections carrying 239Pu and obtained from animals without or after 
treatm ent with Zn-DTPA.

INTRODUCTION

The successful removal o f  a radionuclide from the body, decorporation, 
is generally considered as an effective preventive measure to reduce the risk o f  
late radiation effects. The reduction o f  risk, however, need not be proportional 
to  the reduction o f  radionuclide retention, as indicated by some experiments in 
which the radiotoxicity o f  radionuclides was investigated after their partial 
decorporation. Thus, Rosenthal and Lindenbaum [ 1 ] treated m ice with calcium  
diethylene triamine pentaacetate (Ca-DTPA) at various times after administration 
o f  plutonium  (Fig. 1). Although the fraction o f  m onom eric 239Pu removed was 
39 to  75% o f  the control values, the incidence o f  osteosarcomas was reduced by 
only 9 to 27%. The average survival o f  treated mice increased by 25 to 54%. 
Similar results were obtained with 239Pu in rats by Bukhtoyarova et al. [2], who,
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BONE PLUTONIUM

at 3d ot lh

FIG.l. Effects o f  treatment with Ca-DTPA (12 daily injections initiated either 3 days or 
post 739Pu): Bone со, 

average survival in mice [1 ].
1 hour post 739Pu): Bone content o f  monomeric 739Pu, lifetime bone tumour incidence and

in addition, observed a substantial increase in the incidence o f  soft tissue tumours 
when prolonged treatment with Ca-DTPA was initiated one m onth after 239Pu 
injection. While the subacute toxicity o f  inhaled 239Pu was substantially reduced 
by preinhalation o f  Ca-DTPA [3], the bone and lung tumour incidence in rats was 
not influenced by inhalation o f  Ca-DTPA commencing only 20 days after 239Pu 
inhalation [4]. Obviously there are various factors that influence the end effect 
o f  a decorporation treatment. In this communication experimental data on  
removal o f  239Pu by zinc diethylene triamine pentaacetate (Zn-DTPA) and on 
osteosarcom as due to 239Pu in rats will be used to demonstrate the problems 
involved when predicting the beneficial effect o f  decorporation, especially 
prolonged and delayed decorporation.

PLUTONIUM REMOVAL

Adult female rats were repeatedly injected Zn-DTPA, starting 4 days after 
a single intravenous injection o f  239Pu citrate (1 .5  цС i/kg body weight), when 
m ost o f  239Pu had already been deposited in the tissues. Zn-DTPA ( 100 ^moles/kg  
body weight per injection) was administered in two different schedules: once or 
five times per week. The retention o f  239Pu in bone and liver with and without 
treatment is shown in Fig.2. When Zn-DTPA was administered more frequently 
239Pu was removed from the skeleton earlier, while for 239Pu in the liver there
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Days after injection of 239Pu

FIG.2. Retention o f 239Pu in rats following treatment with equal amounts o f  Zn-DTPA 
administered from Day 4 after a single injection o f 239Pu citrate, either once or 5 times per week.

was no substantial difference in the effectiveness o f  the two treatment schedules. 
Thus, approximately equal fractions o f  administered 239Pu were removed from  
the bone by 20 injections o f  Zn-DTPA after 4 weeks (five times a week) and by 
24 injections after 24 weeks o f  treatment (once a week). Since the curves in 
Fig. 2 indicate a decrease in 239Pu retention from the beginning o f  treatment, 
expressed by the 239Pu dose administered, they indicate at the same time the 
course o f  decrease o f  the radiation dose rate in the respective animal groups. 
About one m onth after the beginning o f  treatment more than 5, 20 and 40% 
o f  239Pu administered were removed from the skeleton o f  untreated controls 
and o f  rats treated once and five times per week, respectively. Thus, the radiation 
dose rate in the above groups was reduced to 95, 80  and 60%, respectively, o f  the
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FIG.3. Localized dosimetry of  239Pu in rat lumbar vertebra. Dose rates were measured in 
20 X 20 цт scan fields. Changes o f  the dose rates under the influence o f  Zn-DTPA relative 
to untreated controls are shown. A ll scan fields were subjected to regional classification with 
respect to their position to bone surfaces. The insert shows how the classification corresponds 
to the scan pattern. Region 0 means either marrow or bone fraction o f  a scan field hitting the 
surface itself (edge field). The values o f  the curves were calculated from  dose rates averaged 
over the various classes. The bars on the right indicate the relative change averaged over the 
total mineral bone and bone marrow, respectively.

values obtained at the beginning o f  treatment. Furthermore, when integrating 
the areas under the respective curves o f  F ig.2, the areas describing the effects o f  
the less and o f  the more frequent Zn-DTPA injections equal to 77 and 45%, 
respectively, o f  the value obtained without treatment. Since the integrated areas 
under the 239Pu retention curves are proportional to the cumulative radiation dose, 
they represent a measure o f  the relative effectiveness o f  the two Zn-DTPA treat
m ent schedules in terms o f  reduced cumulative radiation dose. It goes without 
saying that if  delayed prolonged decorporation treatment o f  239Pu begins at the 
same time, a substantially higher reduction o f  the radiation dose rate as well as o f  
the cumulative radiation dose can be achieved by administering more frequently 
the same total Zn-DTPA dose.

It should be pointed out that the considerations above are based on 239Pu 
retention data relating to the whole femur and thus neglect changes o f  micro
distribution o f  239Pu within the bone o f  untreated and treated rats. It has been
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Dose of injected 239 Pu (pCi/kg)

FIG.4. Relationship between the dose o f  injected 239Pu citrate and the cumulative incidence 
o f  osteosarcomas in young and adult male rats [6, 7].

suggested [ 1 ] that differences in the microscopic localization o f  plutonium on 
critical sites in bone might be responsible, at least in part, for the differences in 
bone tumour incidence after injection o f  plutonium  in the m onom eric or polymeric 
form. Thus, the question arises whether Zn-DTPA administered late after incorpo
ration o f  239Pu could exert a beneficial effect by reducing the irradiation o f  bone 
cell populations that are critical with respect to the induction o f  osteosarcomas.
One might argue that the very fraction o f  а -activity remaining on the bone surfaces, 
which is responsible for the known harmful effects, is in its turn accessible to bone- 
resorbing cells. Thus, by administration o f  a chelating agent, the removal o f  
plutonium  released from the resorbed bone into"soft tissue could be facilitated.
This and the prevention o f  plutonium  recirculation and redeposition could be far 
more effective in reducing radiation risks than is indicated by the overall reduction  
o f the organ content, because a small but particularly hazardous fraction o f  the 
total plutonium  activity is removed.

To verify experimentally the hypothesis above, approximately 1-year-old 
female rats were intravenously injected m onom eric 239Pu citrate (0.5 /iCi/kg body 
weight). The animals were killed 28 days later, after three injections o f  Zn-DTPA 
( 100 ¿nmoles/kg body weight) on Days 25, 26 and 27, respectively. Preliminary 
results obtained by a new technique o f  quantitative autoradiography [5] have 
indicated so far that even in bones showing practically no overall reduction o f  
239Pu activity a decrease o f  radiation doses may occur at specific sites. Figure 3
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Average cumulative radiation dose ( rad )

FIG.5. Relationship between the cumulative radiation dose due to injected 239Pu citrate and 
the incidence o f  osteosarcomas per unit dose in young and adult male rats; data originate from  
the same experiments as in Fig, 4. Skeletal doses and dose rates were calculated fo r  the latent 
period (survival minus 57 days o f  the clinical phase o f  tumour growth).

shows the change in average radiation doses in different ranges o f  distances from  
bone surfaces under the influence o f  Zn-DTPA. In view o f  the fact that only  
three injections o f  Zn—DTPA were administered more than three weeks after 
239Pu, the lowering o f  dose rates in bone marrow close to  surfaces as well as in 
deep marrow is particularly striking. There seems to be no effect on deposits on  
the surface itself and in adjacent bone. The significant reduction o f  dose rates in 
the deep bone is certainly a puzzling phenom enon that needs further confirmation  
by more extensive studies.

In spite o f  the fact that the biological and toxicological significance o f  these 
findings has not been established, a general conclusion may be drawn. Looking 
for a clear-cut correlation between the fate o f  incorporated radionuclides and 
the toxic effects invoked requires studies on a m icroscopic scale, at least in cases 
o f  non-uniform distribution. This statement particularly holds if scaling o f  animal 
data to  man is aimed at.

RADIONUCLIDE DETOXICATION

The m ost important criterion o f  predicting the detoxication effectiveness 
o f radionuclide decorporation is, o f  course, the probable effect o f  the radiation 
dose and dose rate delivered from radionuclides deposited to body tissues in spite
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FIG.6. Hypothetical and effects o f  decorporation treatment [9].
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o f treatment, i.e. before as well as during and after treatment. It is well known 
that the incidence o f tumours increases with the amount o f  radionuclides incorpo
rated to reach a distinct maximum and to decrease eventually. This is generally 
ascribed to the fact that two kinds o f  radiation effects are involved: carcinogenic 
transformation and cell killing. Merely for this reason it is conceivable that the 
reduction o f  tumour incidence will depend decisively upon the amount o f  radio
nuclides incorporated:

(1) When reducing the radiation dose from the ‘cell killing’ range to the 
‘carcinogenic’ range, prolonged survival but increased tumour incidence after 
decorporation treatment are to be expected. Indeed, the results o f  Rosenthal 
and Lindenbaum [1 ] seem to confirm this statement. These authors anticipate 
that only in the case o f  a reduction o f  the concentration o f  plutonium in bone 
below  the levels resulting in maximal tumour incidence can a significant reductionО
in tumours be expected.

(2) Even when reducing the radiation dose within the ‘carcinogenic’ range 
the tumour incidence need not be reduced proportionally. Thus, toxicity data 
obtained with single injections o f  23yPu in male rats [6, 7] suggest that the 
cumulative incidence o f  osteosarcomas does not increase linearly but logarithmically 
with the logarithm o f  activity injected per kilogram body weight (Fig. 4). It is, 
therefore, not surprising that the incidence o f  osteosarcomas per rad increases 
when the cumulative radiation dose is reduced (Fig. 5). For these two sets o f  rat 
data obtained at two different laboratories the relationship above is exponential,
i.e. there is a linear increase in tumour incidence with decreasing logarithm o f  the 
radiation dose. Two curves o f  different slopes can be obtained: one, the lower, 
fitting presumably the young animal data, the other, the steeper one, fitting 
mainly the adult animals. Both curves diverge towards the lower dose range and 
higher tumour incidence per rad. This suggests, as indicated also in Fig. 4, an 
increased effectiveness o f  239Pu incoporated in adult individuals, as compared
with that in the young ones, especially as far as low cumulative radiation doses 
are concerned.

(3) Decorporation might reduce the radiation dose from the range that 
causes bone tumours to that in which increased incidence o f  soft tissue tumours 
occurs, as indicated by the previously m entioned observations o f  Bukhtoyarova 
et al. [2]. Increased survival o f  the animals treated and the delay o f  treatment 
might be responsible for this phenomenon.

In a more general way, degenerative tissue changes have also to be taken 
into account. They might becom e significant when treatment is not followed  
by excretion from but only by redistribution o f  the radionuclide within the 
body, such as in the case o f  210Po and kidney after chelation therapy [8]. Thus, 
the probable and effect o f  radionuclide decorporation can be characterized as 
in Fig. 6.
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CONCLUSION

One should be careful in predicting the degree o f  radiation effect reduction  
after decorporation o f  radionuclides:

(1) The beneficial effect o f  radionuclide removal decisively depends on the 
radionuclide fraction present in the body before and remaining there in spite o f  
treatment; therefore, it need not be simply proportional to the fraction removed, 
not even during early treatment. In many cases reduction o f  late effects o f  
radiation will be rather less pronounced than the decorporation effect, merely 
because the incidence o f  late effects per rad increases with decreasing cumulative 
radiation dose. Moreover, this relationship seems to depend on the age o f  the 
individual at the time o f  radionuclide incorporation. Another com plication would 
be the toxic side effect o f  treatment due to the induced redistribution o f  a 
radionuclide.

(2) As far as delayed prolonged decorporation is concerned, the treatment 
schedule and decorporation at the microscopic level may also interfere with the 
developm ent o f  late radiation damage; more frequent treatment and removal o f  
radionuclides from critical cell populations seem to  be important. If, further, 
the initially high radiation dose rate is more significant in the induction o f  osteo
sarcomas than the cumulative radiation dose, removal o f  a radionuclide at a later 
time after incorporation would have little or no effect on the eventual incidence 
o f  a tumour [1 ].

(3) Finally, the end effect o f decorporation might be markedly changed 
during slow resorption o f  the radionuclide from a deposit. It was demonstrated 
[10] that the osteosarcomagenic effect o f  repeatedly injected 239Pu can be greater 
than after a single administration o f  the same total dose. Corresponding detoxi
cation data, however, are still lacking.
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DISCUSSION

O.L.J. VANDERBORGHT: You state that the reduction in the plutonium  
body burden by decorporation treatment is not accompanied by a proportional 
reduction in osteosarcomas. I think that one must be careful in making such 
generalizations. We have ourselves observed marked protection o f  bone marrow 
stem cells following decorporation o f  226 Ra in mice. The decorporation was 
much less pronounced than the protective effect on the bone marrow. Can you  
com m ent on this?

V. VOLF; If you recall, I also indicated that the localized removal o f  a 
radionuclide from critical cell populations may be more effective than the 
removal from the whole organ. In any case, I would remind you that there is a 
question mark at the end o f  the title o f  my paper. The main purpose o f  my 
presentation was to stimulate thinking with regard to the end effects o f  
decorporation o f  radionuclides while pointing out at the same time that this 
relationship need not be proportional.

G.B. SCHOFIELD; In human autopsy cases it is extrem ely difficult to 
make differential measurements o f  plutonium  deposition in bone and bone 
marrow. I wonder therefore how  you managed to observe the different effects 
o f DTPA treatment in these tissues.

V. VOLF : We scanned calcified bone sections and made the appropriate micro
autoradiograms. The programme for both the scanning and its evaluation has 
to be carefully devised and must take into account many different problems.

D.D. MAHLUM: Work done by Dr. Luz and co-workers, supported by data 
obtained at Pacific Northwest Laboratories, suggests that carcinogenesis due to  
alpha emitters involves an induction event as well as what I would call
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the “prom otional” aspect. What is your justification for the selection o f  the 
radiation dose up to 60 days prior to the appearance o f  the tumours as a basis 
for expressing data on tum our incidence?

V. VOLF: I simply followed the same procedure as Sinyakov so as to be 
able to plot both his and your own data in comparable figures. Sinyakov 
carried out preliminary experiments, on the basis o f  which he believes this is 
a good estimate for the latency period o f  plutonium-induced bone tumours.
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Abstract

INTERNAL DEPOSITION OF RADIOSTRONTIUM AND ITS REMOVAL.
The purpose of the investigation was to study the metabolism of 90Sr relative to that 

of calcium and the possible procedures that might enhance its decorporation. One per cent 
only of an injected dose of the tracer was detected per 100 ml of blood 24 hours after the 
introduction of this isotope into the rabbit. This dropped to 0.01% 1 5 days later. Soft 
tissues contained 10% and 1 % of the injected dose one day and 15 days after injection 
respectively, whereas the bone content reached 23.3% 15 days after tracer injection. In vitro 
removal experiments showed that a mixture of calcium and calciferol was the most potent 
agent, causing the removal of 81 % of that found in the control animals. In vivo investigations 
supported the in vitro findings in the use of a calcium-vitamin D mixture, which removed 
75% and 45% of the tracer from bones one and four days after isotope injection. These 
studies also pointed out the importance of time in treatment, and that it could have 
dramatic effects on the process of removal. The effects of different decorporating agents 
and their modes of action are also discussed in the paper.

INTRODUCTION  

Deposition and Metabolism

Studies on the dangers o f  internal contamination by man-made radioactive 
contaminants, especially bone-seeking isotopes with relatively long half-lives, 
indicate that 90Sr is one o f  the most dangerous constituents o f  fission products; 
its internal deposition is very similar to that o f  226 Ra but the range o f  beta 
rays em itted from 90Sr and its daughter 90Y are far greater than the alpha 
particles from 226Ra, which allow the former to irradiate adjacent organs in 
addition to bone [ 1 ]. Moreover, the behaviour o f  Sr in mammals has been 
shown to be very similar but not identical to that o f  Ca and factors such as PTH, 
or som e decalcifying agents have similar effects on both elements. This similarity 
in metabolism between Sr and Ca makes 90Sr a com petitor with calcium to 
reach the target organ, which is usually bone, particularly growing bone, teeth  
and pathologic bone tissue. Studies on the dairy cow showed that the calcium
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FIG.l. Distribution o f  injected tracer in blood, so ft tissues and bones o f  rabbits 1 ,15  
and 100 days after 90Sr injection.

content o f  milk was unchanged despite a five-fold increase in the dietary calcium  
supplement, whereas the milk strontium content increased by a factor up to  
2700 times following a similar increase in the dietary intake o f  Sr. These 
findings were also confirmed in man and other laboratory animals [2, 3].

It has been well established that high intakes o f  this isotope give rise to  
bone tumours (osteosarcoma) in addition to  other carcinomas and studies 
with rabbits have indicated that bone sites with slow turnover rates are at high 
carcinogenic risk even when the 90Sr uptake is low, whereas when the turnover 
rate is rapid the risk is much lower [4].

The transfer o f  90Sr through the placenta has been studied in dogs by 
Burykina [5] where bone concentrations o f  90Sr in the progeny at birth were 
17—46% o f  those in the maternal milk in the case o f  chronic intake by mothers.

Removal

Attem pts to enhance the removal o f  this isotope from the body have been 
the aim o f  many researchers [6—12]. These studies were based mainly on 
modifying the Sr metabolism in order to  increase its excretion, or experiments 
based on some absorption prevention techniques. Isotopic dilution was 
demonstrated by many investigators as a straightforward approach in attempting 
to remove radiostrontium. These studies indicated that a dose o f  100 mg Sr/kg 
body weight administered orally or intraperitoneally caused the removal o f  
about 30% o f  the 90Sr found in controls [8, 9].



IAEA-SM-237/28 55

Similar studies involving the introduction o f  calcium as a carrier showed 
that the retention o f  radiostrontium was lowered by a factor o f  4 [13]. Other 
studies used a physiological approach; parathyroid hormone was used over 
a period o f  10 days following the injection o f  radiostrontium but only a slight 
diminution o f  the body burden was achieved. Another agent used was vitamin A, 
a well-known accelerator o f  bone resorption, which showed similar removal 
effectiveness to PTH.

The use o f  chelating agents, which proved effective with m ost o f  the 
potentially hazardous radionuclides (Pu, CF etc.), was disappointing when 
applied to radiostrontium. This drawback could be explained on the basis that 
in the presence o f  high and virtually constant physiological concentrations o f  
Ca and Mg the fraction o f  chelated Sr will be negligible; however, the maximum  
efficiency (1 5 —25%) o f  chelating ligands was achieved with high doses o f  ligands 
with relatively small differences in their affinity towards Ca and Sr ions [9].

METABOLISM AND DISTRIBUTION OF 90Sr 

Experimental

A nim al management

Rabbits o f  the same breed weighing about 1 kg were hypodermally injected  
with 90Sr (juCi/kg body weight) and sacrificed at intervals o f  1, 15 and 100 days. 
Just prior to sacrifice rabbits were exsanguinated through the heart and the 
blood volume was measured before ashing. Soft tissues and bones were removed, 
blotted dry by filter paper, dried at 105°C, ashed at 600°C  for twenty-four 
hours and then re weighed and dissolved in nitric acid.

Radioassay technique

Ashed and dissolved blood, tissues and bones were evaporated on a 
stainless steel planchet under an infra-red lamp and the activity counted in 
a low-background, gas-flow beta counter (Berthold) at an efficiency o f  50%.
For larger ash samples, the tracer was chemically separated using the following  
procedure: Ash was dissolved by adding concentrated nitric acid in the ratio 
o f  2 ml to  each 1 g ash; the aliquot was diluted 5 times with distilled water 
and 100 ml o f  2N oxalic acid were added and boiled for 5 minutes. The pH 
was then adjusted to 2 .5 —3.0. The aliquot was digested for 1 h, cooled and 
centrifuged for 5 min at 4000  rev/min followed by dissolving in 50 ml 
concentrated nitric acid.
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The sample was then extracted with equilibrated tributyl phosphate added 
in a ratio o f  6:1 in a separating funnel 3 times. The organic layer was washed 
twice with 14N H N 0 3, followed by extraction 3 times with 0.1N  H N 0 3 added 
in a ratio o f  2:3. The aqueous phase was then eluted, evaporated to minimum  
volume, then transfered to a stainless steel planchet, evaporated under an 
infra-red lamp, cooled and counted for radioactivity in a low-background 
gas-flow beta counter.

Results and discussion

The general formula used for calculation purposes was deduced 
as follows:

Let the counts in 60 minutes = С
Efficiency o f  beta counter = 5 0 %
1 pCi = 2.22 dpm
As weight = W

(C )(2 )  _ _ 90
(60) (2 .22) (W)

pCi 90Sr/g ash

or

^ M = p C i ,o Sr/gash
w

For blood the following m odification was made basing these calculations 
on 100 ml:

or

(C )(0 .0 1 5 ) (100) , , ,  ,
--------------------------  = p C i 9OSr/100 ml blood

ml blood

(C )(1 .5 )  _  _ . 90

ml blood
= pCi 9OSr/100 ml blood

Twenty-four hours after injection o f  90Sr the concentration detected per 
100 ml blood was only 1% o f the total injected dose. This dropped gradually 
to reach a minimum after 15 days (0.01%) (F ig .l) . This reduction in the
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TABLE I. COMPOSITION OF KREBS-RINGER PHOSPHATE BUFFER  
USED FOR IN VITRO BONE INCUBATION

0.90 wt/vol (%,) NaCl 100 parts

1.15 wt/vol (%) KC1 4 parts

1.22 wt/vol (%) CaCl2 1.5 parts

3.82 wt/vol (%) MgS04 -7H20 1.0 parts

0 .11M phosphate buffer pH 7.4 22.5 parts

Г 17 .8gN a2HPo4 -2H20  ]

J + 20 ml IN HC1 diluted I

I to 1 litre J

concentration in blood could be probably explained on the basis that 90Sr is 
absorbed from the bloodstream within the first two days, causing its partial 
deposition in different organs or/and its excretion. However, only 10% o f the 
injected dose was found in the tissues 24 hours after isotope injection; 15 days 
later this had been reduced to 1 % and remained so until the end o f  the 
experiment (F ig .l).

The concentration o f  90Sr found in bone analyses was 23.3 ± 1.1% o f  the 
injected dose 15 days after injection, whereas the whole-body content 100 days 
after a single injection o f  90Sr showed that only 20% o f  the isotope was present, 
as shown in Fig. 1.

REMOVAL OF 90Sr FROM BONES IN VITRO  

Experimental

Animals and bone sampling

Both femora o f  the same rabbit were quickly removed after neck dislocation, 
cleaned from adhering tissue, cut into small sections and immersed in ice-cold  
physiological saline prior to incubation.

Incubation

Bone samples were placed in individual (25 ml) flasks containing 10 ml o f  
ice-cold Krebs-Ringer phosphate buffer pH 7.4, which contained 100 mg o f  
glucose per 100 ml and 0.5 ¿iCi90 Sr. The com position o f  the buffer is given in 
Table I. One millilitre o f  the removing agent was added to each flask and 1 ml
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FIG.2. In vitro decorporation o f  90Sr from rabbit femora incubated in Krebs-Ringer phosphate 
buffer fo r I h a t 37° С using various removing agents compared with controls, n = 4 replicas 
in each case.

physiological saline added to the control flask. A correction for the amount 
o f  90Sr adsorbed to the bone surface was made by boiling the bone for five 
minutes and introducing it into the incubation medium. Flasks were then 
securely placed in a shaking water bath at 37°C and incubation commenced  
after five minutes to  attain equilibrium.

At the end o f  the incubation period (1 h) the reaction was stopped by taking 
the bone out o f  the medium and dipping it into a warm solution o f  trichloroacetic 
acid. Bones were then transferred to 10 ml Pyrex beakers, dried at 105°C for 
16 h and ashed at 600°C  for 24 h. The ash weight was recorded. The ash was 
then dissolved in nitric acid, transferred to a stainless steel planchet, evaporated 
under an infra-red lamp and finally counted for the tracer.

Results and discussion

The data presented in Fig.2 indicate that the uptake rates o f  90Sr from 
the incubation medium varied significantly according to  the agent used. The 
results were expressed as ‘removal efficiency’, which resembles the percentage 
o f  the tracer leaving the bone sample as compared with the control, and the 
following formula was employed:

90Sr in sample
Percentage removing efficiency = 100 -  —------------------  X 100

Sr in control

The most noticeable removing efficiency was that o f  a mixture o f  calcium  
and vitamin D (calciferol) which caused an 81 % inhibition o f  radiostrontium
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uptake by bones as compared with controls. Another significant finding was 
observed when using calcium supplements to the incubation media (25 mM and 
12.5 mM), which showed removal efficiencies o f  75 and 67% respectively. The 
use o f  ammonium chloride in the attempt to reduce the bone content o f  90Sr 
was based on the fact that ammonium chloride causes m etabolic acidosis and 
hence demineralization o f  bone, and a removal efficiency o f  19% was observed. 
Evidence o f  the effectiveness o f  this compound in man has been shown by 
Spencer et al. [14].

The use o f  magnesium salts as calciuric agents in the elimination o f  
radiostrontium has been proved to  be twice as effective as an equimolar amount 
o f  isotopic carrier [15]. Nevertheless, other investigations point out that the 
magnesium supplement is effective only in high and nearly toxic doses.

V olf [16] indicated that an 0.8 mM oral dose o f  magnesium as the chloride 
administered ten minutes prior to an i.p. injection o f  radiostrontium caused the 
urinary excretion o f  34.9% o f  the injected dose compared with 18.5% o f  the 
isotope excreted by the controls.

The information available concerning the effect o f  some hormones on bone 
resorption is not very clear and som e studies have reported that in vitro incubation  
o f  bone tissue with thyroxine reduced the uptake o f  calcium and strontium from  
the medium [17].

IN VIVO REMOVAL OF 90Sr FROM RABBIT BONE 

Experimental

Anim al procedures

Rabbits initially weighing 1 kg were hypodermally injected with 90Sr 
(1 AiCi/kg body weight) and were randomly divided into different groups according 
to  the experimental requirements. They were then housed two per cage and 
pair-fed with a mixed green diet to prevent differences in feeding pattern. Blood 
samples were collected prior to sacrifice by cervical dislocation, followed by 
the removal o f  the soft tissues and bone for analyses. All drugs and ‘removing 
agents’ were injected daily as recommended in concentrations indicated in 
relevant figures o f  this section.

A nalytical procedures

Soft tissues and bones o f  rabbits from the different groups were blotted  
dry over a sheet o f  absorbant paper, cleaned o f  adhering tissue, dried, ashed 
at 600°C  for twenty-four hours and finally weighed.

Tracer counting was carried out as explained earlier.
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FIG.3. In vivo decorporation o f ^ S r  from rabbit bone after the injection o f  various removing 
agents in the concentrations specified compared with controls. Treatment started 24 h 
after 90Sr injection and continued for 10 d. The concentrations are daily injection amounts 
per kg body weight.
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FIG.4. Changes in the efficiencies o f  various removing agents following the delayed in vivo 
treatment o f  internally deposited 90Sr in rabbit bone as compared with controls. Treatment 
started 96 h after tracer injection and continued for 10 d. Compare with Fig.3.

Results and discussion

Results obtained from the different in vivo treatments used for 90Sr removal 
from the body illustrated in Figs 3 and 4 clearly indicate the potency o f  calcium- 
containing agents.

Calcium, which is under direct hom eostatic control by hormonal action, 
differs from strontium in that the latter is mainly regulated by the total 
alkaline earth metal concentration especially calcium. However, it was sensible 
to use a calcium carrier to reduce the skeletal retention o f  radiostrontium because

Thyroxi
O * cn ne (Na) Furosemi-

0.2 mg de 50mq
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o f  the similarity o f  the m etabolic pathways in addition to the results obtained  
in the previous section. Discrepancies in the reported data about the use o f  
calcium carriers were attributed to the different doses o f  calcium em ployed by 
the researchers.

The use o f  calciferol (vitamin D), which prom otes the absorption o f  calcium  
but not strontium by the skeleton, appeared to have shown its effect in this 
experiment via the increased replacement o f  deposited 90Sr by the Ca supplement, 
which was helped to be fixed by vitamin D, and removal efficiencies o f  75 and 
45% were observed after treatment one and four days after isotope introduction  
respectively (Figs 3, 4).

The exchange o f  deposited radiostrontium by stable strontium via the 
introduction o f  the latter into the body have been shown to be effective [14, 18], 
whereas treatment with stable strontium introduced orally has been disappointing. 
Its intraperitoneal injection was shown to be effective in reducing the body  
burden o f  radiostrontium in man through the increase o f  isotopic excretion in 
the urine, which was accompanied by a parallel increase in calcium excretion, 
which might be attributed to the exchange o f  stable strontium with bone 
calcium [19]. However, in vitro trials (previous section) were not as encouraging 
as those o f  calcium.

In this investigation the injection o f  a combined Mg/Ca in the concentration  
shown in Fig.3 had a significant effect on the removal o f  20% o f  the injected  
isotope, whilst a delay in treatment lowered this efficiency to 14% (Fig.4).

The use o f  diuretics was based upon the fact that about 90% o f  the alkaline 
earth metals filtered through the kidneys are subject to tubular reabsorption, 
so by preventing the latter process the reabsorption o f  radiostrontium might be 
reduced. It was observed that 10% only o f  the tracer was removed following the 
injection o f  Furosemide. However, others have reported negative results using 
Diamox and mercurial compounds [20, 21 ]. Sodium salicylate (tubular blocking 
agent) has been successfully used by Smith and Bates [22], indicating a 3.5-fold  
increase in the urinary excretion o f  radiostrontium.

It has been suggested that thyroid hormones increase the urinary/faecal 
excretion o f  both calcium and strontium. Samachson et al. [23] studied the 
metabolism o f radiostrontium with respect to the body thyroid activity (hyper, 
and hypo). Radiostrontium introduced to  a hyperthyroid subject gave rise to  
lowered plasma tracer concentrations with a significant increase in the excretion  
o f  the isotope through faeces, indicating lower absorption efficiency during 
hyperthyroidism. The above findings were reversed during hypothyroidism.

Figure 3 illustrates that the administration o f  thyroxine for ten days,
24 hours after an injection o f  1 ¿uCi o f  90Sr caused the active removal o f  14% 
o f  the original dose. The tim e factor after tracer injection has been shown to  
be very critical. Thyroxine failed in promoting 90Sr removal five weeks after 
the isotope was introduced. Nevertheless, prompt treatment proved to  be



successful in the elim ination o f  bone-bound radiostrontium using non-toxic 
levels o f  thyroid hormones [24].

Corticosteroids are known to induce a loss o f  protein and calcium. Experiments 
in man have shown that the administration o f  corticosteroids following a dose o f  
radiostrontium gave rise to a negative calcium balance [25]. Laake [26] reported 
that corticosteroids decreased the tubular reabsorption o f  calcium resulting in a 
high urinary calcium excretion, which might be associated with an enhanced 
excretion o f  radiostrontium. Studies on treatment with triamcinolone for sixteen 
days indicated a significant rise o f  36% in the rate o f  excretion o f  radiostrontium  
via the urine as compared with control values. The effect o f  another corticosteroid  
(methyl-prednisolone) on the clearance rate o f  calcium and strontium has been 
investigated and a gradual increase in calcium excretion was observed (300  mg/d 
to more than 400  m g/d). The administration o f  this corticosteroid for 19 days 
increased the removal o f  radiostrontium through the urine by about 10% [27]. 
Figures 3 and 4 indicate that citrate could have a considerable removing 
efficiency (31%) in vivo. The use o f  citrate ions for this purpose is not new [10,22] 
and the mechanism o f action o f  citrate in removing radiostrontium is believed to 
take place by causing a state o f  hypercalcaemia, resulting in hypercalcuria. An 
ultrafilterable unionized com plex is formed between calcium and citrate ions, 
causing the resorption o f  bone in order to maintain an equilibrium state in the 
extracellular fluid. This com plex is highly influenced by the hydrogen ion con
centration o f  the renal tubular fluids. Smith [28] emphasized the importance 
o f an early treatment with citrate if satisfactory removal was desired. He showed 
that treatment should com m ence within the first hour, after which citrate was 
found to  be ineffective due to  the gradual movement o f  the isotope from blood  
to bone and thus little concentration is available for chelation and renal excretion.
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DISCUSSION

V. VOLF: You obtained optimum removal o f  strontium by using calcium  
and calciferol whereas earlier experiments had shown that a rather low  calcium  
diet was most effective. Could this difference by due to the species o f  animal, 
the diet or the age?

G.A. GEORGE: The animals used in the earlier experim ents were rats and 
mice. Furthermore, the time factor for drug injection plays a major part in the
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effectiveness o f  removal. In our experiments we used young rabbits with ~  1 kg 
o f body weight, which might be an explanation for the higher calcium and 
calciferol doses. In addition, our treatment was continued for 24 hours after 
the 90Sr intake, which is a shorter period than was used in the other experiments. 
The calcium concentration o f  the diet was quite normal, i.e. ~  600  mg per 
100 g o f feed.
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Abstract

DIETARY CALCIUM LEVELS AND CHEMICAL TREATMENTS INFLUENCING 
RADIOSTRONTIUM UPTAKE AND RELEASE IN MAMMALIAN BONES.

Data obtained from in vivo studies on rats suggest that the rate of administered radio
strontium uptake and deposition in bones shows a negative correlation with the levels of 
dietary calcium in the following order: CR, CN, CP, CDP, where CR stands for calcium-rich 
diet (Ca% 1.728), CN for calcium-normal (Ca% 1.442), CP for calcium-poor (Ca% 0.347) 
and CDP for both calcium-poor (Ca% 0.135) and vitamin D deficient. The uptake values 
for the administered radiostrontium were affected by the duration of the experimental 
feeding time in the following order: 10, 50 and 120 days. Administration of MgS04 or 
SrCl2 to experimentally fed animals showed a decrease in the magnitude of radiostrontium 
uptake, the effect being more pronounced with MgSO, whereas CaCl2 showed an increase 
in the rate of uptake of the radionuclide. It has been also found that increasing the level of 
dietary calcium as well as adm inistraron of stable strontium or magnesium favoured more 
rapid elimination of the radiostrontium from the bones and helped the animals to discriminate 
more significantly against radiostrontium uptake. The data obtained were statistically 
evaluated and the results discussed in view of the relevant literature.

1. INTRODUCTION

It is known that normal growth and development in man needs a high level 
o f calcium uptake. The requirements o f  optimum growth, reproduction, 
lactation and calcification are supplied by diets containing as the most important 
constituents calcium and phosphorous in nearly equal amounts, together with 
vitamin D because o f  its importance for calcium metabolism and bone 
mineralization.

For many years special attention has been concentrated on 90Sr uptake and 
localization and the attendant health hazard since radiostrontium accounts for 
a considerable amount o f  the total activity o f the long-lived fission products.

65
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In view o f  the chemical and m etabolic similarities o f  calcium and strontium, 
having a com m on route o f  entry through the foodchain and being able simply 
to displace each other in the body tissues, the possibility o f  diminishing the 
uptake and retention o f  radiostrontium by increasing the intake o f  calcium 
should be considered. The effect o f  calcium and other dietary constituents 
on the adsorption, retention and excretion o f  radiostrontium has been studied 
by a great number o f  investigators. The increase in the calcium level in diets 
resulted in a proportional depression for 85Sr and 45Ca [1 ] and 90Sr [2, 3]. Using 
rats o f  various ages, the increase in the level o f  Ca and Ca+P in diets decreased 
the retention o f  both radiocalcium and radiostrontium [4].

The effect o f  stable ions on the retention and excretion o f  radiostrontium  
was studied by several workers. Hamilton et al. [5] suggested the use o f  inactive 
strontium as a carrier. MacDonald et al. [6] found that stable strontium given 
half a m inute before or after the injection o f  90Sr decreased the retention, but 
other doses o f  strontium given half an hour after isotope injection or daily had 
no effect [7]. Stable calcium was found to increase the radiostrontium  
retention [6 ,8 ] , while stable magnesium was found to  be the most effective 
agent decreasing the skeletal content o f  strontium [9, 10]. The effect o f  several 
other chemical agents and chelators has been examined by several investigators 
using, among others, the polyphosphates [11, 12], citrates [13, 14], sodium  
alginate [15, 16] and tannin and insulin [17].

This study was conducted in order to investigate the rate o f  deposition  
o f  ingested radiostrontium in mammalian bones under varying calcium dietary 
conditions. Moreover, attem pts were made to evaluate the possibility o f  
enhancing the excretion o f  radiostrontium incorporated in bones through the 
carrier effect.

2. MATERIAL AND METHODS

2.1. Material

2.1.1. Animals

White albino rats o f  both sexes were maintained in m etabolic cages kept 
at 22 .0  + 2°C.

2.1.2. Experim ental d ie t and com position

Foür types o f  experimental diet were delivered: calcium-normal diet (CN), 
calcium-rich (CR), calcium-poor (CP) and calcium-poor and vitamin D deficient 
(CDP). The com position o f  these diets is shown in Table I.
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TABLE I. DIET COMPOSITION AND CONSTITUTION

67

Constituent
Calcium-
normal
CN

Calcium-
rich
CR

Calcium-
poor
CP

Ca-poor 
and vitamin D 
deficient 
CDP

Composition Protolane 20.0 20.0 20.0 20.0
(g/100 g diet) Maize starch 50.0 49.0 50.0 52.5

Sucrose 10.0 10.0 10.0 10.0

Oil 10.0 10.0 10.0 10.0

Vit. В complex 0.5 0.5 0.5 0.5

Vit. D 

Minerals

0.5 0.5 0.5

— with Ca 4.0 4.0 - -

— Ca-free - - 4.0 4.0

Dried meat 1.5 1.5 1.5 1.5

Dried blood 1.5 1.5 1.5 1.5

Dried fish 2.0 2.0 2.0 2.0

Ca gluconate - 1.0 - -

Constitution Solid (ash) 7.120 5.616 1.665 1.473
(wt.%) Ca content 1.728 1.442 0.347 0.135

P content 0.366 0.331 0.087 0.085

Dietary calcium was determined titrimetrically [18], while the phosphorus 
was determined colorimetrically [19]. Table I indicates these determinations 
together with the solid or ash content.

2.1.3. Radioassay sampling

Sampling for radioassay was done by taking som e o f the animal carcass 
(the two femurs) or by taking the entire animal for whole-body counting.

In the first m ethod, especially when 89Sr was the tracer used, the two  
femurs were taken free from the adhering tissues, ashed at 800°C  for 6 hours, 
weighed and counted for radioactivity.

In the second m ethod, where 85Sr was the tracer used, a simple lead-shielded 
animal whole-body counter 30 X 20 X 20 cm was constructed and furnished 
with a 3 inch Nal(Tl) scintillation crystal. The animal, anaesthetized and tied,
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TABLE II. MEAN RATIOS BETWEEN PERCENTAGES OF RETAINED 85Sr TO THAT OF CONTROL GROUPS

Chemical
agent

Dose
mM/kg CP

Ratios as % to retention 
CN

in control group (± SEM) 
CR CDP

1.0 - - 43.92(± 0.9) -

SrCl2 1.5 94.86(± 1.68) 87.99(± 0.42) 28.31(± 0.31) 60.79(± 0.89)

2.0 87.75(± 1.10) 94.52(± 0.28) 49.83(± 1.11) 67.47(± 0.91)

1.0 86.75(± 0.82) 148.70(± 2.69) 63.24(± 0.48) 121.15(± 1.70)

CaCl2 2.0 126.52(± 1.96) 123.71 (± 3.53) 69.27(± 0.80) 1 11,46(± 1.06)

3.0 - - 108.32(± 1.81) -

1.5 - - 50.59(± 1.45) -

MgS04 3.0 73.52(± 1.18) 58.16(± 1.35) 48.41(± 0.41) 91,17(± 0.49)

6.0 86.58(± 1.42) 51.24(± 0.7) 46.41(± 1.23) 62.99(± 0.43)

ROUSHDY 
et al.
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was laid on a half-cylindrical Teflon box, which was then inserted into the animal
house where the centre o f  the animal was placed exactly on the central axis
o f  the crystal. The effectiveness o f  this detector was about 30% at the given position.

2.2. Methods

Six-week-old rats were fed the experimental diets. The last animal group 
fed the CDP diet were also isolated from sunlight in order to induce a ricket-like 
condition. The isotopic solution, about 1 juCi o f  either 89Sr or 85Sr, was injected 
intraperitoneally into the left lower quadrant o f  the abdomen. Two main 
experiments were conducted:

(a) The effect o f  diet and feeding tim e on the uptake and retention o f  89Sr, 
where the feeding time lasted for various periods o f  tim e (10, 50 and
120 days). The isotope was then injected and after the elapse o f  the 
experimental time (15 minutes up to about 60 days) the animal was sacrificed 
and the two femurs taken, ashed and counted for radioactivity.

(b) The effect o f  stable Sr, Ca and Mg on the uptake o f  85Sr, where the chemical 
agents adopted were SrCl2, CaCl2 and M gS04 administered in animals as 
millimoles per kilogram body weight, as shown in Table II. The control 
group received instead 1.0 ml physiological saline. Directly after the isotope 
injection the animal was counted for radioactivity 10 minutes before the 
calculated concentration o f  the chemical agent was administered intraperi
toneally. Radioactivity counting o f  the treated rats was performed first
12 hours after injection followed by daily counting which continued for 
about two weeks.

3. RESULTS AND DISCUSSION

3.1. Effect o f  diet and feeding tim e on the uptake and release o f  89Sr

The results o f  uptake and release o f  89Sr by rats fed different types o f  
diet for different periods o f  time are shown in Figs 1 to 5. The uptake data 
for animals fed the CDP diet are only com plete for the shorter feeding tim e o f  
10 days because o f  the number o f  deaths occurring in this group after the 
20th day which rose to over 50% after the 50th day.

The results obtained can be summarized as follows:
( 1 ) The maximum uptake o f  radioactive strontium took  place always within 

one day or less after injection o f  the isotope, then decreasing to a minimum  
30 days after injection. This result confirms previous studies [20].



ROUSHDY et al.

Time after injections ( Days)

FIG. 1. The effect o f  feeding time on the uptake and release o f  S9Sr by CP-fed rats.
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FIG. 2. The effect o f  feeding time on the uptake and release o f  B9Sr by CN-fed rats.
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FIG.3. The effect o f  feeding time on the uptake and release o f  S9Sr by CR-fed rats.

0 10 20 30 40 50 60

Time a fte r injection ( days)

FIG.4. The effect o f  feeding time on the uptake and release o f  S9Sr by CDP-fed rats.
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Feeding Time (Days)

FIG. 5. The effect o f  diet coupled with feeding time on the uptake o f S9Sr by rats sacrificed 
one day after injection.

(2) From all uptake data, and considering the diet effect, the sequence o f  
uptake is in the following order:

CP >  CN >  CR >  CDP

It is clear from the above sequence that the calcium content is the factor 
controlling this uptake. In other words, the maximum uptake occurs for 
the minimum calcium content of the diet and vice versa. In the case o f  
the CDP diet, with the lowest calcium content, the deciding factors for the 
difference from the CP diet were the absence o f  vitamin D and deprivation 
o f  sunlight.

(3) The uptake and release was also affected by the feeding time. The uptake 
was in the following order:

10 d >  50 d >  120 d

The nearly equal uptake values for feeding times o f  50 and 120 days, 
as shown in Figs 1 —4, suggest that the rat’s bones had already grown to a 
certain state o f  calcification.



IAEA-SM-237/63 73

(4) It is clear from the above sequence and Fig.l that rats fed the CP diet for
10 days show a higher uptake value than those fed for the longer period 
o f  50 or 120 days. This is simply attributed to a shorter feeding time and 
accordingly lower age, besides the dietary calcium deficiency. The slow  
release o f  radioactive strontium by those rats suggests that strontium ions 
were strongly bound in bones, showing a great need for calcium to replace 
the captured strontium ions inside the bone lattice. The other two feeding 
periods o f  50 and 120 days were long enough for the bones to attain their 
mature state day by day even if the diet was calcium-poor, consequently  
their needs for extra calcium and their capacity for strontium uptake should 
be less manifested than those for 10 days’ feeding time.

(5) Comparing these uptake data from the point o f  view o f  the feeding times, 
it has been found that the uptake for the CP fed rats is higher than those 
for CN, CR and CDP fed groups. This may be attributed to the expected  
fact that the rats extracted their calcium needs more quickly from higher 
calcium diets.

(6) Figure 5 shows that the radiostrontium uptake by rats fed for 50 to 120 days 
was affected by the type o f  diet rather than the feeding time. This might
be attributed to a certain state o f  calcification reached in the bones. This 
is confirmed by the finding that shorter feeding times, e.g. 10 days, resulted 
in equal values o f  radiostrontium uptake for all types o f  diets.

3.2. Effect o f  som e chemical agents on uptake o f 85 Sr

The possible carrier effect in increasing the excretion o f  incorporated 
radiostrontium o f the chemical agents SrCl2, CaCl2 and M gS04, at the dose 
levels m entioned in Table II, was investigated for rats fed different types o f  
diets for 50 days in accordance with the above-mentioned findings (F ig.5).

3.2.1. E ffect o f  SrCl2 adm inistration

The effect o f  injected stable Sr2+ on  the uptake o f  radioactive strontium is 
shown in Table II. It is obvious that stable strontium administered 10 minutes 
after isotope injection has a remarkable decreasing effect on the uptake o f  
radiostrontium in all the rat groups. The sequence o f  this effect is in the 
following order:

CR >  CDP >  CN >  CP

i.e. the uptake o f  radiostrontium by the CR group was much more affected by 
injection o f  stable Sr than was any o f  the other groups, a minimum effect 
being recorded for the CP group.
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3.2.2. E ffect o f  C aG 2 adm inistration

Table II indicates a general increase in the uptake o f  radiostrontium due to  
calcium administration except for the Cr-fed group. This confirms previous 
findings [6, 8]. Contradicting results, i.e. decreasing effect, were described, 
however, by Catsch and Melchinger [9].

3.2.3. E ffect o f  M gS 04 adm inistration

The decreasing effect o f  injected stable Mg2+ on the uptake o f  85 Sr among 
all feeding groups is shown in Table II. The sequence o f  this decreasing effect 
is in the following order:

CR >  CN >  CDP >  CP

4. CONCLUSION

From the data obtained the following conclusions car, be made:

(1) Feeding a calcium-enriched diet would be expected to protect both  
radiation workers handling radiostrontium and the general population  
subjected to radioactive wastes and fallout against the uptake and deposition  
o f  radiostrontium in their bones.

(2) Since vitamin D is known to favour calcium deposition in bone, it would  
be expected to favour radiostrontium as well. Administration o f  vitamin D 
in radiation workers handling radiostrontium should thus be considered 
cautiously.

(3) Special attention should be given to persons suffering from calcium  
deficiency or rickets in radiation accidents encountering contamination with 
radiostrontium.

(4) For more effective protection measures against radiostrontium uptake by 
radiation workers adequate normal calcium levels should be periodically 
checked and maintained.

(5) For increasing the rate o f  decontamination o f  deposited radiostrontium  
and/or decreasing the rate o f  its uptake in bones o f  contaminated cases 
treatment with stable isotopic or non-isotopic carriers such as strontium or 
magnesium would be recommended. Calcium gave fluctuating results in 
this respect.
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Abstract

MODELLING THE DEPOSITION AND CLEARANCE OF INHALED RADIONUCLIDES’
In 1966 the ICRP Task Group on Lung Dynamics (TGLD) published a model of the 

human respiratory tract for predicting the deposition and retention of inhaled particles.
Recent studies of fractional deposition in humans have tended to  validate the deposition 
model although particle deposition appears to be overestimated in the pulmonary region 
and unerestimated in the trachea and bronchi. New morphological data on respiratory 
tract structures have become available since the TGLD formulated its deposition model 
so that the original deposition calculations can be updated. Similarly, more recent 
studies on the clearance of particles deposited in the respiratory tract can now be used to  update 
the TGLD model for particle clearance. This should be directed toward developing better 
methods to incorporate particle solubility information. An alternative clearance model which 
facilitates the use of measurements of particle solubility in laboratory animals or in vitro 
chemical systems is described here. Examples of analyses are given for studies in which 
aerosols of I44Ce, 95Nb, 140Ba and 140La were inhaled by laboratory animals. Major improve
ments can be achieved in predicting respiratory tract retention of particles having time- 
varying solubility and of radionuclides in particles composed of material with a solubility 
greatly different from the radionuclides themselves.

INTRODUCTION

Substantial effort in past years has been directed toward 
developing mathematical models of inhaled particle deposition and 
clearance in the respiratory tract. This is because inhalation 
exposures to airborne substances are considered to be major con
cerns in work places and in the general environment. This report 
will not attempt to relate all of the progress which has been made 
in developing models of the respiratory tract, but will provide a 
brief background perspective and indicate useful new information 
and new directions in this area of research.

77
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The respiratory tract is usually divided into three regions 
when modeling either the deposition or clearance of inhaled parti
cles. The nasopharynx or the mouth and oral phyarynx is the first 
region of importance depending upon whether individuals are 
breathing through their noses or mouths. This region extends down 
to the level of the larynx. The tracheobronchial region is next 
and includes conducting airways from the larynx to the end of the 
terminal bronchioles. The remaining region, the pulmonary region, 
includes the structures from the respiratory bronchioles to and 
including the alveoli.

Deposition and clearance of inhaled particles is usually 
modeled for each of these regions. In the nasopharyngeal region, 
both the deposition and clearance of particles can usually be 
determined because this region is anatomically separate from the 
other regions and is readily accessible for measurements. Clear
ance of deposited particles from the tracheobronchial region can 
often be measured because, even though it is surrounded by pulmo
nary structures, its rate of clearance is much more rapid. Parti
cles depositing in the pulmonary region are identified by their 
very slow clearance. Fractions of inhaled aerosols depositing in 
these regions are normally determined on the basis of their rates 
of clearance but this is more of a functional definition than an 
exact anatomical definition of these regions.

To quantify regional deposition fractions by measurements of 
their clearance rates, the deposited particles must be relatively 
insoluble. If not, they are quickly absorbed into the systemic 
circulation and it becomes impossible to determine where this 
material originated. Thus, deposition models are necessary for 
studies with soluble aerosol forms so that the sites of deposition 
can be projected from measurements of the physical characteristics 
of the particles in the exposure air. The important characteris
tics are particle size distributions, shapes and densities.

The first inhalation model used by the International Commis
sion on Radiation Protection, ICRP, was developed and reported by 
Committee II [1] in 1959. This model considered all aerosols to 
be alike in projecting the following inhaled particle deposition 
percentages; 75% total-body deposition, 50% upper respiratory tract 
deposition and 25% lower respiratory tract deposition. As for 
particle clearance, the upper respiratory tract was considered to 
clear rapidly to the gastrointestinal tract. All of the soluble 
material deposited in the lower respiratory tract was considered 
to be rapidly absorbed. Insoluble material was assigned a clear
ance half-time of 120 days with half being absorbed and half being 
cleared to the gastrointestinal tract.

The ICRP Task Group on Lung Dynamics, TGLD, developed another 
model for inhaled aerosols in 1966 [2] which considered aerodynamic
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sizes of particles when projecting inhaled aerosol deposition 
fractions and deposition sites. This model of particle retention 
specified clearance half-times which depend upon particle solubil
ity. Three solubility categories were defined, Class D, W and Y, 
going from the most soluble to the least. In the following presen
tation both the TGLD particle deposition and clearance models will 
be discussed in the light of recent experimental work.

DEPOSITION OF INHALED PARTICLES

To project the deposition of inhaled particles, the TGLD used 
an anatomical model of the respiratory tract that was originally 
described by Findeisen [3]. The model described airway lengths, 

diameters and numbers for the tracheobronchial and pulmonary 
regions. Particle deposition in these airways was projected with 
methods described by Findeisen and by Gormly and Kennedy [4].
These take into account particle impaction, interception, sedimen
tation and diffusion. Particle deposition in the nose was simply 
taken from experimental observations and particle deposition in 
the mouth was considered negligible.

Recent reviews by Mercer [5] and by Lippmann [6] compared new 
aerosol deposition studies to projections of the TGLD Model. Both 
found that the TGLD Model projected inhaled particle deposition 
fractions reasonably well but that the model may underestimate 
deposition in the tracheobronchial region and overestimate that in 
the pulmonary region.

Further work has been done on the morphology of the respira
tory tract. Weibel [7] and Yeh and Schum [8] have made more 
detailed measurements of respiratory tract airways and have de
scribed the detailed branching structures of the respiratory tract 
airways from the trachea to the alveoli. These models show some
what larger airway sizes than those used by Findeisen [3] and 
larger numbers of alveoli. Yeh and Schum [8] also used their 
anatomical model to project deposition fractions and deposition 
sites for inhaled particles in human subjects. An example is 
shown in Figure 1 for the pulmonary region. Also included in 
Figure 1 are projections for the TGLD Model [2] and lines repre
senting the measured experimental data as interpreted by Lippmann
[6]. The projections of the model by Yeh and Schum [8] are closer 
to the observed data than those of the TGLD [2] but their projec
tions tend to underestimate pulmonary deposition fractions at some 
particle sizes.

Because of the similar constructions of the anatomical models 
of the respiratory tract airways derived independently by Weibel
[7] and by Yeh and Schum [8], there may be little further to be 
gained for aerosol deposition modeling from additional morphometry
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FIG .l. Comparison o f  measured pulmonary deposition fractions in humans with projections 
o f  the TGLD model and the model o f  Yeh and Schum  [8].

measurements. Greater improvements are likely from further develop
ment of mathematical methods for predicting particle deposition. 
Studies of Davies et al. [9] emphasized the importance of the 
cyclic bidirectional flow of air in the respiratory tract and of 
knowing the functional residual capacity. Particles were also 
shown to remain suspended in residual air for more than five 
breaths, thereby increasing their probabilities for deposition.
Thus, mathematical models for particle deposition must not only 
use the proper airway dimensions, but they must also account for 
the exchange between tidal air and residual air and give better 
representations of the physiology of respiration.

CLEARANCE OF DEPOSITED PARTICLES

The TGLD Model of respiratory tract clearance [2] described 
particle clearance in the three regions of the respiratory tract. 

This model is shown in Figure 2 for reference. There are three 
particle solubility catagories in the TGLD clearance model, Class 
D, W and Y. Each has different clearance half-times and different 
fractions which are absorbed into systemic circulation or cleared 
to the gastrointestinal tract.

Although the TGLD intended this model for use in predicting 
the retention of specific radionuclide forms and recommended use
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A m e n d e d  C o n s t a n t s  f o r  U s e  w i t h  TGLM C l e a r a n c e  M o d e l t

Region Pathway

Compound class

(D) (W) (Y)

N -P (a) 0.01 d/0.5 0.01 d/0.1 0.01 d/0.01
(b) 0.01 d/0.5 0.4 d/0.9 0.4 d/0.99

T-B (c) 0.01 d/0.95 0.01 d/0.5 0.01 d/0.01
(d) 0.2 d/0.05 0.2 d/0.5 0.2 d/0.99

P (e) 0.5 d/0.8 50 d/0.15 500 d/0.05
(f) — 1 d/0.4 1 d/0.4
(g) — 50 d/0.4 500 d/0.4
(h) 0.5 d/0.2 50 d/0.05 500 d/0.15

L (i) 0.5 d/1.0 50 d/1.0 1000 d/0.9

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

FIG.2. ICRP Task Group on Lung Dynamics model for describing respiratory tract retention 
o f  inhaled particles (as modified and given in ICRP Publication 19).

of individual measurements when they were available for specific 
human exposure situations, these recommendations are frequently 
ignored. A common tendency is to fit the limited measurements 
which may be available from an exposed individual to the TGLD 
Model structure. In this way, the rigid structure of the TGLD 
Model becomes a liability. Important problems include:

(a) Single exponential clearance half-times are given to 
describe the absorption of material from the pulmonary 
region of the lung into blood (i.e., pathway "e" of 
Figure 2). This type of clearance pattern is seldom 
observed experimentally. Often the solubility is 
highest i ni tally but may decline rapidly as infered from 
the early appearance of radionuclides in blood. In
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practice, the longest component of the pulmonary exponen
tial clearance function is used to determine the appro
priate model solublity class and clearance half-times, 
even if this represented only a small fraction of the 
total lung deposit. In applying the lung model, the 
radiation specialist could consider this half-time to 
apply to 60% of the deposited pulmonary burden. This 
can greatly overestimate the potential lung dose while 
underestimating other internal organ doses. Greater 
internal organ doses may result from the more soluble 
fractions of the deposited material not accounted for or 
anticipated from the TGLD model.

Absorption of soluble fractions of material deposited in 
the nasopharyngeal and tracheobronchial regions (pathways 
"a" and "c") is stated as occurring with a short half- 
time, 0.01 days. No comparable rapid absorption pathway 
is given for pulmonary deposits although this is the 
most likely site for rapid absorption of soluble portions 
of the deposited material. Thus, the TGLD Model cannot 
be used in a consistent way with the regional respiratory 
tract deposition fractions.

The clearance of material from the pulmonary region to 
the upper respiratory tract and gastrointestinal tract 
(pathway "g") was made to be a function of particle 
solubility. This is also true for clearance of material 
to pulmonary lymph nodes (pathway "h"). Presumably, 
these fractions of the deposited material are also 
unavailable for absorption into blood in spite of the 
possible rapidly soluble fractions discussed above. It 
is not clear why particulate clearance mechanisms should 
be greatly influenced by solubility.

For the most insoluble particles, Class Y, 10% of the 
pulmonary lymph node burden is assumed to have an 
infinite retention time. Though the actual dissolution 
of these particles and the absorption into blood may be 
very slow, it is not infinite. Extending this model 
concept to other common insoluble dusts inhaled by 
animals and people suggests that there should be large 
lymph node accumulations of inert matter over the normal 
life span. This has not been observed.

Two important situations can occur wherein the user of 
the TGLD Model cannot assign a solublity class for a 
radionuclide. First is when the radionuclide is formed 
from the decay of a parent radionuclide. Second is when 
the chemical matrix of the particle is not the same as
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FIG.3. Alternate respiratory tract clearance model. Regional clearance functions are identical 
with arrows. S(t) is the solubility function, and N(t), T(i) and P(t) are mechanical clearance 
functions. Clearance to pulmonary lymph nodes is considered to be a constant fraction o f  the 
pulmonary burden per day.

the radioactive element. In both cases retention of the 
radionuclide will be influenced by dissolution of the 
particle matrix itself.

Because of these difficulties in the TGLD Model, an alterna
tive model is being developed from studies in experimental animals. 
Although further experimental data are being incorporated into the 
overall model, some of the general features of the model are 
described here.

The alternate model for respiratory tract clearance is 
illustrated in Figure 3. In this model, clearance of deposited 
material is represented by simple competition between mechanical 
clearance processes and dissolution of particles with absorption 
into blood. All of the material in each region is available to 
both clearance pathways. Clearance rates are considered to be 
functions of time although for clearance to pulmonary lymph nodes, 
a constant rate of 0.0001/day has been used to date [10].

Application of this model to an analysis of experimental 
observations on the retention of inhaled cerium aerosols is 
illustrated in Figures 4 and 5. The illustrations in Figure 4 
show the organ distributions of 144ce with time after inhalation 
of 144ce chloride or oxide aerosols [11, 12]. The rates at which 
144ce appeared in the bone, liver and remaining tissues or was
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DAYS AFTER INHALATION

FIG.4. Retention o f  144Ce in lung, liver, skeleton and other tissues o f  beagle dogs after 
inhalation o f lA4Ce chloride (top) and IMCe oxide (bottom). Average values and total ranges 
o f  data are shown in the figures along with solid line curves which were projected from the 
biological model; all o f  these include physical decay.
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DAYS AFTER INHALATION

FIG.5. Rate o f  absorption o f  144Ce from the lung after inhalation o f  three chemical forms 
by beagle dogs.

excreted in the urine were determined by the solubilization and 
absorption of the inhaled material from the respiratory tract. 
These data were used to estimate the S(t) functions required by 
the model shown in Figure 3. Values for these functions are shown 
in Figure 5 along with the TGLD Model clearance rate constants for 
Class W and Y compounds. Clearly, the clearance rates for these 
cerium aerosol forms were not constants in time but varied over 
several orders of magnitude in some cases.

A smilar analysis was made for studies in which other cerium 
aerosols were inhaled by mice, rats or hamsters [13, 14]. These 
were relatively soluble aerosols of cerium chloride or cerium 
citrate. The resulting solubility functions for each aerosol are 
shown in Figure 6. There were no large differences between the 
solubility functions for each aerosol determined in the different 
animals. However, there were notable differences in the total 
amounts of 144ce retained in their lungs as a function of time 
after inhalation. This was due mainly to differences in rates of



8 6 CUDDIHY et al.

FIG.6. Rate o f  absorption o f  ш Се from the lung after inhalation o f  cerium chloride or 
cerium citrate by dogs, rats, mice and hamsters.

mechanical clearance to the gastrointestinal tract. Solubility 
rate functions for several other aerosols studied in dogs [15,
16, 17, 18] are shown in Figure 7. In all cases, solubility rates 
were high initially but decreased rapidly in time; except for 
barium chloride which was completely absorbed from the lung very 
soon after inhalation.

Application of this alternate model for respiratory tract 
clearance also facilitates incorporation of in vitro particle 
solublity measurements when samples of aerosols can be obtained 
for characterization in physical-chemical systems. Studies of 
particle solublity rates have been reported for radionuclides 
incorporated into chloride, oxide, sulfate and fused clay parti
cles. Solvents used in these studies included saline, sodium 
citrate, simulated serum (with and without DTPA) and even strong 
acids [19, 20]. Each of these solvents can be used to obtain 
useful but different information with which to project the behavior 
of these aerosols in the respiratory tract.
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FIG. 7. Rates o f  absorption o f  various radionuclides from the lungs o f  beagle dogs following 
inhalation o f  respirable aerosols (1 .5 -2 .5  ¡JtCi AMAD).

Chemical determinations of the dissolution rates of p?rticles 
in solvents are especially useful in projecting respiratory tract 
clearance for mixtures of radionuclides when inhaled in the same 
particles. For example, in irradiated nuclear fuel materials, 
fission products, actinide elements and their radioactive daughter 
products can all exist in the same matrix of uranium oxide or 
plutonium oxide. Similar mixtures of the same radionuclides can 
also exist in fuel reprocessing lines but in more soluble forms. 
There is no way of projecting the solubilities of these aerosols 
from the TGLD clearance model.

144 88 239
Even for single radionuclides, such as Ce, Y, Pu and 

238pu> w hen inhaled in similar chemical forms in the same species 
of laboratory animals, different retention patterns have been 
observed [13, 16, 21, 22]. These differences have been attributed 
to chemical carrier effects, heat treatment histories and changes 
in specific activity. Thus, the solubility of the particle as a 
whole may greatly alter its behavior and that of the contained
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radionuclides. It is not sufficient merely to refer to the inhaled 
radionuclide as an oxide, hydroxide, nitrate or halide in order to 
project clearance rates from the respiratory tract.

Finally, the alternate respiratory tract clearance model 
allows for easy extrapolation of data obtained from studies in 
laboratory animals to models for man. The particle solubility 
functions determined from the animal studies can be incorporated 
into models for humans which contain all of the mechanical clear
ance rates typical for man. This assumes species independence for 
particle solubility in lungs but this appears to be appropriate 
from analyses of the animal inhalation studies which have been 
completed to date. These studies are continuing in order to 
expand the radionuclide data base for projecting typical solubility 
functions for a wider variety of aerosol forms.
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DISCUSSION

J.W. STATHER: Do you not think that your m odel should perhaps include 
a function taking into account the movement o f  the particles from the lymph 
nodes into the system ic circulation?

R.G. CUDDIHY : I do not think that particles normally move from the 
pulmonary lymph nodes into the system ic circulation to any significant extent. 
Although this does occur in laboratory animals which have inhaled large 
quantities o f  beta-, gamma- and alpha-emitting radionuclides, in such cases there 
is a large amount o f  damage to the lung and lymph nodes, and the observed 
transport o f  particles to the liver may or may not involve macrophages. But when 
smaller amounts o f  radionuclides, such as 90Sr and 137Cs, are inhaled in the form  
o f  insoluble fused aluminosilicate particles, small amounts are transported in time 
to other internal organs. Their distribution through the body gives the impression 
that the ions are absorbed and not the particles. Strontium-90 seeks out the
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bone and 137CS is generally distributed through the body. This pattern is not 
the same as would be observed if most o f  the radionuclides were absorbed in 
association with particles.

M.R. BAILEY: The dissolution rate for the fused aluminosilicate particles 
is initially quite high, but soon drops to a very low level. Is this a property o f  
the particles, i.e. do they include a soluble fraction, or does it have to do with 
their initial deposition site? Initially, the deposited particles would be bathed 
in lung fluid, though they would soon after be engulfed by macrophages, which 
might inhibit their subsequent dissolution.

Secondly, if  your model could be fully validated, it would be very useful 
for extrapolating the results o f  animal experiments to man. For that to be the 
case, however, we would need to have knowledge o f the mucociliary clearance 
rate for the human lung as a function o f  time. Do you think that this rate is 
sufficiently well-known?

R.G. CUDDIHY: I believe that the high rates o f  particle dissolution 
immediately after inhalation are particle surface reactions that are stabilized 
rather quickly. These dissolution patterns are also observed when the solubility 
o f the particles is studied in in vitro chemical systems. There are no macro
phages here.

With regard to your second question, mucociliary clearance rates in man 
have been studied now for many years. They vary greatly from one individual 
to another and are influenced by the individual’s state o f health, smoking habits 
and other factors. We certainly need additional studies in this area, especially 
for clearance from the upper respiratory tract. Using measurements o f  particle 
clearance rates in man is more effective than applying clearance rates measured 
in laboratory animals directly to human clearance models.
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Abstract-Résumé

STUDY OF THE COMBINED ACTION OF INHALED PLUTONIUM OXIDE AND TWO 
CHEMICAL CARCINOGENS PRESENT IN THE ENVIRONMENT.

The modifications of risk attributable to two carcinogens present in the environment — 
benzopyrene (BP) and dimethylnitrosamine (DMNA) — following inhalation of plutonium 
oxide have been studied in rats. BP (2 X 5 mg) was given intratracheally in association with 
Fe20 3, 2 and 3 weeks after inhalation of P u02. DMNA (2 or 20 ppm) was added to the 
animals’ drinking water. The results show, for BP, a strong synergistic effect which manifests 
itself in a substantial reduction of lifetime in animals that have inhaled a small quantity of 
Pu02 (17 nCi), and in a greater incidence of tumours and enhanced tumour invasiveness 
whatever the dose of P u02 inhaled. Inhalation of Pu02 associated with regular ingestion of 
DMNA multiplies the métastasés of liver cancers in the lung. Addition of BP or DMNA 
modifies the histological profile o f radiation-induced tumours. The synergistic effects are no 
longer observed when the pollutant concentrations used produce subacute intoxication.

ETUDE DE L’ACTION COMBINEE DE L’OXYDE DE PLUTONIUM INHALE ET DE DEUX 
CANCEROGENES CHIMIQUES DE L’ENVIRONNEMENT.

Les modifications de risque apportées par deux cancérogènes de l’environnement, le 
benzophyrène (BP) et la diméthylnitrosamine (DMNA), après inhalation d’oxyde de plutonium 
sont étudiées sur le rat. Le BP (2 X 5 mg) est administré par voie intratrachéale en association 
avec Fe203, 2 et 3 semaines après l’inhalation de Pu02. La DMNA est ajoutée (2 ou 20 ppm) 
à l’eau de boisson. Les résultats montrent que le benzopyrène provoque un effet synergique 
important qui se manifeste par une réduction importante de la durée de vie des animaux ayant 
inhalé une faible quantité de P u02 (17 nCi) et par une augmentation de l’incidence tumorale 
et de l’invasivité des tumeurs quelle que soit la dose inhalée de P u02. L’inhalation de P u02 
associée à une ingestion régulière de DMNA multiplie les métastases pulmonaires des cancers 
hépatiques. L’addition de BP ou de DMNA modifie le profil histologique des tumeurs 

' radioinduites. Les effets synergiques ne sont plus observés lorsque les concentrations de 
polluants utilisés provoquent une intoxication subaiguë.

9 3
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INTRODUCTION

Les m odifications de risque apportées par les cancérogènes de l’environne
ment sont encore mal connues après inhalation d’oxyde de plutonium. Si nous 
voulons établir de manière crédible des limites de sécurité pour le plutonium  
inhalé il est nécessaire d’étudier la combinaison de son effet spécifique avec celui 
des polluants auxquels peuvent être déjà soumises certaines populations.

Nous avons choisi dans cette première étude deux polluants chimiques, le 
benzo|a|pyrène (BP) et la diméthylnitrosam ine (DMNA), particulièrement représenta
tifs de leur famille chimique respective et impliqués notamment dans la cancéro- 
génèse provoquée par l’habitude tabagique.

Les hydrocarbures aromatiques polycycliques sont distribués de façon assez 
homogène dans l’environnement, ils résultent de la com bustion incom plète de 
produits organiques. L’inhalation ou l’instillation intratrachéale expérimentale 
de BP induit des tumeurs pulmonaires (principalement carcinomes épidermoïdes) 
chez plusieurs espèces dont le singe [1—3]. Un autre hydrocarbure aromatique, 
le dibenzanthracène, augmente après instillation intratrachéale l’incidence 
tumorale observée après inhalation d ’oxyde de plutonium -239 [4].

Les nitrosamines sont également des polluants de l’environnement; on les 
rencontre dans les aliments traités par les nitrites et nitrates tels la viande, le 
poisson et peut-être le fromage [1 ]. Elles ont été détectées dans la fum ée de 
cigarette et aussi dans l’air ambiant [5]. Elles peuvent être synthétisées à pH 
acide dans l’estomac à partir de nitrites ingérés [6]. La diméthylnitrosamine 
(DMNA) est un carcinogène hépatique puissant chez le rat [7]. Au niveau 
pulmonaire la DMNA subit une oxydation métabolique en relation avec l’incidence 
tumorale [8].

MATERIEL ET METHODES

Les animaux utilisés sont des rats mâles Wistar albinos (2 4 0 —260 g) (IFFA  
Credo, Les Oncins, France), SPF durant leurs 80 premiers jours, puis logés six 
par cages dans des conditions conventionnelles. La nourriture et la boisson sont 
données ad libitum. La contamination pulmonaire par l’oxyde de plutonium  
est effectuée sans anesthésie, par inhalation de particules d’oxyde de plutonium  
[9]. L’oxyde de plutonium est obtenu par double calcination à 1000°C de 
peroxyde, les particules (p = 11,4) ont un diamètre aérodynamique (CMAD) de 
2 ,0  /ли (a = 1,28) pour un diamètre réel de 0 ,6  /am. Après inhalation de P u 0 2 
le pelage des animaux est décontam iné. La charge pulmonaire initiale est 
déterminée in vivo par comptage X des produits de filiation du plutonium -239  
au m oyen d’un compteur proportionnel [10]. Les instillations intratrachéales 
de BP (benzo|a|pyrène, Prolabo-France) sont effectuées 2 et 3 semaines après
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TABLEAU I. SCHEMA EXPERIMENTAL ADOPTE POUR L’ETUDE DU  
BENZOPYRENE

Groupe Nombre de rats BP
(mg)

P u02, charge pulmonaire initiale 
(nCi)

B 1 12 2 X 5 0

B 2 30 - 16,8

B 3 22 2 X 5 16,7

B 4 19 - 170

B 5 19 2 X 5 170

TABLEAU II. SCHEMA EXPERIMENTAL ADOPTE POUR L’ETUDE DE LA 
DIMETHYLNITROSAMINE

Groupe Nombre de rats DMNA
(ppm)

PuOj, charge pulmonaire initiale 
(nCi)

D 1 30 0 0

D 2 30 20 0

D 3 30 20 2,6

D 4 30 0 . 6,2

D 5 30 20 40

D 6 18 0 44

D 7 24 • 2 7,7

D 8 38 2 51

D 9 32 2 0

l’inhalation d’oxyde de plutonium . La dose instillée est chaque fois de 5 mg de 
BP associés à 5 mg de Fe20 3 en solution saline isotonique. Les animaux tém oins 
P u 0 2 reçoivent seulement deux instillations de 5 mg de Fe20 3. A cette fin les 
animaux sont anesthésiés au Penthrane (Halothane) dilué dans N20  pour une 
durée de 30 secondes environ. Un premier cathéter de 2 mm de diamètre 
intérieur est introduit dans la trachée 1 cm au-dessus de la carena. Un deuxième 
cathéter fixé à une seringue à insuline m ontée est introduit dans le premier de 
manière à ce que la garde de l’aiguille lim ite ce cathéter à la longueur exacte du 
premier; la suspension est poussée dans la trachée au cours d’un mouvement 
d’inspiration; 0,2 ml sont injectés.
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TABLEAU III. TEMPS DE SURVIE APRES INHALATION D ’OXYDE DE 
PLUTONIUM ET DE BENZOPYRENE

Groupe
Nombre d’animaux morts 

(total)

Temps de survie (jours)

Premier quartile Médiane Dernier quartile

B 1 10(12) 660 775 825

B 2 26(30) 600 800 880

B 3 22(22) 330 470 675

B 4 19(19) 265 340 425

B 5 19(19) 235 330 405

D 1 28(30) 650 780 925

La DMNA (N-nitrosodiméthylamine, Merck, Darmstadt, RFA) est ajoutée 
à l’eau de boisson (2 ou 20 ppm). Les animaux boivent journellement environ 
30 ml d’eau. Aucune différence pondérale n’est observée par rapport aux 
animaux témoins.

L’animal est sacrifié lorsqu’il est moribond par section de l’aorte abdominale 
après anesthésie au Nembutal (35 mg/kg). L’autopsie est effectuée sur chaque 
animal. Tous les organes autres que les poum ons présentant des anomalies 
macroscopiques sont prélevés et fixés dans le liquide de Bouin-Hollande pour 
histologie. Tous les poum ons sont prélevés, et l’activité à la mort est déterminée 
par comptage X de la pièce fixée.

Les schémas expérimentaux adoptés pour le BP et la DMNA sont portés 
dans les tableaux I et II; les tém oins DMNA et les tém oins BP sont les mêmes.

RESULTATS

Effet de l’action combinée de l’oxyde de plutonium et du benzopyrène

E ffet sur le tem ps de survie des animaux

Le bilan actuel de l’expérim entation (1000  jours après les inhalations 
d’oxyde de plutonium ) est porté sur le tableau III.

Le benzopyrène, aux doses em ployées (2 fois 5 mg), ne m odifie pas de 
façon significative la médiane du temps de survie des animaux (groupes В 1 et 
D 1). Il en est de même après inhalation d’une dose élevée d’oxyde de 
plutonium  (groupes B 4 et B 5). Par contre l’addition de BP à des rats ayant
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inhalé 17 nCi d’oxyde de plutonium provoque un raccourcissement important 
de la durée de vie: 800  jours pour le groupe B 2 ayant inhalé P u 0 2 seul,
470  jours pour le groupe B 3 où les rats ont successivement inhalé 17 nCi de 
P u 0 2 et 2 fois 5 mg de BP.

E ffet sur l ’induction tumorale

Bien que ne modifiant pas le temps de survie des animaux ayant inhalé 
170 nCi de P u 0 2, l’addition de 10 mg de BP provoque une augmentation  
considérable de l’incidence tumorale (tableau IV).

Après inhalation de P u 0 2 seul, 7 animaux sur 19 sont porteurs à la mort de 
tumeurs pulmonaires (5 carcinomes épidermoïdes, 2 carcinomes bronchioloal- 
véolaires). Un seul est porteur d’une tumeur envahissante, que nous définissons 
com m e pesant plus de 5 fois le poids d ’un poumon sain, saigné, d’un animal du 
même âge. Par contre dans le groupe B 5 (P u 02 170 nCi + BP), tous les animaux 
sont porteurs de carcinomes épiderm oïdes envahissants, pesant entre 7 et 25 g, 
à l’exception d’un animal dont la taille de l’angiosarcome pulmonaire trouvé lors 
de l’autopsie explique que le développem ent invasif du carcinome épidermoïde 
également présent fut limité.

A faible dose de P u 0 2 (17 nCi), le BP augmente aussi le développem ent 
tumoral: 20 tumeurs observées lors de 22 autopsies au lieu de 13 tumeurs pour 
26 autopsies après inhalation de P u 0 2 seul. Il m odifie également le caractère 
invasif de ces tumeurs ainsi que la prédominance du type épidermoïde (13 tumeurs 
envahissantes pour 14 observées). De plus, le caractère épiderm oïde, envahissant, 
est pratiquement total lors des 18 mois succédant à l’inhalation (11 carcinomes 
épiderm oïdes envahissants pour 12 tumeurs pulmonaires observées lors de 12 
autopsies).

Inversement la comparaison du groupe В 1 (BP seul) aux tém oins (groupe D 1 ) 
montre que si le BP fait apparaître une pathologie pulmonaire plus sévère, 1 lésion 
pré-tumorale et 2 carcinomes épidermoïdes observés sur 20 rats autopsiés, il ne 
confère à lui seul aucun caractère invasif notoire.

Effet de l’action combinée de l’oxyde de plutonium et de la diméthylnitrosamine

E ffet sur le tem ps de survie des animaux

Le bilan actuel de l’expérim entation est porté sur le tableau V. Pour les 
groupes D 4 et D 6 les animaux encore vivants ont inhalés du P u 0 2 depuis plus 
de 1000 jours. Pour les groupes D 7 à D 9 l’expérimentation se situe, au moment 
de la rédaction, 500  jours après l’inhalation d’oxyde de plutonium.

Vingt ppm de DMNA additionnées à l’eau de boisson provoquent la mort 
de 50% des animaux en environ 250  jours (groupe D 2). L’inhalation de P u 0 2,
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TABLEAU IV. BILAN H IST0L0G IQ UE APRES INHALATION D ’OXYDE DE PLUTONIUM ET DE BENZOPYRENE

Groupe
Nombre
d ’animaux morts

Lésions pulmonaires

Tumeurs
extra pulmonairesLésions 

non tumorales
Lésions
pré-tumorales

Tumeurs pulmonaires Tumeurs pulmonaires
envahissantes
(CEb)CBAa1 CEb autres

D 1 28 7 5

B 1 10 2 1 2 4

B 2 26 7 6 6 (3 ) 2

B 3 22 2 2 4 13 3 14(13) 1

B 4 19 3 8 2 5 1 (1) 1

B 5 19 19 2 19(18)

a CBA: Carcinome bronchioloalvéolaire 

b CE: Carcinome épidermoïde

M
ETIV

IER 
et al.
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TABLEAU V. TEMPS DE SURVIE APRES INHALATION D ’OXYDE DE  
PLUTONIUM ET INGESTION DE DIMETHYLNITROSAMINE

Groupe
Nombre d’animaux morts 

(total)

Temps de survie (jours)

Premier quartile Médiane Dernier quartile

D 1 28(30) 650 780 925

D 2 30(30) 230 257 292

D 3 30(30) 233 255 290

D 4 22(30) 800 878 >975

D 5 30(30) 215 249 295

D 6 18(18) 350 475 590

D 7a 2(24) NA NA NA

D 8a 15 (38) 290 > 500 NA

D 9a 2 (32 ) NA NA NA

a Les groupes D 7, D 8, D 9 sont en cours d’expérimentation (J + 500 au moment de la 
rédaction), ce qui explique que certaines valeurs ne soient pas atteintes (NA).

2,6  nCi (groupe D 3), ou 40 nCi (groupe D 5), ne m odifie aucunement le temps 
de survie des animaux.

A dose plus faible, 2 ppm, les premiers résultats exploitables en cours 
d’expérim entation montrent que la durée de vie des animaux combinant les 
effets toxiques de la DMNA à ceux du P u 0 2 (groupe D 8) n’est pas m odifiée 
par rapport à ceux ayant inhalé P u 0 2 seul (groupe D 6).

E ffet sur l ’induction tum orale

Une dose de 20  ppm de DMNA mélangée à l’eau de boisson provoque, en 
plus d’un net raccourcissement de la durée de vie, une forte induction tumorale 
hépatique (angiosarcomes ou carcinomes) mais également au niveau pulmonaire 
(tableau VI, groupe D 2).

L’addition d ’un toxique au niveau pulmonaire (P u 0 2) n’augmente de façon  
significative que le nombre de métastases pulmonaires issues d’angiosarcomes 
hépatiques: 8 pour 21 dans le groupe D 3 (2 ,6  nCi) et 10 pour 17 dans le groupe 
D 5 (40  nCi).

Le nombre d’angiosarcomes pulmonaires observé dans le groupe D 5 (7) est 
largement supérieur au groupe D 3 (1 ), mais cette augmentation ne peut être 
significativement reliée à la dose délivrée au niveau pulmonaire si on la compare



TABLEAU VI. BILAN HISTOLOGIQUE APRES INHALATION D’OXYDE DE PLUTONIUM ET INGESTION DE 
DIMETHYLNITROSAMINE

Groupe
Nombre
d ’animaux morts

Lésions 
non tumorales

Angiosar comes Carcinomes
Autres tum eurs3

foiea poumon autres organes foiea poumon

D 1 28 18 5(1)

D 2 30 4 19(2) 5 2 3 (1 ) 1

D 3 30 1 21 (8) 1 3 (1 ) 2

D 4 22 13 5 4 (1 )

D 5 30 17(10) 7 1 3 (1 ) 3

D 6 18 9 l l b 1

D 7 2 2

D 8 15 13 2

D 9 2 2

a Les valeurs entre parenthèses représentent le nombre de tumeurs avec métastases au niveau pulmonaire. 

b Observées sur 7 rats.
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au groupe D 2 n’ayant reçu que de la DMNA (5 angiosarcomes du poum on). Les 
m odifications des carcinomes hépatiques avec ou sans métastases pulmonaires 
sont nulles ou non significatives.

Cinq cents jours après le début de l’expérimentation à faible dose de DMNA 
(2 ppm) il n’est pas encore possible d’établir un bilan histologique réel.

DISCUSSION

Le bilan de l’action com binée de l’oxyde de plutonium inhalé et de deux 
cancérogènes chimiques de l’environnement (BP ou DMNA) diffère selon la 
nature de ces derniers.

Après inhalation de P u 0 2 l’addition de BP associé à Fe20 3 par voie intra
trachéale n’agit que sur la durée de vie des animaux ayant une longue espérance 
de vie, c’est-à-dire ceux ayant inhalé des doses faibles de P u 0 2. Par contre, quelle 
que soit la dose de P u 0 2 inhalé, le BP apporte un facteur modifiant la nature 
des lésions et aggravant l’invasivité tumorale. Cette action com binée est 
comparable à celle observée avec 210Po [ 11 ] ou lors d’injections intrapéritonéales 
de particules de BP et de P u 0 2 [12]. L’effet cofacteur observé dans notre 
expérim entation est dû uniquement au BP puisque l’incidence tumorale, et sa 
diversité, observées après inhalation de P u 0 2 [13] ne sont pas m odifiées par 
addition de Fe20 3. Il n’en est pas de même pour le BP puisque l’incidence 
tumorale est augmentée par la présence de Fe20 3 [14], au même titre qu’avec 
l’encre de Chine [15], A120 3 ou ТЮ2 [16].

L’association DM NA-Pu02 ne provoque pas de m odification de la durée 
de vie lorsque la DMNA est ingérée à forte dose (20  ppm). Au vu des premiers 
résultats, il semble qu’il en soit de même à faible dose (2 ppm). Le seul effet 
notable, consécutif à l’inhalation de P u 0 2 à des doses faibles ou m oyennes 
(6 ,2  nCi ou 40  nCi), consiste en une augmentation des métastases pulmonaires; 
la toxicité hépatique de la DMNA [7] n’est pas modifiée.

Dans les deux cas, BP ou DMNA, l’addition d’un toxique chimique à P u 0 2 
m odifie le profil histologique des tumeurs pulmonaires radioinduites, au profit 
des carcinomes épiderm oïdes après inhalation de BP ou des angiosarcomes après 
ingestion de DMNA.

L’ingestion de DMNA favorise l’apparition de métastases, cependant ce 
caractère paraît être dû à la nature de la tumeur induite; le BP ne provoque 
aucune m odification des métastases extrathoraciques. On retrouve cette absence 
de métastases dans l’action combinée tabac-radon [17], alors que dans les actions 
com binées tabac-transuraniens diffusibles, le taux de métastases est nettem ent 
augmenté pour les tumeurs extra-pulmonaires [18].

En conclusion, ces premiers résultats soulignent l’intérêt des études sur 
l’action com binée de cancérogènes, en insistant sur l’utilisation nécessaire de
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doses variables, puisque la synergie de deux polluants, tels BP + P u 0 2, peut se 
manifester différem ment selon le rapport des deux toxiques. Enfin, com pte tenu 
de la m ultiplicité des cancérogènes déjà présents dans l’environnement, et notam 
ment ceux associés à l’habitude tabagique, il paraît important de souligner 
l’urgence de l’établissement de relations doses-effets en cette matière.
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DISCUSSION

H. ALTMANN: Is the latency period for tumours shorter for a combination  
o f  BP (benzo-[a]-pyrene) and plutonium  than o f  DMNA (dim éthylnitrosamine) 
and plutonium? I ask this because DMNA in conjunction with irradiation 
causes damage in DNA that can, on the whole, be repaired, whereas in the case 
o f  the BP com bination, part o f  it is metabolized into the epoxide and damages 
the DNA, while the other, non-metabolized part may partly intercalate and 
inhibit DNA repair processes.

H.J. METIVIER: The rapid developm ent and invasiveness o f  the tumours 
induced by plutonium  m ixed with BP suggests that the latency period is shorter.
In the case o f  DMNA (20  ppm) the only slight changes produced by the plutonium  
are not such that we can conclude that there is any change in the latency period.

D. GRAHN: Did you note whether the invasive pulmonary tumours observed 
had shown m etastatic growth in other organ systems, especially the central 
nervous system  and kidneys?

H.J. METIVIER: No, we did not see any métastasés in the central nervous 
system or in the kidneys in the animals exposed to the P u 0 2-BP mixture, although 
virtually all the invasive tumours had métastasés in the thoracic cavity. Conversely, 
in group B2 (receiving 17 nCi from P u 0 2 + Fe20 3), two animals which died 
618 and 643 days after inhaling P u 0 2 did exhibit invasive tumours — a broncho
genic adenocarcinoma and an epidermoid carcinoma, respectively — which 
metastasized in the kidneys.

Yu.I. MOSKALEV: By what factor did the plutonium , BP and DMNA doses 
used in your experim ent exceed the permissible concentrations in terms o f  dose 
to  man? And my second question is, do you have any data on the induction o f  
tumours by the synergistic effect o f  239P u 0 2 and DMNA when the plutonium is 
administered intraperitoneally so that the liver is affected not only by the DMNA, 
but by the plutonium  as well?

H.J. MÉTIVIER: In the case o f  BP, Preussmann (see R ef.[3] o f  our paper) 
points out that in the industrialized countries the amount inhaled has been 
calculated at 0 .0 5 —500 /xg o f  BP per year per individual. Occupational exposure
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is clearly higher (by at least a factor o f  10) and it is estimated that the amount 
inhaled with cigarette smoke is 0 .2 —12.2 ¡xg per hundred cigarettes.

In the case o f  the DMNA detected in food and cigarette smoke, the con
centrations range between 1 and 200 pplO 9 for certain kinds o f  food.

Lastly, if  in the case o f  plutonium we take a value o f  1 g for the weight o f  
the rat lung, the dose studied is — 10 3 X greater than the permissible dose.

With regard to your second question, 1 am afraid I do not have any data.
Suzanne F. VIGNES: Have you any plans for future work on synergistic 

effects, using lung activities lower than those described, since you have nearly 
reached the maximum permissible concentrations, especially in the experiments 
with BP? I think it would be extrem ely interesting, as part o f  the study o f  the 
radiological protection o f  workers, to investigate the potentiating effect o f  BP 
on the action o f  plutonium  at low  activities, for example, far below the MPCs.

H.J. METIVIER: It is true that the differences observed when the inhaled 
dose o f  plutonium  oxide is reduced from 170 to 17 nCi are an incentive for 
conducting tests at a level 10 times lower. However, in order to obtain significant 
results in the control groups we would have to increase the number o f  rats used 
for the experim ents and this would be more than our Laboratory could cope 
with at the present time. However, I absolutely agree with you as regards the 
importance o f  a study o f  this kind.
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Abstract-Résumé

CORRELATION BETWEEN PULMONARY ENZYME INDUCTIVE CHARACTER AND 
THE SYNERGISM OBSERVED WITH CERTAIN SUBSTANCES IN RADIATION-INDUCED 
CARCINOGENESIS.

The authors show that certain chemical molecules possess strong synergistic properties 
in connection with radiation-induced carcinogenesis. Some of these molecules, such as 
benzo-5,6 flavone, have no carcinogenic characteristics of their own. The authors determined 
the pulmonary enzyme inductive capacity of such compounds and at the same time tested 
their accelerating properties in rats passing through the latent phase of cancer following 
inhalation of radon-222. The results suggest an interesting correlation.

CORRELATION ENTRE LE CARACTERE INDUCTEUR ENZYMATIQUE PULMONAIRE 
ET LA SYNERGIE OBSERVEE AVEC QUELQUES SUBSTANCES DANS LA 
CANCEROGENESE RADIOINDUITE.

Les auteurs montrent que certaines molécules chimiques sont douées de propriétés 
synergiques intenses dans la cancérogénèse radioinduite. Certaines de ces molécules, comme 
la benzo-5,6 flavone n ’ont pas de caractère cancérogène propre. Les auteurs ont déterminé le 
pouvoir inducteur enzymatique pulmonaire de ce type de composés et testé parallèlement 
leurs propriétés accélératrices chez des rats en phase de latence de cancer après inhalation de 
radon-222. Les résultats sont en faveur d’une corrélation intéressante.

* Ce travail a été réalisé en partie dans le cadre du contrat ATP-INSERM-FA/58.
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benzene hydroxy-benzène glycuro conjugué
degré d'ionisation
à pH 7,4 = 0 0,25 99,99%

FIG.l. Voie métabolique principale du benzène.

Nous com m ençons notre exposé en rappelant brièvement les données récentes 
de la toxicologie fondamentale, qui font apparaître sous un jour nouveau les 
processus d’élim ination des substances organiques endogènes ou exogènes.

Les xénobiotiques subissent dans l’organisme une biotransformation. Le 
résultat global est l’obtention de dérivés hydrosolubles facilement éliminés par 
les ém ontoires naturels. Il s’agit d’un phénomène de détoxification [1 ].

Nous donnons ici un exem ple avec une m olécule simple: le benzène (fig. 1).
En réalité, la phase I est essentiellem ent une phase d ’activation chimique de 

la m olécule (par oxydation, réduction, estérification) et il peut arriver que les 
dérivés obtenus se fixent par des liaisons covalentes, c’est-à-dire stables, sur des 
sites biologiques normaux, provoquant nécroses, m utations ou tumeurs.

Prenons le benzo|a|pyrène, carbure polycyclique cancérogène connu: il a 
été montré qu’un de ses m étabolites, le dérivé IV, est 3000  fois plus mutagène 
que la molécule-mère (fig.2).

La probabilité d’obtention de tumeurs est donc étroitem ent liée à la nature 
et à la quantité des enzym es concernées.

La synthèse de ces enzym es peut être inhibée ou stimulée par de nombreux 
facteurs chimiques ou physiques. Dans le cadre de notre étude de la fonction  
antixénique du poum on nous nous sommes intéressés depuis plusieurs années 
à ces enzym es et nous avons confirmé que la benzo-5,6 flavone en est un inducteur 
de choix [2], quelle que soit la voie d’administration.

En outre, dès 1976, nous avons mis en évidence l’action synergique intense 
de la benzo-5,6 flavone dans la cancérisation pulmonaire radioinduite par le 222Rn.

Ces travaux ont fait l ’objet d’une comm unication à un colloque de l’AIEA 
en mars 1978 [3]; ils seront également relatés dans une autre publication [4].

Par ailleurs, Peraino et al. avaient déjà montré en 1971 que le phénobarbital 
(inducteur hépatique) accélérait les processus de cancérisation induits par 
l’acétylaminofluorène, hépato-cancérogène classique [5].

Cette similitude de com portem ent de ces deux molécules non cancérogènes, 
dont la seule caractéristique com m une à notre connaissance est le pouvoir inducteur
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Transformation enzymatique ou non 
en dérivés détoxifiés hydrosolubles.

F1G.2. Formation d ’un metabolite actif du benzo\a\pyrène.

enzym atique, nous a incité à étudier une corrélation possible entre action cocar- 
cinogène et pouvoir inducteur.

Dans cette perspective, nous avons étudié, au point de vue enzymatique, 
différentes substances qui ont ensuite été administrées par voie intrapéritonéale 
à des rats ayant inhalé du radon à des doses variables. Ont été ainsi testés:
— deux m olécules apparentées de la série flavonique (la benzo-7,8 flavone 

isomère de la benzo-5,6 flavone et de la pentam éthoxyflavone),
— deux médicaments à tropisme pulmonaire (la rifampicine et l’isoniazide),
— des m olécules bien connues pour leur pouvoir inducteur: le phénobarbital
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Traitement Unité benzopyrène mono-oxygénase

Huile (témoins) 0,63 ± 0,15

Benzo-5,6 flavone 3 mg/kg 9,03 ± 1,89

9 mg/kg 12,42 ± 1,24

25 mg/kg 15,34 ± 1,22

50 mg/kg 16,58 ±2,36

Pentaméthoxy flavone
(solution saturée dans l’huile)

0,74 ± 0,10

Benzo-7,8 flavone 9 mg/kg 0,89 ± 0,37

25 mg/kg 2,58 ± 0,36

Benzo|a|pyrène 12,5 mg/kg 14,49 ± 1,22

Méthylcholanthrène 25 mg/kg 13,33 ± 1,31

Rifampicine
2 fois par semaine

100 mg/kg 0,13 ± 0,03

Isoniazide 75 mg/kg 0,82 ± 0,06

Phénobarbital
2 fois par semaine

80 mg/kg 0,82 ± 0 ,20

Acétylaminofluorène 20 mg/kg 0,42 ± 0,03

(type I), inducteur des enzym es hépatiques; le m éthylcholanthrène et le 
benzopyrène (type II), également inducteurs pulmonaires et de plus cancéro
gènes; enfin, un cancérogène chimique à faible incidence pulmonaire: 
Facétylaminofluorène.

Le pouvoir inducteur a été mis en évidence par la mesure de la variation de 
l’activité benzopyrène m ono-oxydasique selon la m éthode déjà publiée [2]. 
L’effet accélérateur a été testé sur des rats en phase de latence de cancers radio- 
induits.

Le tableau I fait apparaître les propriétés inductrices ou non, au niveau 
pulmonaire, des substances analysées [6].

Le tableau II m et en évidence l’effet synergique obtenu avec ces mêmes 
substances.
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Cancérogène 
de départ

Traitement
secondaire

Effet inducteur
enzymatique
pulmonaire

Effet
synergique

Tumeurs au point 
d’injection

Rn 6000 WLMa Benzo-5,6 flavone + + + + + + + + 0
25 mg/kg

Méthylcholanthrène
25 mg/kg + + + + + + + + + + +

Phénobarbital 80 mg/kg 
2 fois par semaine 0 0 0

Rn 3000 WLMa Benzo-5,6 flavone
25 mg/kg + + + + + + + + 0

9 mg/kg + + + + + + 0
3 mg/kg ++ + 0

Benzo-7,8 flavone
25 mg/kg + + 0

Pentaméthyl quercétine 
( 1 cm3 sol. saturée 
dans l’huile) 0 0 0

Benzolalpyrène
2,5 mg/kg + + + + + + + + + + +

Acétylaminofluorène
0,6 mg/kg 0 0 0

Rifampicine 50 mg/kg 
2 fois par semaine 0 0 + +

Isoniazide 35 mg/kg 
2 fois par semaine 0 + 0

a Working-Level-Month.

DISCUSSION

Les premiers résultats, quoique encore insuffisants, m ontrent une certaine 
corrélation entre l’effet inducteur enzym atique et un effet accélérateur de la 
carcinogénèse au niveau du même tissu.

Ceci est vrai pour la benzo-5,6 flavone, dont l’action synergique avec le 
radon-222 est remarquable, mais aussi pour la benzo-7,8 flavone, dont le faible 
pouvoir inducteur est bien en accord avec l’interférence constatée dans le 
processus de cancérisation.
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Nous pouvons ajouter que la pentam éthyloxyflavone, Facétylaminofluorène 
et le phénobarbital ont donné une réponse négative dans les deux tests. Par contre, 
cette dernière m olécule est inductrice au niveau hépatique et elle accélère le 
processus de cancérisation au niveau du foie. Pour les carbures polycycliques, 
leur com portem ent est similaire à celui de la benzo-5,6 flavone mais de plus leur 
action cancérogène propre se manifeste par l’apparition de tumeurs au point 
d’injection. Quant à l’isoniazide, alors que le pouvoir inducteur est nul, l’effet 
synergique est notable: nous rappellerons que, dès 1957, des auteurs avaient 
décrit l’apparition de tumeurs pulmonaires chez la souris après administration à 
dose élevée de cette m olécule [7]. La rifampicine n’a pas d’action inductrice, ni 
d’action accélératrice, mais provoque chez plusieurs animaux des tumeurs au 
point d ’injection.

Nous tenons à souligner le caractère précieux de ce m odèle expérimental 
qui nous a permis de découvrir l’action synergique de la benzo-5,6 flavone. Le 
radon-222, utilisé com m e cancérogène primaire, a l’avantage sur les cancérogènes 
chimiques de ne pas donner d ’interférences métaboliques. La benzo-5,6 flavone 
est peu toxique, n ’est pas mutagène, n’est pas elle-même cancérogène, et 
cependant elle agit dans l’état précancéreux en raccourcissant le temps de latence 
d’une façon dramatique. La détection de tels com posés revêt une grande 
importance.

Il serait tentant de postuler qu’une m olécule douée de propriétés inductrices 
enzym atiques pour un tissu donné doit être autom atiquem ent suspectée de 
propriétés cocancérogènes pour ce tissu. Notre expérimentation actuelle avec 
de nouvelles m olécules et ce m odèle expérimental au radon confirmera peut-être 
cette corrélation.
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DISCUSSION

C.L. SANDERS: Did I understand correctly that the induction time for 
lung cancer was 100 days following the initiation o f  treatment?

P.J. QUEVAL: Yes, after inhalation o f 6000 WLM (working level months) 
o f radon-229, we obtained epidermoid carcinomas o f  the lung by 100 days 
among the animals treated with 25 mg/kg o f benzo-5-6-flavone per week for
12 weeks.

When the exposure decreases the latency period increases.
G.F. CLEMENTE ( Chairman): Did you give doses lower than 6000  and 

3000 WLM? According to the paper presented by Mr. M étivier1, the synergistic 
effect is higher at lower doses.

P.J. QUEVAL: We also tried out doses o f  primary carcinogens at 500 and 
100 WLM, follow ed by treatment with 25, 9 and 3 mg o f benzo-5-6-flavone. 
However, we did not find any acceleration effects at these doses.

D.D. MAHLUM: I think I ought to point out that the situation may well be 
rather more com plex than your results suggest. For example, benzo-5-6-flavone 
has been shown to inhibit the induction o f  tumours by chemical carcinogens. 
Moreover, we were able to show many years ago that the induction o f  hepatic 
tumours by DAB (dim ethylam inoazobenzene) could be altered by the administration 
o f I44Ce. The direction and degree o f  alteration, however, were influenced by
diet, the sex o f  the animal, the 144Ce dose, and the tim e elapsing between the 
DAB and 144Ce administration.

P.J. QUEVAL: I agree that the issue is a highly com plex one and the time 
available to  me here was not sufficient for a discussion o f  all the assumptions.
I was very interested to read the studies o f  Wattenberg who was able, in 1968, 
to neutralize the effect o f  benzo[a]pyrene and dimethylbenzanthracene with 
benzo-5-6-flavone in the lungs o f  mice.

Some ten years ago I was m yself able to bring about com plete protection  
of the liver and other target organs in Wistar rats against the effect o f  acetylamino- 
fluorene by treating the animals simultaneously with the carcinogen and

1 Paper IAEA-SM-237/33, these Proceedings.
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benzo-5-6-flavone for eight months. The use o f  a radon experimental model 
prevents these m etabolic disturbances.

With regard to your second point, it is known that the induction capacity 
o f multi-functional oxidases is dependent on the physico-chemical environment 
and that it is associated with the diet, sex, species and strain o f  the animal, and 
even with its tissue.

In the lungs the action o f  radon delivered at a dose o f  6000  WLM takes the 
form o f  a loss o f  induction capacity.
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Abstract-Résumé

PROGRAMME OF EPIDEMIOLOGICAL STUDIES OF THE EURATOM/CEA-DPr 
ASSOCIATION: PROBLEMS PRESENTED BY THE ESTABLISHMENT OF A EUROPEAN 
REGISTER OF WORKERS EXPOSED TO IONIZING RADIATIONS.

Within the framework of a contract of association between the European Communities 
and the Commissariat à l’énergie atomique (Radiation Protection Department, DPr), a 
multiannual research programme has been put in hand with the principal objective of developing 
methods for evaluating the consequences of the irradiation of populations in the light of the 
latest recommendations of the International Commission on Radiological Protection. This 
programme includes the following three projects: (i) the development of methods of evaluating 
individual and collective doses resulting from normal effluent releases and from accidental 
radioactive emissions; (ii) the development of methods that will ultimately make it possible 
to estimate radiological detriment to man; and (iii) the development of methods of evaluating 
the economic and social consequences of irradiation. In this paper the authors concentrate on 
the problems of an epidemiological approach to the evaluation of radiological detriment in 
the case of low doses. Knowledge of the dose-effect relationship in man relies largely on the 
results of epidemiological enquiries, and certain recent data call for fresh studies on large 
human populations. It is to such studies, covering all workers exposed to ionizing radiations 
in the countries of the European Communities, that the Association proposes to  bend its 
attention. Most of the Community’s countries do, as it happens, keep files on the monitoring 
of workers, and the first task is to  put the data on a uniform dosimetric and health-physics 
basis so that they can be used during the years to come in estimating radiological detriment.
A feasibility study is at present in progress, the aims of which are to produce an inventory of 
existing data for Europe as a whole and to determine what the main difficulties are likely to 
be in co-ordinating these data.

PROGRAMME D’ETUDES EPIDEMIOLOGIQUES DE L’ASSOCIATION EURATOM/CEA-DPr: 
PROBLEMES POSES PAR L’ETABLISSEMENT D’UN REGISTRE EUROPEEN DES 
TRAVAILLEURS EXPOSES AUX RAYONNEMENTS IONISANTS.

Dans le cadre d’un contrat d ’association entre les Communautés européennes et le 
Commissariat à l’énergie atomique (Département de protection), un programme de recherche 
pluriannuel a pour objectif majeur la mise au point de méthodologies permettant l’évaluation 
des conséquences de l’irradiation des populations dans l’optique des dernières recommandations
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de la Commission internationale de protection radiologique. Ce programme comprend les trois 
projets suivants: 1) la mise au point de méthodes d ’évaluation des doses individuelles et 
collectives résultant des rejets normaux d’effluents et des émissions radioactives accidentelles;
2) la mise au point de méthodes conduisant à l’estimation du détriment radiologique pour 
l’homme; 3) la mise au point de méthodes d’évaluation des conséquences économiques et 
sociales de l’irradiation. Dans cette communication, on présente plus spécialement les 
problèmes soulevés par l’approche épidémiologique pour l’évaluation du détriment radiologique 
dans le cas des faibles doses. La connaissance de la relation dose-effet chez l’homme repose 
en grande partie sur les résultats d’enquêtes épidémiologiques et certaines données récentes 
nécessitent de nouvelles études portant sur de grandes populations humaines. C’est vers ces 
études portant sur l’ensemble des travailleurs exposés aux rayonnements ionisants des pays 
de la Communauté européenne que l’Association préconise de s’orienter. En effet, la plupart 
des pays de la Communauté tiennent des dossiers de surveillance des travailleurs et le premier 
objectif est d ’homogénéiser les données sur les plans dosimétrique et sanitaire, de telle sorte 
qu’elles puissent être utilisées dans les années à venir pour l’estimation du détriment radiologique. 
Une étude de faisabilité est en cours et doit conduire à un inventaire des données existantes 
au niveau européen, ainsi qu’à la mise en évidence des difficultés rencontrées pour les coordonner.

INTRODUCTION

Les conclusions du Colloque de l’Agence internationale de l’énergie atomique, 
tenu en 1978 [1 ], sur les effets biologiques des rayonnements ionisants sur l’homme, 
ont mis en évidence la nécessité d’entreprendre de nouvelles études sur la santé des 
travailleurs exposés.

Une grande partie des connaissances relatives à l’estimation du détriment 
radiologique chez l’homme et à la relation dose-effet provient d’études épidém io
logiques réalisées au cours des trois dernières décennies. Des études récentes 
semblent remettre en question, surtout aux faibles doses, la forme de la courbe 
qui décrit cette relation. Afin d ’apporter des élém ents de réponse à ce problème, 
il est dès lors nécessaire de procéder à des observations portant sur des populations 
humaines suffisamment nombreuses, en utilisant les données dosimétriques et 
biologiques disponibles sur les travailleurs professionnellement exposés aux 
rayonnem ents ionisants.

Les objectifs généraux du contrat d’association Euratom/CEA-Département 
de protection ont trait à l’application des dernières recommandations de la CIPR 
concernant l’optim isation et la justification de la radioprotection [2]. Dans ce 
cadre, l’estimation du détriment radiologique constitue un paramètre fondamental 
et elle fait l’objet essentiel de cette communication.

A ce propos, on abordera les problèmes posés par l’approche épidémiologique 
et l’estim ation du risque professionnel dans l’industrie nucléaire et l’on présentera 
succinctem ent certaines m éthodes habituellement utilisées dans ce but (études de 
cas tém oin et études d’incidence); leurs limites et les difficultés que présente leur 
application pratique seront brièvement exposées.
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Enfin, com pte tenu des difficultés d ’analyse et d ’interprétation des enquêtes 
épidémiologiques effectuées récemment sur l’état de santé des travailleurs du 
nucléaire, on envisage une orientation susceptible d’améliorer les données de base 
utilisées dans ces enquêtes. On cherche en particulier à homogénéiser, pour les 
différents pays de la Communauté européenne, les données de base permettant 
d’entreprendre des études d’incidence sur les travailleurs professionnellement 
exposés aux rayonnem ents ionisants.

Dans cette optique, une étude de faisabilité est en cours qui procède à 
l’analyse des m éthodes de surveillance des travailleurs du secteur nucléaire 
utilisées dans les différents pays de la Communauté européenne; cette étude 
donnera un bilan des élém ents dosimétriques et sanitaires actuellement disponibles 
et soulignera les difficultés susceptibles d’être rencontrées lors de l’hom ogénéisation  
des données au plan communautaire. En effet, la plupart des pays tiennent des 
dossiers d’irradiation des travailleurs exposés aux rayonnem ents ionisants.
L’objectif poursuivi est donc d’ana'lyser les possibilités d ’une coordination. La 
standardisation, la collecte et le choix de certaines de ces données autoriseront 
ultérieurement leur exploitation systématique dans des études épidém iologiques 
qui contribueront à améliorer l’estimation du risque radiologique aux faibles 
doses.

1. OBJECTIFS GENERAUX DU CONTRAT D’ASSOCIATION EURATOM/ 
CEA-DPr

Dans le cadre d’un programme commun de radioprotection, la Communauté 
européenne de l’énergie atomique et le Commissariat français à l’énergie atomique 
(Département de protection) ont conclu un contrat d ’association pluriannuel, et 
chargé un groupe m ixte Euratom/CEA implanté sur le site du Centre d’études 
nucléaires de Fontenay-aux-Roses de procéder à des recherches dans les trois 
directions suivantes:

1. Méthodes d’évaluation des doses individuelles et collectives en fonctionne
ment normal et en cas d’émissions accidentelles.

2. Méthodes d’évaluation du détriment radiologique chez l’homme.

3. Méthodes décisionnelles devant conduire à une optim isation de la radio- 
protection ou encore à une rationalisation des choix de radioprotection.

L’objectif principal de ce programme est donc de procéder à la mise au point 
de m éthodes d’évaluation des conséquences de l’irradiation des populations dans 
l’optique générale des recommandations de la CIPR [2] et de fixer des règles
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d’application détaillées pour celles-ci, notam ment en ce qui concerne l’introduction  
des nouveaux concepts de dose collective, d’optim isation et de justification de 
l’irradiation.

Ces objectifs généraux touchent pratiquement à tous les domaines de la 
radioprotection; des objectifs pratiques, plus limités, s’attachant à examiner 
certains aspects spécifiques, constituent une première étape dans cette recherche. 
Par exem ple, la mise au point de m éthodes d’évaluation des doses individuelles 
et collectives s’est d’abord orientée vers l’élaboration d’une grille européenne 
intégrant dans un systèm e de mailles élémentaires de 100 km de côté les 
informations nécessaires pour une telle évaluation: le rassemblement de ces 
données a nécessité la mise au point d’un modèle de diffusion atmosphérique 
des polluants radioactifs à des distances mésoscalaires [3], des m odèles de 
distribution et d’échange de produits commerciaux [4], des modèles de répartition 
des populations [5], etc. La réalisation de cet objectif devrait conduire à une 
évaluation des doses individuelles et collectives à l’échelle européenne, en tenant 
com pte des localisations géographiques actuelles des différentes installations 
nucléaires et de la com position qualitative et quantitative des effluents rejetés. 
Cette évaluation utilise les données scientifiques et techniques propres à 
l’environnement européen, en particulier en ce qui concerne les paramètres de 
transfert de la contamination dans la chaîne alimentaire.

Les m éthodes d’évaluation du détriment radiologique chez l’homme visent 
essentiellem ent à améliorer les connaissances de la relation dose-effet aux faibles 
doses.

Les quatre approches suivantes peuvent y contribuer:

1. Recherche et analyse critique des données disponibles dans la littérature.

2. Recherche expérimentale (Laboratoire de pathologie expérimentale et de 
toxicologie du Département de protection).

3. Etudes théoriques de synthèse et tentatives de m odélisation des résultats 
de l’expérim entation animale.

4. Etudes épidém iologiques, dont un des aspects est plus particulièrement 
abordé dans cette communication.

2. APPROCHE EPIDEMIOLOGIQUE DU RISQUE PROFESSIONNEL DANS 
LES INDUSTRIES NUCLEAIRES

Si l’expérim entation sur des populations animales peut contribuer à élaborer 
des théories (c’est-à-dire un systèm e cohérent d’hypothèses se vérifiant dans
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diverses circonstances pour diverses espèces), il faut pour établir une relation 
dose-effet chez l’homm e, vérifier en dernière analyse la validité de ces hypo
thèses chez l’homme; de telles données sont évidemment très difficiles à 
obtenir.

Le principal m oyen disponible consiste donc à observer et à analyser des 
populations humaines soumises à différentes conditions d’exposition aux 
rayonnem ents ionisants (irradiations accidentelle, médicale, etc.). Cette approche 
présente en outre l’avantage d’étudier l’apparition éventuelle des effets dans des 
conditions tenant com pte des facteurs pathogènes liés à l’environnement, au 
mode de vie, et aux facteurs génétiques. La morbidité observée dans une popu
lation dépend en effet de la résultante de ces différents facteurs.

L’évaluation des conséquences sanitaires chez l’homm e de l’exposition aux 
rayonnements ionisants doit donc recourir à des m éthodes d’épidém iologie 
analytique; celles-ci ont été précisément développées pour identifier et quantifier 
les facteurs qui déterminent la fréquence des phénom ènes morbides dans les 
conditions naturelles. Selon l’OMS, l’épidém iologie est définie comme:
V « é tu d e  de la distribu tion  des maladies e t des invalidités dans les populations  
ainsi que les influences qui déterm inent ce tte  d istribu tion » [6].

La recherche épidém iologique ne se limite pas à donner une description de 
la distribution de la fréquence d’un phénom ène pathologique. Ces études 
descriptives conduisent à émettre des hypothèses et les études analytiques 
constituent un com plém ent indispensable pour identifier les déterminants 
responsables de l’effet étudié. En effet, l’approche épidémiologique dépasse la 
probabilité statistique et il est nécessaire d’attacher une attention particulière 
à la m éthode em ployée ainsi qu’à la logique de l’interprétation. Finalement, 
cette démarche doit conduire autant que possible à la détermination d’un 
risque dont l’estimation peut être obtenue avec une précision différente par 
différents types d’enquêtes épidémiologiques.

Nous exposerons succinctem ent deux des méthodes généralement utilisées 
pour estimer le risque dans le domaine de la radioprotection:

Etude de cas témoin

Après avoir initialement individualisé les groupes à étudier suivant un 
critère sanitaire (sujets porteurs de la maladie étudiée, sujets exem pts de cette 
maladie), on recherche dans leurs antécédents la fréquence du ou des déterminants 
susceptibles d’en être à l’origine. Cette m éthode, rapide et économ ique, se heurte 
toutefois à de multiples difficultés pratiques:

— La maladie étudiée peut dépendre d’un certain nombre de facteurs. Il 
faut donc que les informations recueillies sur le groupe de sujets exposés soient 
comparables avec les données de référence recueillies sur un autre groupe 
différent par son exposition. En d’autres termes, le groupe tém oin sera apparié
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pour l’âge, le sexe, et les facteurs ou caractères de temps, de lieu et de personnes 
auxquels l’affection étudiée est reliée. Le but de l’appariement est de «contrôler» 
les facteurs significatifs autres que celui que l’on étudie et qui risquent de masquer 
ce dernier. En définitive, la réalisation de cet idéal pose des problèmes d’application 
pratique et l’étude des biais, s’ils existent, constitue une étape essentielle.

— On notera par ailleurs que l’évaluation de l’exposition a posteriori est 
délicate et qu’il est difficile de juger de sa validité.

— Enfin, la méthode du cas tém oin ne permet pas de chiffrer le rapport 
sujets atteints/sujets exposés et donc d’estimer l’incidence du phénom ène étudié.

Etude d ’incidence ou étude de cohorte

Après avoir sélectionné les groupes à observer suivant le critère «exposition  
au déterminant à étudier», on procède à leur examen périodique. Cette méthode 
présente l’avantage d’une détermination plus efficace du risque direct car on ne 
néglige théoriquement l’apparition d ’aucun cas. Elle permet éventuellement de 
mettre en évidence l’ensemble des troubles susceptibles d ’apparaître après 
l’exposition au facteur (on ne s’intéresse plus exclusivement à un seul type d ’effet 
déterminé com m e dans les enquêtes de cas tém oin).

Cette m éthode est néanmoins onéreuse car elle nécessite une longue durée 
d’observation de populations nombreuses. La grande difficulté réside dans le 
fait que l’étude doit être conduite dans des conditions parfaitement uniformes 
avec un pourcentage élevé de «suivi».

Ces deux m éthodes se com plètent utilem ent. L’usage veut que l’on tente 
de vérifier au préalable la validité d’une hypothèse par un étude de cas témoin  
et d’entreprendre le cas échéant une étude d’incidence à la suite.

Celle-ci est d’autant plus justifiée que l’incidence de la maladie est plus 
grande et que le délai d’apparition des troubles est court. Par contre, quand 
l’incidence de la maladie est faible, ou quand elle apparaît longtemps après 
l ’exposition au déterminant, il est préférable de recourir à une enquête de cas 
tém oin.

Ces considérations générales étant posées, on comprend pourquoi il est 
apparu souhaitable de chercher à obtenir des estimations raisonnables du risque 
lié aux faibles doses de rayonnements ionisants en appliquant les techniques de 
l’épidém iologie aux populations humaines irradiées.

A cet égard, la plus grande partie des données existantes concerne l’irradiation 
pour des raisons médicales (radiodiagnostic, radiothérapie). On a donc tenté de 
procéder soit à des enquêtes de cas tém oin en recherchant les antécédents 
d’irradiation chez les individus porteurs ou décédés d’affections malignes et chez 
des tém oins appariés, soit à des études d’incidence en comparant la fréquence 
d’apparition des effets dans des populations irradiées dans leur passé à celle de 
sujets tém oins appropriés.
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11 existe dans la littérature de nombreux exem ples illustrant la complémentarité 
de ces deux méthodes. L’un des plus remarquables est constitué par les études 
menées sur l’induction des leucém ies infantiles par l’irradiation prénatale.
Stewart et al. [7, 8] ont mis en évidence, dans une enquête de cas tém oin, une 
augmentation significative de la fréquence des examens radiographiques pratiqués 
au cours de la gestation dans les antécédents d’enfants leucémiques en comparaison 
de celle qui est observée chez des enfants indemnes de l’affection. Ces résultats 
ont été confirm és quelques années plus tard par des études d ’incidence visant 
à déterminer la fréquence d’apparition des leucémies chez les enfants nés de mères 
radiographiées ou non pendant la grossesse [9].

Le problème posé actuellem ent concerne la relation dose-effet chez l’homme 
exposé à de faibles doses de rayonnements ionisants: une étude de cas témoin  
menée sur les travailleurs de Hanford a mis en évidence une augmentation  
significative de la m oyenne de la dose d’irradiation reçue par les sujets décédés 
de cancer en comparaison de celle reçue par les travailleurs décédés d ’autres 
causes [10, 11].

Il faut cependant souligner que l ’interprétation de ces résultats est très 
controversée, et qu’ils n’ont été confirmés que dans le cas des m yélom es et des 
cancers du pancréas.

Les études de cas tém oin, dont les limites ont été précédemment soulignées, 
constituent généralement une première approche de la quantification des effets. 
L’enquête de Hanford soulève des questions fondamentales et une étude 
d’incidence sur l’état de santé des travailleurs professionnellement exposés aux 
rayonnements ionisants dans l’industrie nucléaire trouve actuellem ent toute sa 
justification.

3. FAISABILITE D’UN REGISTRE EUROPEEN DES TRAVAILLEURS  
EXPOSES AUX RAYONNEMENTS IONISANTS: ELEMENTS DE BASE 
ET DIFFICULTES PRATIQUES

Les directives du Conseil Européen [12] fixent, en date du 1er juin 1976, 
les normes de protection révisées relatives à la protection sanitaire de la 
population et des travailleurs contre les dangers résultant des rayonnements 
ionisants. Les m odalités de surveillance médicale des travailleurs exposés sont 
précisées dans les articles 27 à 33.

C1Cette surveillance est fon dée sur les principes qu i régissent habituellem ent 
la m édecine du travail} (article 27).

Pour les travailleurs de la catégorie A, définis réglementairement com m e ceux  
qui sont susceptibles de recevoir une dose supérieure aux trois dixièm es des doses 
annuelles maximales admissibles, l’article 29 prévoit un examen médical
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d’embauche, une surveillance médicale générale et des examens de santé 
périodiques:

— L’exam en médical d’embauche, dont le but est de déterminer l’aptitude 
du sujet à occuper un em ploi donné, comprend une anamnèse des expositions 
antérieures et connues aux rayonnements ionisants résultant d’une exposition  
professionnelle ou médicale, un examen clinique général et tout autre examen 
nécessaire pour juger de l’état de santé du travailleur.

— La surveillance médicale générale est destinée à apprécier l’état de santé 
des travailleurs et à évaluer les conditions d’environnement susceptibles d’affecter 
l’aptitude médicale des sujets.

— Les examens de santé périodiques, effectués de manière routinière et au 
moins une fois par an pour s’assurer de l’aptitude médicale à la fonction exercée, 
sont adaptés au caractère et à l’importance de l’exposition aux rayonnements 
ionisants ainsi qu’à l’état de santé du travailleur.

L’article 31 précise que le dossier médical des travailleurs de la catégorie A 
doit être tenu à jour aussi longtemps que l’intéressé appartient à cette catégorie 
et qu’il doit être conservé en archive pendant au moins trente ans. Ce dossier 
com porte les informations concernant les affectations du travailleur, les résultats 
des examens médicaux d’embauche et périodiques, ainsi qu’un relevé dosimétrique 
com plet (irradiations en fonctionnem ent normal, accidentelles ou d ’urgence).

La nature de ces examens peut différer quelque peu selon les organismes 
chargés de la surveillance et suivant les différents pays de la Communauté. 
Cependant, on doit pouvoir y retrouver, conform ém ent aux directives 
européennes précitées, une importante base commune d’examens systématiques 
de prévention et de contrôle.

L’utilisation de ces données permettra donc de mesurer un risque faible du 
point de vue individuel mais qu’il importe de mesurer à l’échelon de la collectivité.

Selon l’état des données existantes dans les différents pays de la Communauté 
européenne, on envisagera de proposer des mesures visant à rendre compatibles 
les résultats de chacun de ces pays, de manière à réaliser une homogénéisation des 
données dosimétriques et sanitaires susceptibles de servir à des études d’incidence. 
La standardisation de ce matériel à l’échelon européen et son exploitation  
secondaire dans des études épidém iologiques contribuera ainsi efficacem ent à 
mesurer le détriment aux faibles doses.

L’enregistrement de ces données permettrait de connaître la prévalence et 
l’incidence des tumeurs malignes, des affections chroniques et des maladies 
infectieuses chez le personnel directement affecté aux travaux sous rayonnements 
ionisants puis de les comparer à celles de la population non exposée ou à celles de 
la population générale. Plus la taille de la population couverte par un tel registre 
sera grande, plus il sera facile d’identifier et de distinguer les faibles variations 
des taux observés et d’évaluer quantitativement la contribution de l’exposition  
aux rayonnements ionisants ou d’autres facteurs responsables de ces taux 
d’incidence ou de prévalence.
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En outre, la standardisation des données existantes au niveau européen peut 
remplir des fonctions complémentaires en permettant par exem ple d ’évaluer les 
politiques de protection des travailleurs, c’est-à-dire les normes et leurs modalités 
d’application.

Dans une première étape, le Dr A.E. Benett du St-James Hospital (Grande- 
Bretagne) a été chargé d’établir, dans le cadre d’un contrat avec l’Association 
Euratom/CEA-DPr, un bilan des pratiques de surveillance existantes dans les 
différents pays de la Communauté européenne et de procéder à un examen des 
difficultés inhérentes à la collecte des données dosimétriques et sanitaires dans 
le secteur nucléaire. Cette étude de faisabilité a été entreprise récemment et elle 
a d’ores et déjà mis en évidence que le recueil des informations se heurte à certaines 
difficultés d’ordre juridique et technique, en particulier en ce qui concerne les 
problèmes de confidentialité et d’accessibilité de ces informations.

L’objectif final est de standardiser les élém ents actuellement disponibles.
De ce point de vue, il sera nécessaire d’utiliser une nomenclature et des définitions 
non équivoques et de rapporter les données recueillies à une population bien 
définie.

CONCLUSIONS

L’estim ation du détriment radiologique aux faibles doses pour les travailleurs 
du secteur nucléaire nécessite, indépendamment des études généralement effectuées, 
de standardiser les données existantes au niveau européen en vue de les utiliser 
secondairement dans des études épidémiologiques. Cette orientation apparaît 
particulièrement justifiée pour améliorer les connaissances actuelles de la relation 
dose-effet aux faibles doses chez l’homme.

Cette com m unication est avant tout destinée à informer les responsables 
nationaux de cette étude de faisabilité et à exprimer le souhait d’une large 
collaboration internationale.
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DISCUSSION

G.F. CLEMENTE: If you are going to estimate the collective dose to the 
population groups around nuclear plants due to radioactive releases in order to 
correlate this dose with possible epidemiological effects, how do you intend to 
take into account natural doses, particularly those attributable to indoor exposure 
to radon and its daughter products? As you know, the variation in the radon 
exposure inside buildings may be much higher than the dose range delivered to  
populations and/or to occupationally exposed workers and may therefore greatly 
influence epidemiological studies in which one is trying to assess dose-effect 
relationships among such population groups.

G. UZZAN: Our evaluation o f  collective doses within the European context 
and the m ethods developed for this purpose are based mainly on the available 
data for releases from nuclear facilities.

The first project in the programme on the assessment o f  radiological damage 
is aimed primarily at improving our knowledge o f  the dose-effect relationship 
and from this point o f  view the studies carried out under our programme do not 
directly concern assessment o f  damage. But you are quite right in saying that 
the epidemiological studies concerning the exposure o f  the population should 
take into account the exposure to radon.
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P.H. LALTJ: In connection with what you  have said on the subject o f  
occupational exposure, I should like to make three suggestions. The first is that 
the investigators should be able to make quite certain at any time that the 
techniques devised are being carried out accurately by those assigned to the task. 
The second is that the handling o f  the data obtained should be centralized and 
passed on for processing by statisticians who are impartial and therefore trusted 
by the two parties concerned with the survey, i.e. those in favour o f  it and those 
against it. The third proposal is that the interpretation o f  the results obtained  
through the processing by the impartial statisticians should then be made 
available to epidemiologists and occupational m edicine officers.

The question I would like to ask is at what stage do the investigators intend 
to start the survey?

G. UZZAN: I agree entirely with your com m ents, but I should stress the 
fact that any scientific approach is by definition supposed to be impartial. 
Furthermore, the occupational medicine officers would have to be enlisted in 
the analysis and interpretation o f  the epidemiological surveys, since they would 
be indispensable adjuncts in any realistic interpretation o f  the collected data and 
the practical implications thereof.

With regard to your question, the starting time for the survey has not yet 
been fixed and will in fact be selected in accordance with initial information  
gained from the feasibility report, on agreement by all the parties concerned.
It should be emphasized that we have not yet reached the stage o f  practical 
im plem entation o f  such surveys: we are still in the exploratory stage where 
the aim is to  pinpoint and study the difficulties involved in setting up a system  
for the co-ordinated recording o f  dosimetric and health physics data.

H.J. MÉTIVIER: Which group o f  the population do you intend to select 
as a reference group for the social-cultural effects on health?

G. UZZAN: This is one o f  the fundamental problems that com e up in the 
case o f  epidemiological surveys and it will have to be considered very carefully.

B.W. EMMERSON: A readily available source o f  data for the assessment o f  
detriment to occupationally exposed groups is the radiation dose record 
maintained by most nuclear facilities, often as a statutory requirement. The 
record is primarily intended, however, for the purpose o f  medium to long-term  
control o f  the individual’s occupational exposure, and is normally based on data 
obtained from personal dose meters issued at regular intervals. It is unlikely that 
this type o f  record would form an adequate basis for a realistic in-d,epth study 
o f  the detriment resulting from occupational exposure. Greater emphasis may 
well have to be paid to specific occupational groups or sub-groups, such as those 
possessing specialist skills. This will require the recording and analysis o f  dose on 
a task-related basis — a procedure that has received little attention so far but 
one which requires considerable effort for its im plem entation.
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G. UZZAN: Your com m ent is very much to the point. It is quite clear that 
the epidemiological survey will be all the more significant if  the dosimetric data 
recorded relate to specific groups o f  workers for whom the doses received are 
significant. However, as you know, these groups o f  workers are very small in 
number, so there might well be problems in interpretating the results. When we 
decide on the procedures for our study, we shall do our best to take your suggestion 
into account.

G.E. CANTILLON: Have you thought o f  including maintenance and 
repair personnel in your epidemiological study? I think it would be useful to  
do so as they are usually people from outside the plant who by the nature o f  
their work receive higher doses than those recorded during routine operation.

G. UZZAN: We shall obviously have to take into consideration all workers 
in category A, as defined in the latest Council o f  Europe Directives. So if  the 
m aintenance and repair personnel com e under this category, they will also be 
recorded in our survey.

J.H. FREMLIN: I would like to know more about the controls that you  
plan to use in analysing data on cancer among the radiation workers under 
consideration.

Cancer rates increase between the age o f 30 and 60 by roughly a factor o f  
3 every 10 years, or about 1% a month.

Careful medical supervision o f  the population studied may well increase 
the life expectancy o f  the group in question by at least several m onths as a result 
o f early detection, for example, o f  respiratory or cardiac conditions. How do 
you intend to allow for the increase in natural cancer necessarily resulting from 
this?

G. UZZAN: As I have stated, we have not yet reached the stage o f  
formulating an epidemiological m ethod suitable for processing and interpreting 
the results. Furthermore, the problems you point out are classical ones from  
the standpoint o f  the epidem iologist. Apart from that, the feasibility study 
now under way should give us a com plete picture o f  the available data and we 
will then be able to judge whether the medical exposures can be taken into  
account and which o f  the countries o f  the European Community would be 
involved.
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Abstract

METHODS FOR ESTIMATING POPULATION DETRIMENT AND THEIR APPLICATION 
IN SETTING ENVIRONMENTAL DISCHARGE LIMITS.

The relative emphasis in the objectives of radiological protection has changed with the 
system of dose limitation recommended in the latest recommendations of the ICRP. There 
is now a requirement to carry out optimization of protection using the techniques of cost 
benefit analysis. The paper is not concerned with the formal techniques of the differential 
cost benefit analysis, but rather with the assessment of the detriment that is to be used in 
the optimization procedure, in particular for effluents released in the nuclear industry.
We consider the calculation of detriment and discuss to what extent the existing defined 
dosimetric quantities, such as Committed Effective Dose Equivalent or Collective Effective 
Dose Equivalent Commitment, may be used in its assessment. We also indicate the procedure 
to be followed for the most realistic estimates of the total health effects. Having derived the 
dosimetric quantities to be used in assessing detriment, we outline the environmental models 
that need to be developed to complete the calculation of detriment from environmental 
releases. Finally, we have identified research and investigation needs, both in the biological 
and environmental fields, to fulfil the objective of realistic estimation of detriment.

1. INTRODUCTION

The relative emphasis in the objectives of radiological 
protection has now changed with the system of dose limitation 
recommended by the ICEP in Publication 26/Ï/. This change should 
be reflected in the procedures for controlling releases of radio
activity into the environment. The principles of protection as 
restated in the most recent recommendations are:

"(a) no practice shall be adopted unless its introduction 
produces a positive net benefit;

(b) all exposures shall be kept as low as reasonably
achievable, economic and social factors being taken 
into account, and
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(c) the dose equivalents to individuals shall not exceed
the limits recommended for the appropriate circumstances 
by the Commission."

These principles may be expressed in abbreviated form as:-

(a) justification

(b) optimisation

(c) compliance with dose limits.

Justification requires an assessment of all the costs associated 
with a given practice to be compared with all the benefits from 
that practice, a procedure which must involve assessing intangibles 
and in any case provides only one input to decision making which 
has political, economic and other restraints. The Commission 
points out that radiological protection considerations are only 
one of many factors which need to be compared at the "justification" 
stage.

When dealing with effluent releases, it may be assumed that 
the practice giving rise to the wastes is justified; the problem 
is to decide on the best management of the wastes whether by 
treatment, storage or disposal to different media using the 
techniques of optimisation within the overall constraint applied 
by the dose limits. The optimisation process is effected by 
estimating the total health detriment and comparing the increases 
in costs of successive systems to decrease the detriment against 
that reduction in detriment, within the overall constraints of 
the dose limits. The need to undertake optimisation implies the 
use of differential cost benefit analysis. However, in this paper 
we are not concerned with the formal techniques of cost benefit 
analysis, but rather with the environmental data and the dosimetric 
quantities which are needed to estimate the health detriment to 
be associated with a given source.

The calculation of the total health detriment requires the 
evaluation of the complete dose distribution throughout the 
irradiated population from all isotopes via all pathways. The 
use of appropriate risk coefficients for each organ or tissue 
enables values for the total number of health effects to be 
obtained. In this paper we will describe how the individual 
dose equivalents may be used to assess the total health detriment, 
and we will consider to what extent the dosimetric quantities 
which have already been defined can be used in its evaluation.

For effluents released from nuclear installations, it will 
in most cases not be possible to estimate individual levels of



IAEA-SM-237/6 129

exposure from direct measurements of incorporated activity in 
humans. In these circumstances environmental modelling, sometimes 
supplemented by environmental monitoring, provides the only means 
of estimating doses. We will describe the models which are 
needed to enable the detriment to be assessed from environmental 
releases of radioactivity.

2. HEALTH EFFECTS TO BE CONSIDERED IN THE ASSESSMENT OF DETRIMENT

When considering doses from routine releases, we may assume 
that the doses are sufficiently low that the only health effects 
requiring consideration are the stochastic effects. These are 
those effects for which the probability of an effect occurring, 
rather than its severity, is assumed to be a function of dose, 
without threshold. The health effects for which these assumptions 
are riiade, and those which should be included in the assessment of 
the total health detriment, are somatic effects and hereditary 
effects. The most important somatic effect is the induction of 
cancer some time after the insult of radiation. This cancer may 
or may not lead to fatality and we are led to dividing the total 
effects into three broad categories

(a) fatal cancers; those for which there is no current 
treatment which is curative

(b) non-fatal cancers; those for which treatment, if needed, 
is effective in preventing any consequential fatality

(c) hereditary effects; the total number of serious genetic 
defects in all subsequent generations.

We will now consider to what extent estimates of these effects 
can be made using existing dosimetric quantities which have 
accepted definitions.

3. THE DOSIMETRIC QUANTITIES AVAILABLE FOR USE Ш ENVIRONMENTAL 
ASSESSMENTS

3.1 Effective Dose Equivalent

The concupt of a weighted mean whole body exposure was 
introduced by ICRP /Ï]  and subsequently designated /3/ Effective 
Dose Equivalent, H-g. The principle involved is that a given level 
of protection is met by ensuring the same risk whether the whole 
body is irradiated uniformly or whether there is non-uniform or 
selective organ exposure. The Effective Dose Equivalent is 
defined as:

H = £ wm H 
T! T T T



1 3 0 CLARKE and WEBB

where Hp is the dose equivalent in tissue T
and wiji is a weighting factor for each tissue T which represents 
the ratio of the stochastic risk from irradiation of tissue T to 
that for the whole body when irradiated uniformly.

The Commission, in assigning values of w,j,, chose to consider 
the risk of fatal cancer together with the hereditary effects 
which would arise in the first two generations. However, they 
recommend the inclusion of the incidence of hereditary effects 
in all future generations, which is approximately twice that in 
the first two generations, in the estimation of detriment [л ],
The defined Effective Dose Equivalent also does not allow for the 
incidence of non-fatal cancers, which occur predominantly 
following irradiation of the skin, thyroid and breast. The use 
of Effective Dose Equivalent thus has limitations in expressing 
the health consequences needed in the assessment of detriment.

3 .2  Committed Effective Dose Equivalent

The Committed Effective Dose Equivalent, Hkq -g is defined as 
the integral of the effective dose equivalent raté Hg(t) over 
50 years following an intake,

where t0 is the time of intake.
The quantity H^q e  has been introduced by the Commission as being 
suitable for controlling the intakes of long-lived radionuclides 
by workers over a 5>0 year "working lifetime" to ensure compliance 
with dose limits. When considering the question of detriment to 
populations subjected to intakes of long-lived radionuclides a 
more appropriate quantity could be the mean dose equivalent to 
be received in the population. In principle this can be obtained 
by calculating, for individuals of all ages, the dose equivalent 
to be received over their remaining lifetimes following a given 
intake and averaging this over the population age distribution. 
Thus the mean dose equivalent to be received (h ) is given by:

where N(a ) is the number of people in the population between age 
A and A + DA,

and Н(9д) the integrated dose to be recéived by an individual 
at age A whose life expectancy is

It would be of interest to carry out calculations of the 
mean dose equivalent to be received for representative population
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age distributions and to compare the results with the committed 
dose equivalent; this would indicate if significant overestimates 
would be involved in applying committed effective dose equivalent 
to the assessment of detriment in populations. We remember that 
the committed effective dose equivalent does not represent the 
total health detriment.

3-3* Collective Effective Dose Equivalent Commitment

С
The Collective Effective Dose Equivalent Commitment, S^ , is

defined as the integral over all time of the Collective Effective
Dose Equivalent Rate, S for that source,

iíi

In order to perform this integration, postulations have to be made 
about the existence of future generations, their spatial distrib
ution and dietary habits. Apart from these difficulties, in 
order to estimate the Collective Effective Dose Equivalent Rate, 
knowledge is also required of the dose equivalent rates in all 
human body organs and tissues of interest as a function of time 
after intake. These data are not currently available and, even 
if they were, the procedure of adding doses at any given time 
from intakes in the population in all preceding years would be 
complex.

In our previous paper/2/ we suggested an alternative procedure 
which involves separating external exposures, where in principle 
a simple integration over space and time can be performed, and 
internal exposure, in connection with which we know the committed 
dose equivalents from the intakes. We suggested the following 
practical definition of Collective Effective Dose Equivalent 
Commitment,

SK° = Г  K x t < * > «  * H 50,E X  f (t)dt

where is the collective effective dose equivalent rate from
external exposure and 

I is the collective intake rate 
The integrated intake of radioactivity into a population is a 
quantity which may conveniently be calculated by environmental 
models.

We have already noted in Section 3«1* that use of the 
effective dose equivalent in the above expression and, therefore, 
in the definition of collective effective dose equivalent 
commitment means that the latter quantity will not include 
consideration of non-fatal cancers and only includes half of the
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total hereditary effects. The possible difficulties in using 
committed effective dose equivalent have also been noted in 
Section 3*2.

k. THE ASSESSMENT OF TOTAL HEALTH DETRIMENT 

1+.1. Formulation of the Problem

One of the purposes of an assessment of detriment is to use 
this in optimising the practice giving rise to the detriment.
We wish to make the point strongly that the calculations and 
parameters used in the assessment of detriment should be as 
realistic as possible. Since optimisation involves financial 
decisions it is not correct to use conservative values of 
parameters which lead to wrong decision making and the spending 
of too much money thereby defeating the objectives. Recognition 
of this principle should lead to a change in the selection of 
the calculational models and the choice of values for the 
parameters in those models.

We have already discussed the areas in which the quantity 
Collective Effective Dose Equivalent Commitment may be deficient 
in assessing the total health detriment. There are other problems 
in using the quantity, for example the implication that the risk 
per unit dose is treated in exactly the same way, whether the 
doses are of the order of pSv or mSv in a year, and whether they 
are delivered now or in a million years time. It is not clear 
to us that the same collective dose equivalent commitment made 
up from extremely small dose equivalents to a very large population 
or much larger doses to a small population, should have the same 
weight in the optimisation process. There is no formal way of 
expressing this differentiation at the present time because of the 
assumption of a linear relationship between dose and risk. However, 
there is much evidence for the existence of non-linear dose-response 
relationships and apparent thresholds in response/4/. In addition 
the idea has recently been proposed that the cost associated with 
the effective dose equivalent may be a highly non-linear function 
of dose/57.

It seems to us that there might be advantages if the 
Collective Dose Equivalent Commitments were presented not only as 
single numbers, but where possible broken down as functions of 
dose equivalent, dose equivalent rate, time, space or population 
group which may aid the development of the philosophy of limiting 
environmental releases.

If it were decided to attempt an assessment of total health 
detriment using the dosimetric quantities which are now in use,
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then one possible method using the risk factors given by ICRP/1]  
would be to assess them as follows

(a) fatal cancers plus hereditary effects in the first
two generations = 1.65 x 10-2 S  ^

ilj

(b) hereditary effects in subsequent generations =
0 . 14 x 10“̂ x collective gonad dose equivalent commitment

(c) non-fatal cancers =
£ R . x organ collective dose equivalent commitment

j 3
where R^ represents the risk of non-fatal cancer in the jth orgs-n.

The result of such a calculation would still be subject to
some of the deficiencies we have noted in S~p.

J li

A further problem which other papers at this meeting/Ij/ will 
deal with in more detail is the so called latent period between 
the receipt of the dose and the expression of the effect. Use 
of the dose equivalent and particularly the committed dose 
equivalent in assessing the detriment assumes that the full risk 
will be expressed. Whether this is a realistic assumption 
depends critically on the age structure of the population at the 
time of exposure to activity and we feel this aspect should also 
be studied further. We will next consider the introduction of 
quantities to be used in the realistic assessment of health 
detriment which include an allowance for these factors.

¡4.2. Derivation of Quantities Needed for Realistic Estimates of 
Detriment

If it is decided to calculate the total health detriment as 
realistically as possible then account must be taken of the age 
at exposure. This is because it is now widely accepted that there 
is a considerable time delay between the delivery of a given dose 
of radiation and the manifestation of any carcinogenic effect.
In fact there is no single "latent period", but rather there is 
a probability distribution function representing the time of 
appearance of tumours in an irradiated population cohort.

The situation is more complex for internally deposited 
emitters of long radioactive and effective half-life in the 
human body since, after incorporation into body tissues, 
irradiation continues over a prolonged period. The estimation 
of the probability of the appearance of a fatal cancer under 
such circumstances must take account both of the time varying 
dose in each organ or tissue and the probability distribution 
function of the time of appearance of tumours following each
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increment of dose. The form of probability distribution function 
describing the time of tumour appearance will almost certainly 
be dependent on the organ irradiated, and probably on the type 
of tumour as well as perhaps the dose or dose rate at which it 
is received. Therefore the assessment of detriment must begin 
with the calculation of the expectation in each organ or tissue, 
which we define in the mathematical sense as the number of 
"events" which will occur.

Consider first the case of internal irradiation from an 
incorporated radionuclide. Then the expectation in organ i, 6.., 
will be given by

¿i (A ) = £  A RiteJdV J" A P± ¿i (t)dt

where R^Ct) is the dose rate at time X in organ i

<f> is the probability distribution function for time of 
appearance of tumours in organ i

p. is the total risk over infinite time per unit dose in 
organ i

©д is the life expectancy at age of intake, A

The time of irradiation will extend from the time of intake by an
individual, ie. age A over the life expectancy at age of intake,

0A-
The expression é.. will be isotope as well as organ dependent 

since the effective half-life of an isotope will determine the 
time pattern of irradiation which will affect the final expression 
of expectation. For each increment of dose R(ti )d"^ at time ^ 
there will be a contribution to the probability of the appearance 
of an effect in the time period f r o m t o  9^ . Thus the younger
the individual when the increment of dose is delivered, the higher
the probability of tumour appearance.

The form of <f>. (t) might be a simple rectangular distribution 
with a period of zero risk followed by a time period during which 
there is constant risk per unit time. Alternatively, there is 
evidence for normal or log-normal distributions as shown by 
Clarke and Mayneord/ïj/.

There will be different values for the expectations in the 
various organs or tissues for unit intake by inhalation as 
compared with those following ingestion of unit amount of the 
same isotope. Thus for each isotope, j, we may add the total
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risk of the health effect of interest over all organs and tissues 
for unit intake at age A by inhalation or ingestion,

" H .j  <A> = i % i , 3  <A>

*C,j <1) ' I S . i . i  (1)

where Ê . . (A) is the total expectation following inhalation of
’̂ unit activity of isotope j at age A,

EG..i <A > is the total expectation following ingestion of
’̂ unit activity of isotope j at age A

and É. . ., 6. . . represent the expectations in the ith organ
»i»J following unit intake by inhalation or 

ingestion

The quantity E would be analogous to the quantity Committed Dose 
Equivalent, but differs in that it represents the risk of a 
tumour appearing per unit intake and is a function of age at 
intake. In addition to being dependent upon the isotope and 
mode of intake, perhaps E should be a function of sex if the 
individual organ risk coefficients are sufficiently different.

Thus we are led to the following expression for detriment 
from isotope j, Д.,

^dt

where I^(A,t) and 1^ (A,t) are the rate of collective intake 
into the population group at age A of isotope j at time t.

We have presented the calculation of detriment generally 
for the most complex situation, that of internally deposited 
nuclides of long half-life. For short-lived isotopes or for 
external exposure, the calculation is simplified in that the 
expectation in organ, i, 6., would only include the integral of 
j^.(t) for the dose D. The quantities Д. and E could still be 
calculated as above, if for external irradiation, intake is 
replaced by exposure.

The question remains as to the expressions of the three 
components of detriment. It seems to us that for both fatal and 
non-fatal cancers, the above procedure may be applied, the only 
difference being the choice of the respective infinite time 
probabilities of effect per unit dose. The estimates of non- 
fatal cancers would require consideration to be given to only the 
three organs of interest, ie. skin, thyroid and breast.
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In the case of hereditary effects similar integrals could 
be derived for the population mean gonad dose; for long lived 
emitters the time of gonad irradiation would need to be considered 
and there would be a need for assumptions about the time dist
ribution of gonad risk following an increment of irradiation.
In this case the risk might be considered directly proportional
to dose up to some mean age of childbearing.

If the procedure outlined above is adopted, the first priority 
is to set values for all the relevant risk coefficients and time 
distributions of events for each organ or tissue of interest, and
for the three categories of fatal cancer, non-fatal cancer and
hereditary effects.

We assume that for the individual doses of interest in the 
calculations of detriment, dose equivalent can be used and 
expressed in Sv.

5. THE TYPES OF ENVIRONMENTAL MODELS REQUIBED

When making estimates of doses from environmental releases 
the models used will belong to one of two different types which 
may be described as physical or compartmental. A physical model 
is one which is based on an understanding of the physics of the 
processes involved; an example of such a model would be the 
solution of the diffusion equation to describe dispersion of 
radioactivity from a point source in air or water. On the other 
hand in a compartmental model no attempt is made to describe the 
physical processes involved, but compartments are defined 
between each of which there is a net transfer of radioactivity.
An example of a compartment model is the ICEP Committee 2 model 
for the transfer of activity throughout the human body following 
inhalation or ingestion p a j.

The increasing recognition that the collective dose commit
ment must be regarded as an important consideration in the 
protection of the public has meant that the models must extend 
further both spatially and temporally than was usual in the past. 
This is particularly the case when making estimates of the health 
detriment from long-lived radionuclides released to the environ
ment which contribute to dose over many hundreds or thousands 
of years. For atmospheric and aqueous releases the models must 
predict dispersion not just in the immediate vicinity of the 
source, but regionally and globally. For activity entering the 
environment it has been usual to assume that a particular isotope 
of concern quickly reached equilibrium in terrestrial foodchains 
so that a simple set of multiplicative transfer factors could be 
used to estimate doses to individuals. This may still be the case 
for relatively short lived nuclides, but for nuclides having half
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lives comparable with or longer than the lifetime of the source, 
an attempt must be made to develop dynamic terrestrial models to 
predict the time dependent concentration in foodstuffs or grazing 
animals over the long time periods involved.

The general processes which must be considered in the assess
ment of atmospheric and aquatic discharges are shown in Figs. 1 
and 2, which represent schematically the pathways to man. Very 
general approaches may be suitable for atmospheric and terrestrial 
models, but the aquatic models often have to be specific to a 
particular sector of the aquatic environment. The degree of 
sophistication of the models varies depending upon the accuracy 
required for that particular sector of the overall environment. 
There will be a need for data to describe the transfer of a wide 
range of nuclides through all the environmental pathways and 
there will necessarily be uncertainties in the values chosen for 
particular parameters. In order to assign priorities as to which 
parameters need to be known with more certainty, sensitivity 
analyses should be undertaken using the model. The ability to 
make use of models in this way is one of their inherent advantages 
since it enables identification of the areas of uncertainty which 
have most influence on the results, and these may not be those 
which appear obvious.

We now briefly consider the types of models which are being 
used to assess environmental releases of radioactivity.

5.1. Atmospheric Dispersion Models

For local dispersion of radioactivity, that is within a few 
tens of kilometres around the source, Gaussian plume models have 
been widely applied using the diffusion category typing scheme of 
Pasquill/т/. These models may still be used for assessing 
effluents from normal operation out to a distance of perhaps 
100 km from the source. Beyond that distance there are uncert
ainties in the validity of the basic data and more sophisticated 
meteorological models are being used. These are based upon 
diffusivity models/8/ or increasingly the use of trajectory 
models/^/ which use meteorological data to predict the path and 
dispersion of individual puffs of activity from a source point 
over long periods of time; the models may be used to give long
term average concentrations at long distances from a source.
Beyond the range of these models, which is of the order of a few 
thousand kilometres, the models tend to be compartmental and to 
describe the global distribution of activity.

5.2 Terrestrial Models

Most activity released to the atmosphere will eventually 
reach the terrestrial environment. There are many pathways by
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which deposited radionuclides can irradiate man. The simplest 
route is by external irradiation from the deposits on the ground. 
Radionuclides also enter into foodchains, either directly by 
contamination of the surfaces of human food crops, indirectly via 
root uptake into human food crops, or indirectly via contamination 
of animal food crops. In the past most foodchain models have 
assumed an equilibrium between the compartments representing 
pathways back to man so that transfer coefficients could be used 
multiplicatively to establish the dose to man.

In order to calculate the detriment associated with long- 
lived nuclides in the environment, dynamic models are needed. In 
Fig. 3 we present schematically the processes which have to b.e 
considered in the establishment of a dynamic model. One of the 
important advantages of linked compartment models of this type 
is the ability to include feedback routes between for example 
the surface of vegetation and the vegetation itself via the soil. 
In reality Fig. 3 represents a series of modules each of which 
may contain a more complex model. For example, the soil compart
ment will represent the time dependent downward migration of 
activity in soil. The animal module will usually be a compart
mental model describing the distribution of activity through 
body organs and tissues as a function of time after inhalation 
or ingestion. Models of this type have been developed within 
the ЖРВ/ío/ and elsewhere/i 1_/ and applied for the assessment of 
activity in foodstuffs of long-lived radionuclides deposited on 
to the ground.

In order to assess the total health detriment it is necessary 
to build up a data base of agricultural production so that 
collective doses can be estimated from the total consumption of 
foodstuffs. Since the spatial distribution of production of 
different foodstuffs may be highly non-uniform, it is important 
to undertake source related collective dose calculations. In 
the UK we have established an agricultural production matrix on 
a 5 x 5 km grid which can be used to assess collective doses from 
any spatial pattern of ground deposition.

*

5.3. Aquatic Models

In this area models are needed both for rivers and for marine 
environments. River models are being developed which are dynamic 
in character/i 2/ and allow not only for dispersion but also for 
the effect of sedimentation and the subsequent transport of that 
sediment along the river bed to give realistic concentrations in 
water and sediments downstream from the discharge. For discharges 
to seas there will be local models, which may be a simple dilution 
model or a trajectory model dealing with diffusion within a few
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k i lo m e t r e s  o f  th e  s i t e .  The r e g io n a l  m od els  a r e  b a se d  on com p art
m e n ta l m o d e ll in g  and d e s c r ib e  d i s p e r s io n  o v e r  h u n d red s o f  k i l o 
m e tr e s ;  t h e  r e s u l t i n g  c o n c e n t r a t io n s  o f  a c t i v i t y  can  b e u se d  
w ith  f i s h  c a t c h  and s e a  fo o d  p r o d u c t io n  d a ta  t o g e t h e r  w ith  th e  
d o s e s  from  e x t e r n a l  i r r a d i a t i o n  from  se d im e n ts  d a ta  t o  e s t im a t e  
c o l l e c t i v e  d o s e s .  The tr e a tm e n ts  o f  s e d im e n t a t io n  and rem oval 
t o  d eep  o ce a n  a r e  a l s o  im p o r ta n t when c o n s id e r in g  c a l c u l a t i o n s  
o f  d e t r im e n t .

5 .Ц . A p p l ic a t io n  o f  t h e  M odels

The m od els  d e s c r ib e d  a r e  t h o s e  n eed ed  t o  p r e d ic t  th e  t o t a l  
in t a k e s  by a p o p u la t io n  a s  a f u n c t io n  o f  t im e ,  w h ich  e n a b le s  
e s t im a t e s  t o  b e made o f  th e  q u a n t i t i e s  r e q u ir e d  f o r  th e  c a l c u l a t i o n  
o f  d e tr im e n t  b y  t h e  m ethod s o u t l in e d  i n  t h i s  p a p e r . In  o r d e r  to  
do so  we n eed  t o  u s e  much more co m p re h e n siv e  e n v ir o n m e n ta l  
t r a n s p o r t  d a ta  th a n  h a s  b een  u s u a l  i n  t h e  p a s t .  The d a ta  w i l l  
b e n eed ed  f o r  more c h e m ic a l e le m e n ts  and f o r  m ore p ath w ays b e c a u se  
o f  t h e  n eed  t o  c a l c u l a t e  t h e  t o t a l  h e a l t h  d e t r im e n t .  As we h ave  
s a i d ,  t h e r e  i s  a  n eed  t o  u s e  " r e a l i s t i c "  v a lu e s  o f  t h e  p a ra m eter s  
i n  t h e s e  m o d els  f o r  su ch  c a l c u l a t i o n s  and t h e r e  sh o u ld  be s e n s 
i t i v i t y  a n a l y s i s  u n d er ta k en  t o  i d e n t i f y  t h o s e  a r e a s  o f  u n c e r t a in t y  
w h ich  s i g n i f i c a n t l y  ch an ge t h e  f i n a l  r e s u l t ,  so  t h a t  i n v e s t i g a t i o n s  
may be u n d e r ta k e n  on t h e  r e le v a n t  p a r a m e te r s . An a tte m p t sh o u ld  
a l s o  b e  made t o  p ut a  l e v e l  o f  c o n f id e n c e  on th e  an sw er a s  a  w h o le ,  
t a k in g  a c c o u n t o f  th e  v a r i a b i l i t y  o f  a l l  t h e  p a r a m e te r s . Form al 
t e c h n iq u e s  a r e  a v a i l a b l e  t o  u n d er ta k en  su ch  s t u d i e s .

6 .  CONCLUSIONS

In  t h i s  p a p er  we h a v e  so u g h t t o  e x p la in  how we e n v is a g e  t h a t  
t h e  a s s e s s m e n ts  o f  t o t a l  h e a l t h  d e tr im e n t  from  e f f l u e n t s  from  
n u c le a r  i n s t a l l a t i o n s  may b e u n d er ta k en  a s  an in p u t  t o  o p t im is a t io n  
s t u d i e s .  We h a v e  in d i c a t e d  w hat sh o u ld  b e in c lu d e d  i n  t o t a l  h e a l t h  
d e tr im e n t  and p r e s e n te d  a  m ethod o f  c a l c u l a t i n g  t h e  d e tr im e n t  
u s in g  d o s im e t r ic  q u a n t i t i e s  w h ich  a r e  p r e s e n t ly  d e f in e d .  We h ave  
a l s o  d e s c r ib e d  t h e  m o d e ls  w h ich  a re  n eed ed  t o  d e s c r ib e  th e  t r a n s f e r  
o f  a c t i v i t y  th r o u g h  t h e  en v iro n m en t t o  man. The new f e a t u r e s  
i d e n t i f i e d  in c lu d e  t h e  e x t e n s io n  o f  m od els  b o th  i n  sp a c e  and in  
t im e  t o  e s t im a t e  in t a k e s  b y  a l l  e x p o se d  p o p u la t io n s ,  p r e s e n t  and 
f u t u r e  and th e  a s s e s s m e n t  o f  e x p o su r e s  from  a l l  n u c l id e s  v i a  a l l  
p a th w a y s . T h ese c a l c u l a t i o n s  r e q u ir e  b e t t e r  k n ow led ge  o f  th e  
t r a n s f e r  d a ta  p a r t i c u l a r l y  th ro u g h  th e  t e r r e s t r i a l  en v iron m en t  
f o r  a  w id e r  ra n g e  o f  n u c l id e s  th a n  h a s  b een  c o n s id e r e d  p r e v i o u s l y .  
D e s p it e  th e  u n c e r t a i n t i e s  i n  many o f  t h e  d a ta  we b e l i e v e  t h a t  we 
a r e  now i n  a  p o s i t i o n  t o  b e g in  t o  a s s e s s  c o m p r e h e n s iv e ly  e n v ir o n 
m en ta l d is c h a r g e s  o f  r a d i o a c t i v i t y  b o th  f o r  t h e  p u r p o se  o f  
e s t im a t in g  t h e i r  t o t a l  h e a l t h  im p act and f o r  b e g in n in g  t h e  t a s k  
o f  u s in g  o p t im is a t io n  t e c h n iq u e s  f o r  s e t t i n g  r e l e a s e  l i m i t s  .
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DISCUSSION

G.B. SCHOFIELD: One o f  the problems that worries me is the accuracy 
o f  the estimated dose com m itm ent to  an organ, as compared with the absolute 
value. In the case o f  plutonium  intake in particular, the inhom ogeneity o f
the isotope in bone makes a true estimate o f  the dose very difficult. Furthermore, 
in considering the risks due to an estimated dose com mitment we have to take 
into account other carcinogenic influences.

R.H. CLARKE: The question o f  inhom ogeneity o f  the dose was a subject 
I discussed in Session II1. It seems to me that risks from point sources are 
likely to be smaller than those from more uniform irradiation. As shown in 
the present paper, we think that realistic calculations o f  detriment can and should 
be made. But when you say that in assessing radiation risks, other carcinogenic 
influences should be taken into account, I presume you mean taken into account 
in establishing the overall risk to a worker. I certainly agree that we should aim 
at protecting the worker from as many risks as possible, including radiation.

H.L. GJORUP: Thank you for a very clear and interesting paper. There 
are no specific questions I want to ask, but I do have a proposal to make. As 
you m entioned, we have problems with the concept o f  com m itment. In the 
case o f  certain long-lived isotopes the main difficulty is that we have to compare 
the costs o f  reducing releases now with the benefits o f  reduced detriment in the 
distant future.

At the Salzburg Conference held in 19772 I suggested that we might resolve 
this difficulty by referring costs and benefits to the same point in time, on the 
basis o f  a suitable discount rate, for example 1% per year. I would therefore like 
to propose that in your formula for the collective detriment com m itm ent (near 
the end o f  section 4 .2  o f  your paper) you should m odify the integrated quantity 
by a factor o f  e~kt, where к is a depreciation constant that would be 10~2 a"1 
if  we take 1 % per annum as a reasonable discount rate. We could perhaps call 
the m odified collective detriment com m itm ent the ‘collective effective 
detriment com m itm ent’.

1 Paper IAEA-SM-237/2, these Proceedings.

2 IAEA International Conference on Nuclear Power and its Fuel Cycle.
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R.H. CLARKE: The use o f  the adjective ‘effective’ now has the special 
meaning given to it by the ICRP at its 1978 meeting in Stockholm , so that we 
already have a ‘collective effective dose equivalent com m itm ent1.

With regard to  the idea o f  discounting detriment calculations to a ‘present 
worth’, certainly any discount rate above zero will diminish the apparent problem. 
I feel we need more discussion o f  this concept since we are not using it in quite 
the sense as the economists.

What you are in fact suggesting is that we should assume that the effect o f  
a given dose o f  radiation will be less important at som e point in the future than 
it is now. That could be true, or alternatively, the consequences o f  the biological 
effect, e.g. cancer, could be different in the future. I think that we should be 
very cautious in adopting such a view at present.

J.H. FREMLIN: It strikes me that the consideration o f  the dose com m it
ments occurring over thousands o f  years is rather problematic. Action must 
be controlled by a realistic estimate o f  future effects with a reasonable, not 
an unreasonable, safety factor. It does not seem to me possible that our ability 
to treat radiation-induced cancer will fail to improve significantly, even over a 
hundred years.

In less than a hundred years a significant part o f  our diet may be based on 
single-cell protein for which archaic carbon compounds may be used for food  
stock, thereby eliminating not only the industrial carbon-14 but also the much 
more extensive natural carbon-14.

Furthermore, the studies o f  cancer associated with the existence o f  artifical 
radiation doses may result in a decrease in cancer due to chemical causes.

Nevertheless, I fully support the idea that a detriment calculation should 
include a decay factor o f  the order o f  1% per annum. Do you not agree?

R.H. CLARKE: I would not like to speculate on changes in the carbon-14 
concentrations in the diet o f  future generations. Furthermore, as I explained  
to Mr. Gjórup, I am hesitant to  accept assumptions that the future health effects 
should be discounted. But let us look at the problem in another way — if  
people are to be exposed in future on account o f  the practices o f  today at dose 
levels close to the dose limits now recommended for individuals, I would 
probably consider the figures too  high. If, however, we suppose that the doses 
to be received are very small compared, let us say, with the background, then if 
we can demonstrate that the risk per unit dose at these low levels is less than 
that at present assumed, we would have a basis for agreeing on an ‘insignificant’ 
level o f  dose. This would go some way towards meeting your requirements.

L.A. WIESNER: In my opinion, some sort o f  discounting is certainly 
required for the long-term dose com m itm ent. Cancers considered fatal today  
may well becom e curable in the not too  distant future, and this is probably only  
one o f  many changes affecting human life that will influence future detriment 
and its value in monetary terms.
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In your paper you discuss realistic estimates and the concept o f  optim ization. 
These terms are used correctly only when the aim is to minimize all risk in 
modern life. A form o f  optim ization applied solely to the risk o f  radionuclides 
released from nuclear fuel cycle plants could be a waste o f  limited resources 
(money, manpower etc.), making it impossible in practice to reduce the more 
substantial risks for the present and future generations. For example, to minimize 
the collective dose com m itm ent and resulting detriment it would be much more 
to the point to prohibit the hard work done in many factories built with 
ordinary construction materials, since the heavy breathing accompanying the 
work increases the inhalation o f  natural radioactive materials emanating from  
the building materials and results in dose com m itments much higher than those 
associated with current requirements for radioactive releases from nuclear plants.

R.H. CLARKE: The problems to  which you refer are the ones we are all 
trying to solve at the m oment. I d on ’t know whether the radon dose commitment 
to factory workers in conventional industry exceeds that from the nuclear 
industry. I feel that the nuclear industry must asses the detriment for which it is 
responsible and attempt to keep the damage to a minimum. Hence we should 
not discount our releases on the basis o f  comparisons with other industries.
As I have already m entioned, I feel that more research is needed to enable us to  
quantify effects at low-dose levels and to assign a significance to that level o f  
risk for the purpose o f  controlling releases.



LIVER CANCER RISK*

IAEA-SM-237/42

C.W. MAYS
Radiobiology Laboratory, 
University o f  Utah,
Salt Lake City, Utah, 
United States o f  America

Abstract

LIVER CANCER RISK.
The provisional risk coefficient for a-particle induction of liver cancer in the general 

population, projected to the end of lifespan, is: 300 liver cancers/106 person-rad of 
a-radiation. It is based on the follow-up of about 3046 European patients who survived 
more than 10 years after the intravascular injection of Thorotrast. Already 301 of these 
patients have died of liver cancer, and about 256 additional cases are predicted to appear 
among the 1026 living patients, based on present trends. Because of a possible chemical 
toxicity from the large amounts of thorium in Thorotrast and its different deposition 
pattern from plutonium in liver tissue, the risk coefficient for 239Pu could be lower or higher 
than that for Thorotrast. However, the absence of liver cancer in a small group of persons 
injected with plutonium indicates that the 239Pu risk coefficient is unlikely to exceed 
10 times that for Thorotrast. No increase in liver cancer has yet been observed at Nagasaki, 
indicating that 7-rays are relatively ineffective in producing this cancer, while the increase 
in liver cancer at Hiroshima suggests that fast neutron dose might be similar in effectiveness 
to Oi-particle dose. The inhalation by a young adult of 1 (LiCi 239Pu, in relatively insoluble 
‘class Y’ particulates of 1 д т  median aerodynamic diameter, is calculated to give a lifetime 
risk of about 1.2% from liver cancer, 0.6% from lung cancer and 0.3% from bone cancer.

INTRODUCTION

Until recently, the risk from liver can c e r  has been o v e r 

looked. T h e  liver w a s  regarded as being r e latively  r a d i o r e 

sistant, due to the lack of a c u t e  radiation da m a g e  and the 

long latency of rad i a t i o n - i n d u c e d  liver cancer. Furthermore, 

muc h  of the ea r l y  radiobiological research on p l u t o n i u m  and 

ot h e r  a c t i n i d e  e l e ments was d one in labo ratory mic e  and rats 

that ra pidly e x c r e t e  these elements from the liver. However, 

in man, of the p l u t o n i u m  reaching the b l o o d s t r e a m  is now 

regarded as d e p o s i t i n g  in the liver and being retained there 

w i t h  a biological h a l f - t i m e  of kO years [1]. Thus, the dose 

to the human liver from the M PBB of O.OA yCi 2 3 9 Pu is very 

muc h  higher than previ o u s l y  indicated by the internal dose

* Supported by US Department of Energy Contract EY-76-C-02-0119.
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T a b le  I .  L i v e r  c a n c e rs  in  T h o r o t r a s t  p a t i e n t s  ( a t  l a t e s t  d e t a i l e d  tumor 
c l a s s i f i c a t i o n ) .

Types o f  L i v e r  Cancer
Germany [6 ]

as o f  1975
Denmark [9 ]  

as o f  1977
P o r tu g a l  [ 1 0 ]  Japan [1 1 ]  

as o f  197^ as o f  1975 T o t a l -

Ang iosa rcom as 37 20 19 20 96

B i l e - d u c t  c a rc in o m a s 48 15 11 57 131

H e p a t i c - c e l l  c a rc in o m a s 21 15 2 10 48

" L i v e r "  c a rc in o m a s — 20 0 0 0 20

Unspec i f i  ed— 11) 0 43 6 63

T o ta  1 358

— E i t h e r  b i l e  d u c t  c a rc in o m a  o r  h e p a t i c  c e l l  c a rc in o m a .

— F a t a l ,  b u t  n o t  c l a s s i f i e d  h i s t o l o g i c a l l y ,  e x c e p t  f o r  1 case  o f  r e t i c u l o s a r c o m a  in  

th e  P o r tu g u e s e  s e r i e s .

— In th e  g e n e ra l  p o p u l a t i o n  th e  most  f r e q u e n t  ty p e s  o f  p r im a r y  l i v e r  c a n c e r  a re  

h e p a t i c - c e l l  c a rc in o m a s  and b i l e - d u c t  c a rc in o m a s  [ 1 2 ] .  A ng iosa rcom as a r e  e x t r e m e ly  

r a r e ,  e x c e p t  in  p e rso n s  exposed t o  T h o r o t r a s t ,  a r s e n i c ,  o r  v i n y l  c h l o r i d e .

c o m m i t t e e s  of the ICRP [2] and NCRP [3 ]. In addition, an in

c r e asing number of p a t ients ar e re ceiving r a d i o p h a r m a c e u t i 

cals for d i a g n o s t i c  liver scans, and m any r a d i o therapy p a 

tients are survi v i n g  long enough to be at s u bsequent risk 

from cancers induced by the therapy. No longer can the risk 

from r a d i a t i o n - i n d u c e d  liver cancer be ignored.

T H O R O T R A S T  PATIENTS

Patients injected w i t h  T h o r o t r a s t  (colloidal t horium d i 

oxide) p rovide by far the most sign i f i c a n t  e v i d e n c e  of liver 

cancer induction in man by a r a d i o a c t i v e  material. T h o r o 

trast was injected in t r a v a s c u l a r l y as an x-ray c o n trast m e d 

ium, s t a rting in 1928, p r i m a r i l y  for the diagn o s i s  of s u s 

pected bra in d i s e a s e s  [4]. Its use was stopped  around 1955 

be c a u s e  of the d i s c o v e r y  that T h o r o t r a s t  caus es liver cancer

[5]. Th e 3 most common types of liver cancer in the T h o r o 

trast p a t ients are an g i o s a r c o m a s ,  bile-duct carcinomas, and 

hepatic-cell c a r c i n o m a s  (Table I).

Th o r o t r a s t  was used in m any countries, but the f o l l o w  up 

studies in G e r m a n y  [6,7], D enmark [8,9], and Portugal [10]
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T a b le  I I ,  T h o r o t r a s t  p a t i e n t s  s u r v i v i n g  a t  l e a s t  10 y e a rs  a f t e r  i n t r a v a s c u 1a r  
t n j  e c t  t o n .

C o u n t r y  and Year 
o f  L a s t  F o l lo w  Up

Cases o f  
L i v e r  
Cancer

Traced  P a t i e n t s  
S u r v i v i n g  a t  

L e a s t  10 Years

Person»Y r  a t  R is k  f rom  
10 Yr Pos t  I n j e c t i o n  t o  
Death  o r  L a s t  C o n ta c t

Germany, 1977 [7 ] 176 1733 28,42*+

Denmark, 1977 [ 8 , 9 ] 50 646 12,274

P o r t u g a 1, 1974 [ 10] 75 667— 1 2 , 6 7 3 -

T o ta l 301 3046 53,371

— The f r a c t i o n  o f  t h e  P o r tu g u e s e  p a t i e n t s  s u r v i v i n g  a t  l e a s t  10 y e a r s ,  and t h e i r  

a v e ra g e  t im e  t o  d e a th  o r  l a s t  c o n t a c t  was c o n s id e r e d  s i m i l a r  t o  t h a t  documented 

f o r  t h e  Dan ish  p a t i e n t s .  In  b o th  c o u n t r i e s ,  s u s p e c te d  b r a i n  d is e a s e s  were  the  

main  reason  f o r  th e  i n t r a v a s c u l a r  i n j e c t i o n  o f  T h o r o t r a s t  (80% in  P o r tu g a l  and 

n e a r l y  100% in  Denmark ).

are of special value, be c a u s e  large p o p ulations at risk have 

been identified and investigated s y s t e m a t i c a l l y  (Table I I ) . 

Amo n g  the European T h o r o t r a s t  patients in the fo l l o w  up 

series, onl y  1 of the 301 cases of liver ca n c e r  had a re

ported a p p e a r a n c e  time s h o r t e r  than 18 years [10]. However, 

an a p p e a r a n c e  time of 12 yea rs was repo rted for the first 

liver ca n c e r  ascri b e d  to T h o r o t r a s t  in the USA [5]. Thus, 

v i r t u a l l y  no radiat ion-induced liver cancers are e x p e c t e d  to 

a p p e a r  w i t h i n  at least the first 10 years a f t e r  injection. 

Similarly, the last 10 ye ars of irradiation can be c o n s i d 

ered " w a sted" w i t h  respect to inducing o b s e r v a b l e  liver c a n 

cers, a l t h o u g h  al t e r n a t i v e l y ,  a s horter span could be d i s r e 

garded, such as the last 5 years of irradiation. About 

3, 046 traced persons in Germ any, Denmark, and Portugal have 

lived at least 10 yea rs a f t e r  T h o r o t r a s t  injection (Table II). 

T he i r  a v e r a g e  time at risk, from the 10-year minimal latent 

period to death or latest contact, is now about 18 years with 

a c o l l e c t i v e  53,371 p e r s o n - y e a r s  at risk.

T h e  natural ye a r l y  incidenc e of c ancers of liver (includ

ing g a llbladder) , per 100,000 popul a t i o n  of mixed ages, is 8 

in Denmark, 15 in Hamb urg, Germany, 14 in the Saarland, G e r 

many, but u n a v a i l a b l e  for Portugal [12]. M u l t i p l y i n g  the a v 

e r a g e  for these known rates, 12 liver c a n c e r s / 1 0 5 person*yr, 

by the 53,371 p e r s o n * y r  at risk, yiel ds a predi c t i o n  of ab out 

6 n a t u r a l l y - o c c u r r i n g  liver cancers. Thus, of the 301 o b 

s erved cases of liver cancers in Ta b l e  II, almost all (295 

cases) are a t t r i b u t e d  to Thorotrast.



1 5 0 MAYS

Intravascular injections of T h o r o t r a s t  mo s t l y  ranged b e 

tw een 10 and 100 ml, a v e r a g i n g  ab out 25 ml in G e rma ny  [7], 23 

ml in D e nmark [8], and 26 ml in Portugal [10]. The a v e ra ge  

injection of 25 ml conta i n e d  about 5 grams of t horium (0.6 

yCi of thor i u m - 2 3 2  w i t h  addi tional rad i o a c t i v i t y  from its 

daughters). When T h o r o t r a s t  is injected intrava scularly, 

w h e t h e r  by ar t e r y  or vein, ab o u t  60?¿ is depos i t e d  in the 

liver [13]. For the injection of 25 ml of T h o rotra st,  the 

a l p h a - p a r t i c l e  d o s e - r a t e  to the liver of a standard man

(assuming that 65% of the а-en e r g y  escapes from the T h o r o 

trast a g g r e g a t e s  and becomes a b s o r b e d  in tissue) is ab out 25 

rad/year [13]. M u l t i p l y i n g  25 rad/ year by the 53,371 person 

•years at risk from T a b l e l l  gives a c o l l e c t i v e  population 

dos e  of 1,33^,275 person*rad. Thus, the risk coefficient, up 

to the time of latest fo l l o w  u p , i s :

295 1 i ver ca ncers _ ________ 221 1 iver cancers________

1 ,3 3 ^ , 2 7 5  p e r s o n - r a d  106 p erson*rad of a radiation

However, this does not include the addi tional risk during the 

remaining lifespans of the survi v i n g  patients.

About 1/4 of the recent dea ths among the T h o r o t r a s t  p a 

tients are fro m  liver ca n c e r  [6,7,9] and this fracti on  has re

ma i n e d  rather constant during the past 10 years [6,7]. Thus, 

an estim a t e d  256 add itional liver cancers are e x p ected among 

the total 1,026 sur viving traced T h o r o t r a s t  patients. The r e  

w e r e  591 s u r v i v i n g  patie n t s  as of year 1977 in G e rma ny  [7 ],

294 as of I97 7 in De n m a r k  [9 ], and 141 as of 197^ in P o r t u 

gal [10]. The age of these survivors averaged about 60 years 

at the last fo l l o w  up. A l l o w i n g  for the toxicity of Thoro- 

trast, a mean additional survival time of ab out 15 years is 

anti c i p a t e d ,  w i t h  individual survival times ranging from 0 to 

o v e r  30 years. T her efore, w h e n  all of these patients have 

died, an ad ditional 1026 persons x 15 yr = 15,390 person- 

years, and an additional 1 5 , 3 9 0 p e r s o n*years x 25 rad/yr = 

38 4 , 7 5 0  persori-rad are predicted. The total combined values 

to the end of lifespan become 557 liver cancers (of whi c h  

about 8 wou l d  be expec t e d  naturally, leaving 5^9 as T h o r o 

trast induced), 68,761 p e r s o n * y e a r s  at risk, and 1,719,025 

pe r son*rad. The projected risk c o e f f i c i e n t  to the end of 

1 i fespan becomes :

549 liver cancers _ ___ 319 liver cancers

1,719,025 p e r s o n * r a d  106 p erson*rad of a ra diation

As an a l t e r n a t i v e  to the a s s u m p t i o n  that the last 10 

ye ars of irradiation are " w a s t e d "  wit h  respect to producing 

an o b s e r v a b l e  liver tumor, one may a s s u m e  that o nly the last
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5 years of irradiation is wasted, in w h i c h  the c o l l e c t i v e  

radiation dose wo u l d  be increased by (3046 p e r s o n s ) (5 y r ) (25 

rad/yr) = 3 30,750 per son*rad. The total c o l l e c t i v e  dose 

w o u l d  then be 38 0 , 7 5 0  + 1,719,025 = 2 , 0 9 9 , 7 7 5  person*rad, and 

the projected risk c o e f f i c i e n t  to the end of lifespan wo u l d  

b ecome 549 liver c a n c e r s / 2 , 0 9 9 , 7 7 5  p erson* rad = 261 liver c a n 

c e r s / 1 0 6 pers o n * r a d  of a radiation.

T he s e  e v a l u a t i o n s  are c o n s i s t e n t  w i t h  a rounded risk c o 

e f f i c i e n t  p r o j e c t e d  to the end of lifespan of:

300 liver c a n c e r s / 1 0 b perso n - r a d  of a radiation' j

This is 3 to 4 times gr e a t e r  than estim a t e s  p r e v i o u s l y  d e 

rived from the T h o r o t r a s t  data by Mays [14] and by Mol e  [15], 

respectively, b e cause these a uthors did not include the f u 

ture risk to the s u r v iving pa tients, they did not ex c l u d e  the 

patients w h o  died before the minimal latent period of 10 

years, and M ole did not e x c l u d e  the wa s t e d  radiation received 

too late to pr o d u c e  an o b s e r v a b l e  tumor. If one corrects for 

these effe cts, the risk c o e f f i c i e n t s  of Mays and of Mole 

w o u l d  become about the same as d erived here.

The r e  are u n c ertainties, however, in a p p lying the T h o r o 

trast risk to liver irradiation from oth e r  а-emitters, such 

as plutoni u m - 2 3 9 .  First, colloidal T h o r o t r a s t  in the liver 

is m a i n l y  tak en up by p h a g o c y t i c  cells [4], wh e r e a s  p l u t o n i u m  

deposits m o r e  u n i f o r m l y  throu g h o u t  all cells of the liver [16] 

Thus, the d i s t r i b u t i o n  of a - p a r t i c l e  radiation amo n g  the vai— 

ious types of liver cells d i ffers initially for p l u t o n i i m  and 

Thor o t r a s t ,  a l t h o u g h  at later times both are c o n c e n t r a t e d  in 

ph a g o c y t i c  cells. Second, the T h o r o t r a s t  patients contain 

several gr ams of t h o r i u m  d i o x i d e  in the liver, w h e r e a s  the 

p e r m i s s i b l e  total - b o d y  burden of p l u t o n i u m - 2 3 9 for ra diation 

w o r k e r s  is o n l y  0.6 m i c r o g r a m s  (0.04 yCi). Therefore, T h o r o 

trast might involve a chemical toxicity that wou l d  certa i n l y  

be i nsignificant for p l u t o n i u m  and oth e r  a c t i n i d e  elements. 

Whe n  (or if) the toxicity ratio of p i u t o n i u m / T h o r o t r a s t  is 

e v a l u a t e d  for liver c a n c e r - i n d u c t i o n  in s u i t a b l e  labo ratory 

animals, an upward or d o w n w a r d  revision may be neces s a r y  to 

ob t a i n  the most a p p r o p r i a t e  liver risk coe f f i c i e n t  for p l u 

ton i u m  and the o t h e r  a c t i n i d e  elements. Until this i nforma

tion can be obtained, the T h o r o t r a s t  risk c o e f f i c i e n t  p r o b 

abl y  shou ld be used as the best presently a v a i l a b l e  estimate. 

However, as will no w be shown, it is u n l ikely that the risk 

c o e f f i c i e n t  for p l u t o n i u m  co uld be over 10 times that d e 

rived for Thorotrast.



Table III. Patients of short life expectancy who lived at least 10 years after the intravenous injection of 
piutonium [17].

Injected Age at Years, Injection to Average Dose to Liver (Rad)

Patient цСi/kg Inj. (Yr) Death or 1 Aug. 1978 at Death or 1978 5 Yr Before 10 Yr Before

Cal-1 0.0608^- 58 20.67 1,460 • 1,173 848

HP-1 0.0040 67 14.25 85 58 28

HP-3 4,0.0043 48 32.7(¿ 226 199 170

HP-6 0.0044 44 32.52- 194 171 145

HP-8 0.0073 41 29.73 282 244 203

HP-10 0.0 053 52 10.89 91 51 8

2,338 1,896 1,402

- Cal-1 received plutonium- 238 (VI) nitrate; the other patients., plutonium-239 (IV) citrate.

- Patients HP-3 and 6 still alive as of 1 August 1978 (personal communicat ion, R. E . Rowland).
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PE RSONS INJECTED WITH P L U T O N I U M

To e v a l u a t e  the r e l a t i o n s h i p  b etween u ri nary e x c r e t i o n  

and p l u t o n i u m  body content, 17 persons of presumed short life 

e x p e c t a n c y  w e r e  injected i n travenously in 19^5 or 19̂ *6 wit h  
p l u t o n i u m  [17,18]. Une x p e c t e d l y ,  6 of these  pat ie n t s  s u r 

vived at least 10 years and 2 w e r e  still al i v e  as of 1 August 

1978 (Table III). No cancers of liver or bone have appeared. 

Furthermore, it seems u n l i k e l y  that any p 1u t o n iu m -induced 

cancers will ap p e a r  in the 2 p r esent survivors b e c a u s e  of 

their a d v a n c e d  ages and the size of their doses.

Dis r e g a r d i n g  the last 10 yea rs of irradiation as "wasted," 

these 6 patients had a c o l l e c t i v e  ]b02 p e r s o n - r a d  of alp ha 

d os e  to the liver. M u l t i p l y i n g  this by the T h o r o t r a s t  risk 

c o e f f i c i e n t  of 300 liver c a n c e r s / 1 0 6 person-r ad,  yie ld s an e x 

p e c t a t i o n  of O.i* cases of liver cancer, in good agree m e n t  

w i t h  the zero cases observed. Howe ver, if the risk c o e f f i 

cient w e r e  10 times higher for p l u t o n i u m  than for Thorotrast, 

then k liver c ancers wou l d  have been pred icted, and the chance 

of having no liver cancers w o u l d  have been very small (P = 

0.02). T h erefo re, it seems very u n l i k e l y  that the risk c o e f 

fi cient for p l u t o n i u m  could ex c e e d  10 times that for T h o r o 

trast. This c o n c l u s i o n  is v ery important b e cause it is based 

on e x p e r i e n c e  w i t h  human irr adiation f rom plutonium.

A TOM IC-B0MB SURVIVORS

Li ver cancers from the tumor registry data at Hiroshima 

and Nagasaki are shown (Table IV). Am ong the A-b o m b  survivors 

followed from 1959 to 1970, those at Nagasaki ex p o s e d  to an 

air kerma abo v e  10 rad showed the same incidence of liver c a n 

cer as those ex p o s e d  be l o w  9 rad. Since nearly all of the 

d ose at Nagasaki was from g a m ma-rays, this suggests that 

spars e l y  ionizing radiation, up to a few hundred rad, is not 

very e f f e c t i v e  in the induction of liver cancer. However, 

the H i r o s h i m a  radiation c o n t a i n e d  a b i o l o g i c a 11y - s ig n ificant 

c o m p o n e n t  of fast neutrons [21-23]. The s e  neutrons, in 

c olli d i n g  w i t h  atoms in tissue, produced d e n s e l y  ionizing 

tracks, somewhat s imi lar to those f rom a - p a r ticles. At H i r o 

shima, 31 liver cancers w e r e  repo rted in p e rsons ex p o s e d  to 

an air kerma abo v e  10 rad, c o m p a r e d  to 2 3 .3 ^ e x p e c t e d  cases 

based on the incidence in th ose e xposed bel o w  10 rad, thus 

yi e l d i n g  an ex cess of 7.66 cases.

In the persons at H i r o s h i m a  e x posed to a kerma of 10 to 

600 rad, the a b s o r b e d  n e utron d ose to the liver gav e  a c o l 

lective 518,693 p e r s o n - y e a r * r a d .  That wou l d  be the relevant



Table IV. Liver cancers, including those of the gall bladder and bile ducts, from the tumor registry data 
I959-I9 7O of the Atomic-Bomb survivors [19].

Kerma (rad) Li ver dose [20]• • • • V Person*yr Person* y r* rad Liver and billa ry cancers

Range Gamma Neutron
Я b

GammaS. Neutron- (1959-1970) Gamma Neut.- Observed Expected Net

'osh ima 

200-600 266.7 94.1 132.4 16.9 15,837 2,096,819 267,645 4 2.15 1.85

100-199 108.6 30.3 53.3 5.5 17,458 930,511 96,019 5 2.37 2.63

50-99 56.8 13.4 27.7 2.4 27,653 765,988 66,367 6 3.76 2.24

10-49 17.6 4.3 8.6 0.8 110,827 
171,775

953,112
4,746,430

88,662

510,693

16

31

15.06
23.34

0.94
7.66

0-9 0.9 0.3 0.4 0.1 448,945 61 61 .00 0.00

jasak i 

200-600 331.5 5.7 156.2 1.0 14,859 2,320,976 14,859 5 3 .7 4 1 .26

100-199 142.9 1.3 67.3 0.2 14,966 1,007,212 2,993 2 3.77 (-)1.77

50-99 70.6 0.2 33.2 0.0 14,034 465,929 0 5 3.53 1.47

10-49 21.5 0.0 10.1 0.0 38,908
82,767

392,971
4,107,088

0
17,852

9
21

9.79
20.83

(-)0.79
0.17

0-9 2.3 0.0 1.1 0.0 119,203 30 30.00 0.00

— Liver gamma dose = 0.47 gamma kerma + 0.075 neutron kerma

— Liver neutron dose = 0.18 neutron kerma
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do s a g e  p a r a m e t e r  If, based on the Nagasaki liver data, the 

g a m m a - r a y  d ose was c o nsidered ineffective. A l t e r n a t i v e l y ,  if 

the relative e f f e c t i v e n e s s  of y r a y s  a v e r a g e d  1/10 of that 

for neutrons [24], the neutron "eq u i v a l e n t "  would be ( O . l ) o f  

(4,746,430) + 51 8,693 = 99 3 , 3 3 6  pe r s o n - y e a r - r a d  of neutron 

dose. Th e c o r r e s p o n d i n g  risk coef f i c i e n t s  for a "plateau p e 

riod" of 30 years (starting at 10 and ending at 40 years 

aft e r  an abrup t irradiation) w o u l d  be:

(a) for n e g l i g i b l e  e f f e c t i v e n e s s  of y-rays.

f-7.66 excess liver c a n c e r s -, , . > 443 liver ca ncers_____

518,693 p e r s o n - y e a r - r a d  1 0 s pe rs o n - r a d  neut. dose

(b) for Y-rays 1/10 as e f f e c t i v e  as fast neutrons.

j-7.66 excess liver c a n c e r s i / ч _ 231 liver cancers

1 9 9 3 , 3 3 6  p e r s o n - y e a r - r a d  106 p e rson-rad neut. dose

Th e s e  results support the risk c o e f f i c i e n t  of 300 liver 

c a n c e r s / 1 0 6 p e rson*rad of d e n s e l y  ionizing a - r a d i a t i o n  as d e 

rived fro m  the T h o r o t r a s t  e x p e r i e n c e  for whi c h  the statistical

si g n i f i c a n c e  is very much better. T h e  A-b o m b  results have the 

a d v a n t a g e  that they represent relatively u n i f o r m  irradi ation 

of liver tissue (in c o n trast to the focal d e p o s i t i o n  of T h o r o 

trast), and are not c o m p l i c a t e d  by the p o s s i b i l i t y  of chemical 

to x icity (which might exi st from the 3 gra ms of th o r i u m  in the 

liver of a typical T h o r o t r a s t  patient). Howev er, the A-bomb 

data have severe statis tical limitations: At Hiros h i m a  the

liver tumor excess of 7.66 ca ses has a standard d e v i a t i o n  of ± 

6 . 3 2 cases. Furthermore, w h e r e a s  the a c c u r a c y  of diagn o s i s  is 

ge n e r a l l y  good in the tumor registry data, the data ar e in

complete, e s p e c i a l l y  for Hiroshima, and have not been inves

tigated for possible bias in reporting and dose assig nment.

The most important c o n c l u s i o n  from the A-bomb results is 

that the true risk c o e f f i c i e n t  for radiat ion-induced liver 

cancer seems u n l i k e l y  to ex ceed, by a large factor, that d e 

rived from the T h o r o t r a s t  data.

R E C O M M E N D E D  R ISK COE F F I C I E N T S

For a p o p u l a t i o n  of mix ed ages at the start of liver ir

radiation, the best e s t i m a t e  of the c u m u l a t i v e  risk during 

the remaining lifespan is p r e s e n t l y  regarded as that derived 

from а-emit t i n g  Thorotrast:
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R isk from d e n s e l y  ionizing radiation (a and fast neutron)

____ 300 liver cancers

1 0 6 pers o n * r a d  of high LET

Dividing the ab o v e  by the qu a l i t y  factor of 20 curre ntl y 

r e c o mmended in ICRP report 26 for a - r a d i a t i o n  [24]:

Risk from s p a rsely ionizing radiation (x-ray, у and 3)

_ 15 1 i ver cancers_______

106 pers o n * r a d  of low LET

T h e r e  are 3,0^6 traced E u r opean T h o r o t r a s t  patients who 

lived at least 10 years after injection. Whe n  all of these 

pati ents  have died, they are projected to have about 68,761 

p e r s o n * y e a r s  at risk beyong the first 10 years, or an a v e r 

age of about 23 years at risk, from 10 years after injection 

to their end of life. Dividing the preceding life span risk 

c o e f f i c i e n t s  by 23 years, the following risk rate c o e f f i 

c ients are obtained:

Risk rate from d e nsely 

ionizing radiation

Risk rate from sparsely 

ionizing radiation

13 liver cancers per YEAR 

1 0 6  p e r so n* rad  of high LET

0.7 liver ca ncers per YEAR 

1 0 6  p e rso n* rad  of low LET

D I S C U S S I O N  OF THE R ISK FROM LIV E R  CANCER

Since  nearly all hum an liver cancers  are fatal, the m o r 

tality is a p p r o x i m a t e l y  equal to the incidence [25].

It is u n known  w h e t h e r  c h i ldren or adults are the most sus 

c e p t i b l e  to r a d i a t i o n - i n d u c e d  liver cancer. Suita b l e  life- 

ta ble a n a l y s e s  of the T h o r o t r a s t  patients, g rouped by age at 

injection, mi ght resolve this uncertainty. Relevant i nforma

tion on s u s c e p t i b i l i t y  vs. age should be a v a i l a b l e  w i t h i n  sev 

eral years from e x p e r i m e n t s  in progress at the Univ e r s i t y  of 

Utah on the e f f e c t s  of p l u t o n i u m  injected into beagle puppies 

young ad ults, and old e r  adults [26]. Until d e f i n i t e  informa

tion is ob ta i n e d ,  the same ris k- r a t e  c o e f f i c i e n t  is rec o m 

m e n d e d  for all ages at irradiation.

The p o s s i b l e  chemical toxic i t y  of T h o rotrast, and the 

d i f f e r e n c e  b e tween the d i s t r i b u t i o n  of p l u t o n i u m  and T h o r o 

trast in liver tissue, raises an im portant q u e s t i o n  on how
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reliably the liver risk c o e f f i c i e n t  for T h o r o t r a s t  r e p r e 

sents that for p l u t o n i u m  and the oth e r  a c t i n i d e  elements.

This u n c e r t a i n t y  is likely to remain unres o l v e d  until the 

ratio of p l u t o n i u m  tox iсity/Thorotrast toxicity is evalu a t e d  

in s u i t a b l e  laboratory animals, or until d e f i n i t i v e  results 

o c c u r  among the increasing number of p l u t o n i u m - c o n t a m i n a t e d  

pers ons. In the a b s e n c e  of be t t e r  data, the T h o r o t r a s t  c o 

e f f i c i e n t  is used, w i t h  the real i z a t i o n  that the true risk 

f rom p l u t o n i u m  could be ei t h e r  g reater or less.

From data on the long- t e r m  German T h o r o t r a s t  patients 

living to 1968 or later [7 ], the incidence of liver cancer 

se ems to be s o m ewhat linearly proportional to dose, a l t h o u g h  

a l t e r n a t i v e  d o s e - r e s p o n s e  r e l a t i onships c a n n o t  be excluded. 

Since ove r  30% of the radiation dose f rom T h o r o t r a s t  is from 

a - p a r t i c l e s ,  it seems r e a s o n a b l e  in the light of present 

knowledge, to as s u m e  a linear d o s e - r e s p o n s e  for the induction 

of liver ca n c e r  by o t h e r  а-emitters, such as p l u t o n i u m -2 3 9 . 

H owever, the d o s e - r e s p o n s e  r e l a t i o n s h i p  for the induction of 

liver c a n c e r  by g -emitting семит-1*й in rats is strongly 

c o n c a v e  upwards [27]. This result, and the lack of exce ss 

liver cancers in the Nagasaki survivors w h o  received gamma - r a y  

doses up to a few hundred rad [19], su ggest that the d o s e - r e 

sponse for liver cancer induction in man fro m  s p a r s e l y - ioniz- 

ing radiation may als o  be c o n c a v e  upwards rather than linear. 

Thus, the true risk to the liver from low doses of x-rays, y- 

rays, and g - p a r t i c l e s  could be c o n s i d e r a b l y  less than indi

cated from a linear risk c o e f f i c i e n t  for low LET radiation o b 

tained by d i v iding the linear risk c o e f f i c i e n t  for high LET 

radiation by an a s s u m e d  c o n s t a n t  RBE of 20. The r e  is i n cre as 

ing e v i d e n c e  from a number of d i f f e r e n t  biological systems 

that the r e l ative biological e f f e c t i v e n e s s  of high vs. low LET 

radiation is not constant, but increases as the dose decreases 

[22,23].

RI S K  FROM INHALED 2 3 9 Pu

If a 70-kg " r e f e r e n c e  m an"  inhales 1 yCi 2 3 9 Pu of r ela

tively insoluble "class Y" p a rticulates, having a m e d i a n  a e r o 

dy n a m i c  d i a m e t e r  of ab out 1 ym, the a v e r a g e  org a n  doses 50 

years later w o u l d  be about 40 rad to the 1800-gram liver, 30 

rad to the 1000- g r a m  lung (excluding its lymph nodes), and 13 

rad to the 7 0 0 0 - g r a m  skele t o n  (excluding the m a r r o w ) [14]. The 

c o r r e s p o n d i n g  endosteal dose w o u l d  be ab out 120 rad (or 9.27 

times the a v e r a g e  skeletal dose, a d j u s t i n g  the results of 

Marshall and Gr oer [28] from the 5 0 0 0 - g r a m  m i n e r a l i z e d  bone 

to the 7 0 0 0 - g r a m  m a r r o w  free s k e l e t o n , and a s s u m i n g  that half
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of the skeletal p l u t o n i u m  decays on bone surfaces whi l e  the 

ot h e r  half decays w i t h i n  bone volume).

For a - p a r t i c l e  irradiation, the lifespan risk c o e f f i 

cients, in terms of a v e r a g e  organ doses, are estim a t e d  to be 

about 300 liver c a n c e r / 1 0 6 perso n - r a d  from the Thor o t r a s t  p a 

tients, 200 lung c a n c e r s / 1 0 6 p erson*rad from the A-bomb s u r 

vivors [14], and 200 bone s a r c o m a s / 1 0 5 perso n * r a d  f rom German 

patie n t s  receiving long protracted irradi ation from repeated 

injections of 22l+Ra [14]. Dividing the last coef f i c i e n t  by 

7.5 (which is the ratio of endosteal d o s e / a v e r a g e  skeletal 

dose for 22l+Ra and its daughters, d e c a y i n g  half on bone s u r 

faces and half w i t h i n  bone volume), the bone risk c o e f f i c i e n t , 

in terms of endosteal d o s e , is abo ut 27 bone s a r c o m a s / 1 0^ p e r 

son-rad.

M u l t i p l y i n g  the do ses by the c o r r e s p o n d i n g  risk c o e f f i 

cients, the fol lowing life time cancer incidences per inhaled

y С i of r e latively insoluble 2 3 9 Pu are predicted:

Liver cancer r,„ r300 liver cancers-, . _0/
-, = [40 rad] [ ^ W ? -------------- г— ] = 1.2%

incidence 10 b person-rad

Lung ca n c e r  ,, r200 lung cancers-, „ ,0/
• .. = 130 rad] [—tttc----  -------- ] = 0.6%
incidence 10° perso n- rad

Bone sarcoma _ r i o n __t1 r27 bone sarcomas-, _ „ n0/
• • i I I  ь  u f- 3 d I I — i и i  j
in cidence 10° person-rad

Total incidence of 2 3 9 Pu-in d u c e d  ca ncers = 2%

It may be c o n v e n i e n t  for planning pu rposes to as s u m e  that if 

100 persons each inhaled 1 у С i 2 3 9 Pu, abo ut 2 of th ese persons 

mig ht die from p i u t o n iu m -in duced cancer.

Th e true risks from 2 3 9 Pu-induced cancer may be g reater 

or less than the foregoing estimates. However, the present 

lack of d e f i n i t e l y - p r o v e n  p i u t o n iu m-induced cancers in man 

suggests that the true total risk is u n l ikely to exceed 10- 

times the p r e s e n t l y  predi c t e d  total.

In c o n clusion, addi tional studies in laboratory an imals 

and c o n t i n u e d  fo l l o w  up of irradiated hu man popu l a t i o n s  are 

needed to unde r s t a n d  the m e c h a n i s m s  of c ar c i n o g e n e s i s  and to 

improve the v a l i d i t y  of risk est im a t e s  for radiat ion-induced 

cancer.
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DISCUSSION

R.E. ROWLAND: I note that your estimation o f  the risk o f  liver cancer 
from plutonium  is based on both the observed liver cancers from Thorotrast 
and an estimate o f  future cancers. The observed risk is 221 liver cancers per 106 
person rads. To obtain the required number o f  person rads you assume that 
one out o f  four for the 1000-plus living cases will have liver cancer and you  
estimate how long they will live. The assumed numbers, cancers and doses are 
combined with observed data and the result is that the risk is increased by 
about 50%. Would you com m ent on the validity o f  this m ethod o f  obtaining 
the liver cancer risk estimates?

C.W. MAYS: On the basis o f  present trends, there is no doubt that a large 
number o f  the living Thorotrast patients are doom ed to die from liver cancer.
The current ratio o f  one liver cancer per four deaths has remained rather constant 
over the past ten years. This means that for this aging population the yearly
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risk o f  liver cancer is increasing in proportion to the increasing death rate from  
all other causes. The yearly risk shows no sign o f  decreasing or even levelling 
out. This is probably because the liver dose is continually increasing with time 
and liver cancer tends to  appear many years after the initial exposure. It is 
therefore logical to expect that the final risk coefficient for liver cancer, when 
all the patients have died, will exceed the present risk coefficient restricted to 
incom plete observations.

V. VOLF: Would you expect a difference in risk from the different 
distribution pattern for Thorotrast and plutonium in the liver?

C.W. MAYS: Thorotrast and the long-lived transuranics are similar in that 
they are alpha emitters, give protracted radiation and can cause cancer. Yet 
there are differences — the average injection o f  25 ml o f  Thorotrast contained 
about 5 g o f  thorium, the chemical toxicity o f  which might enhance radiation 
effects. On the other hand, the deposition o f  Thorotrast is punctate, which 
fact might decrease the radiation risk by a therapeutic destruction o f  
‘premalignant’ cells and by providing zones relatively free from radiation where 
undamaged stem cells can divide and replace those destroyed. In the liver, 
Thorotrast is deposited primarily in the Kupffer cells, whereas the transuranics 
accumulate both in hepatocytes and Kupffer cells: it is not known which o f  
these regions would be susceptible to cancer induction by alpha-particle irradiation.

The hepatic carcinogenicity o f  the transuranics, relative to Thorotrast, 
involves too many uncertainties for it to  be evaluated theoretically. Hence we 
plan to evaluate it experimentally in co-operation with Professor Alexander Kaul 
o f  the Free University o f  Berlin. Taking as our basis the m odification o f  an 
idea proposed nearly 30 years ago by Professor Robley Evans o f  MIT, we plan 
to evaluate the risks o f  liver cancer induction and then use the following 
toxicity  ratio approximation:

We shall study several animal species, such as the grasshopper mouse, the 
deer mouse and the beagle, which exhibit prologed retention o f  the transuranics 
in the liver and a low spontaneous incidence o f  liver disease. In each species 
som e animals will receive graded doses o f  Thorotrast while others will be given 
graded doses o f 241 Am. We chose 241 Am because the deposition o f  americium, 
o f  all the transuranics, is the highest in liver and the lowest in bone.

If similar toxicity  ratios are found among several o f  the animal species, it 
will suggest that a similar ratio is likely in man. The transuranic risk in man 
will then be estimated by multiplying the known Thorotrast risk in man by the 
actinide/Thorotrast toxicity ratio established experim entally in animals. The 
m ethod is only an approximate one but from a practical standpoint it appears
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to be the best means o f  using the Thorotrast risk in man to make a reasonably 
reliable determination o f  the transuranic risk to the human liver.

D. GRAHN: How sensitive is your liver cancer risk estimate to changes in 
the denominator, i.e. if  you add back most o f all the last ten years o f  exposure 
so as to  increase the person rad number in the denominator, what change would 
this bring in your risk-coefficient? I ask this question because the ‘wasted 
radiation’ concept is not appreciably supported by the extensive duration-of-life 
animal experiments that have been carried out at Argonne National Laboratory.

C.W. MAYS: The number o f  liver cancers per million person rads o f  
alpha radiation from Thorotrast is 319 (disregarding the dose during the last 
ten years), 261 (disregarding the last five years) and 221 (assuming no wasted 
radiation). Thus, compared with other uncertainties, this risk coefficient is 
rather insensitive to assumptions regarding the amount o f  wasted radiation.

D.M. TAYLOR: I must congratulate you on a most interesting paper.
The implication o f  your findings is that the risks o f  cancer from Thorotrast or 
plutonium -239 are simply additive to the natural risk. However, the incidence 
o f cancer at specific sites varies considerably in different parts o f  the world — 
for exam ple, primary liver cancer is rare in Europe, but com m on in certain parts 
o f  Africa, where dietary factors are no doubt very important. Furthermore, 
lung cancer incidence in Japan is much lower than in the United Kingdom.
Mr. Métivier and associates have presented evidence o f  the synergistic effects 
o f  radionuclides and environmental carcinom as.1

I think it is important that possible synergism with environmental factors 
should be considered in assessing the risk from internally deposited radionuclides. 
Have you included this difficult problem in your risk estimates?

C.W. MAYS: This is a very important point. I believe that liver toxins 
probably com bine with radiation and produce a synergistic increase in the risk 
o f  liver cancer. A lcohol, or chemicals associated with alcoholic beverages, might 
serve as promoting agents. I read in a newspaper last year that the average 
consum ption o f  the Japanese rice wine ‘sake’ per adult in Japan is about one 
sixth o f  a litre per day, while in Portugal, which has the highest rate o f  cirrhosis 
o f the liver in the world, the average adult consumes, I would guess, from
0.5 to  one litre o f  red wine per day. So Thorotrast patients in different countries 
consume different average amounts o f  alcohol. At a Thorotrast meeting held by 
WHO in 1977 I urged that an effort be made to record, in the case o f  living 
Thorotrast patients, the average amount o f  each type o f  alcoholic beverage 
consumed per day and the average number o f cigarettes smoked per day. If this 
were done, the follow-up o f  such patients could help us obtain some valuable 
information on synergism.

1 Paper IAEA-SM-237/33, these Proceedings.
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Yu. I. MOSKALEV: When assessing the risk o f  liver cancer you made use 
of mean doses. What were the dose levels around the ‘hot particles’? This is 
an important question since the liver cancers occurred around these particles 
even though a large part o f the energy was lost.

Furthermore, Thorotrast not only causes liver cancer but also produces 
tumours in other tissues, such as leukaemias, osteosarcomas, lung cancers and 
so forth. Did you therefore try to assess the risk o f  cancer in these tissues per 
rad o f  mean dose? If so, what were the values obtained? Did you compare 
the data with the risk levels for the incorporation o f  239Pu and other transuranics?

C.W. MAYS: The local doses from Thorotrast vary so widely that I would 
hesitate to give you  a single figure. For a typical injection o f  25 ml o f  Thorotrast, 
Professor Kaul calculates that in the liver 35% o f the alpha energy is absorbed 
within the Thorotrast aggregate, while 65% is absorbed within the tissue2.

I have taken the number o f  malignancies among the German, Danish and 
Portuguese Thorotrast patients as o f  1974 from the excellent review paper by 
Robin Mole3. From these I subtracted figures for the natural incidence based 
on national cancer statistics in order to obtain the number o f  malignancies 
attributable to Thorotrast.

MALIGNANCIES IN 4000  EUROPEAN THOROTRAST PATIENTS (1974)

Observed E xpected Excess

Liver cancers 245 4 241

Leukaemias 44 3 41

Lymphoid malignancies 10 2 8

Multiple myelomas 5 1 4

Lung carcinomas 43 16 27

Pleural mesotheliom as 5 0 5

Osteosarcomas 6 1 5

Before the risk coefficients are com puted, the patients who died before the 
end o f  the minimal latency periods should be deleted and due allowance made 
for wasted radiation.

2 Health Phys. 35 (1978) 1 13.
3 Health Phys. 35 (1978) 167.
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The following points are important: ( 1 ) the number o f  liver cancers greatly 
exceeds the total o f  all other cancers induced by Thorotrast; (2) leukaemias 
were the second most frequent form o f Thorotrast-induced malignancy;
(3) although Thorotrast concentrates in the lym ph nodes, relatively few  
lymphoid malignancies were induced. Hence lymphoid tissue is relatively 
insensitive to the induction o f  cancer by alpha-particle radiation; (4) a few  
multiple myelomas were induced; (5) the increase in lung cancer is uncertain, 
since it is not known how the smoking habits o f  the Thorotrast patients compare 
with those o f  the population at large; (6) a few  pleural m esotheliom as were 
induced; and (7) the number o f  osteosarcomas induced is less than the number 
o f leukaemias, although for a typical injection o f  25 ml o f  Thorotrast the 
endosteal dose rate o f  16 rad/a exceeds the 9 rad/a dose rate to red marrow. As 
o f  February 1979, a total o f  15 osteosarcomas had been reported in the literature 
for Thorotrast patients throughout the world.
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Abstract

MORTALITY RATES AMONG WINDSCALE AND CALDER WORKERS: A FIRST 
REPORT ON DATA COLLECTION AND PREFERRED METHOD OF ANALYSIS.

The paper describes the progress made in a retrospective study of all employees who 
have worked at the Windscale and Calder Works site of British Nuclear Fuels Limited up to 
the end of 1975 inclusive. The study aims to supplement the evidence already available 
concerning employees in post and that which will accrue from the National Radiological 
Protection Board’s National Registry of Radiation Workers, the effective date of which is 
1 January 1976. A general description of the demography of the work-force is provided. The 
value of the study is critically dependent on the availability of an accurate, comprehensive 
data base. The methods of data collection are described, with some comments on the efficiency 
of the processes. The opportunity is also taken to describe the preferred method of statistical 
analysis and inference, but no results are available except by way of illustration of the statistical 
method, because of the presence of bias in the data at this intermediate stage of data assembly.

1. INTRODUCTION

Radiological protection standards are promulgated by 
the International Commission on Radiological Protection. It 
is however recognised that there is a need for continuing 
investigation and that controlled mortality studies of 
workers exposed to radiation have a significant contribution 
to make. In the UK the longest continuous record of workers 
exposed to radiation exists within British Nuclear Fuels 
Limited and the United Kingdom Atomic Energy Authority, from 
which BNFL was formed. Some simple studies have been

167



TABLE I - Comparison of Actual to Expected Deaths Windscale and Calder 
Site - Male Employees and Pensioners 196 2-1975 Inclusive

Cause of Death
ICD
No.

Pensioners Aged Under 65 
and Employees

Pensioners Aged 
65 and Over

All Employees and 
Pensioners Ratio 

A : E
Actual Expected Actual Expected Actual Expected (All)

All Causes 296 360 150 184 446 544 0.82

All Neoplasms 140-239 72 97 33 43 105 140 0.75

Diseases of 
Circulatory System 390-458 176 157 81 89 257 246 1.04

(Ischaemic Heart 
Disease) (410-414) (138) (113) (60) (54) (198) (167) (1.20)

Diseases of 
Respiratory System 460-519 11 37 14 31 25 68 0.4

Diseases of 
Digestive System 520-577 3 9 6 4 9 13 0.7

Accidents and 
Violence E800-999 19 27 2 3 21 30 0.7

Others 15 33 14 14 29 47 0.6

Extract from Evidence given by P W Mummery to the Windscale Inquiry
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published by these organisations and by the National Radiological 
Protection Board (see for example Table I) . Discussions led to 
the setting up by the NRPB of a National Register for Radiation 
Workers initially with effect from 1 January 1976. BNFL, 
together with its Staff and Trade Union representatives, 
encouraged individual workers to consent to relevant data being 
put on the Register.

As seen from BNFL's point of view this arrangement pro
vides for the concentration of effectively all present and 
future radiation worker data in the National Register. The 
Register ensures that information will be kept up to date in
respect of each worker and can be used as a basis for analysis
by NRPB independently of other organisations. There are how
ever a number of other factors of importance:

i the maximum amount of data which can practicably
be obtained about past employees should also be
collected. This will enable data to be obtained
as early as possible covering the maximum number 
of man rems over the longest period since exposure 
began. In addition, by limiting the quantity of 
data not available for inclusion in any analysis, 
the potential for bias in resulting estimates will 
be reduced;

ii such data should be collected for all BNFL employees 
and ex-employees, whether radiation workers or not, 
so as to complement the existing policy of applying 
extensive occupational health and welfare functions 
to all employees;

iii BNFL should have the capability for carrying out
and commissioning the collection and analysis of such 
data to ensure that its own priorities, in 
consultation with its own employees, can be 
recognised but this should preferably be done in 
a way which includes participation by independent 
specialists.

Accordingly m  1976 BNFL decided to employ a consultant 
to assist in investigating the practicability of data collec
tion for ex-employees, and a preliminary trial was undertaken 
with a selected part of the ex-employee population of the 
Windscale and Calder site. The site was chosen because of its 
long history and its large number of radiation workers. As a 
result of the trial it was decided to collect data for all ex- 
employees at the site. On the basis of the futher experience 
gained, it was decided in November 1978, in conjunction with
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UKAEA, to extend the study to all BNFL and UKAEA sites. It 
had also been decided to set up a BNLF epidemiological study 
team and subsequently arrangements were made for the consultant 
previously mentioned to carry out his own independent 
epidemiological studies.

Recalling that the effective date of the NRPB National 
Register is 1 January 1976 the initial data collection 
exercise is confined to employees whose employment began 
before 1 January 1976: It is the intention however to analyse
all of the data corespondi.ng to both past and current Windscale 
and Calder site employees.

Arrangements have been made for the data obtained for ex
radiation workers to be added to the NRPB's National Register 
so that the original objective, of ensuring maximum data in 
the Register at as early a date as possible, is maintained.

This paper is a first report on the study of employees 
at the Windscale and Calder site. No analysis of mortality is 
included since insufficient data has yet been obtained on the 
ex-employee population to enable this to be done. However it 
is believed that a description of the organisation of the study, 
a discussion of the effectiveness of the data collection pro
cess, and an indication of the method of analysis proposed 
will be of general interest. It is the intention to publish 
analytical results as soon as they become available.

2. ORGANISATION OF THE STUDY

When work began at Windscale in July 1976 to produce a 
definitive assembly of the facts needed for a comprehensive 
epidemiological study, there was no experience within the 
Company of obtaining ex-worker data. The study has therefore 
served as a pilot in this respect.

Four distinct functions need to be identified in a study 
of this sort, three of which are represented by the authorship 
of this report. First there must be adequate supervision of 
all medical aspects. In the case of the BNFL study,.the Chief 
Medical Officer has acted as the focal point for the entire 
exercise. Secondly, thorough attention must be paid to data 
collection. Experience to date has endorsed the view that 
success can only be ensured if there are dedicated teams at each 
site to assemble, validate and control the transmission of data. 
The third function is that of analysis. Here it is believed 
that intentions must be well formed at the outset so that 
direction, guidance, and drive can be given to the whole study, 
and especially to the data assembly process.
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The final function is one which cannot be provided from 

within the Company, viz a monitoring of the study by independ
ent specialists. The Company has been fortunate in obtaining 
the services of Mr P G Smith, Imperial Cancer Research Fund,
Cancer and Epidemiology Trials Unit, University of Oxford and 
Dr A W F Edwards, Reader in Mathematical Biology, Department of 
Community Medicine, University of Cambridge. Mr Smith, in 
addition to acting as the Company's epidemiological consultant, 
has also monitored the recovery of mortality data. He will also 
be conducting independent analyses of the data. Dr Edwards is 
acting as consultant to the Company on matters of statistical 

analysis.

3. THE POPULATION UNDER STUDY

3.1. Numbers of Workers and Years of Experience

Assembly of the nominal roll of the individuals who have 
worked at Windscale and Calder has been greatly facilitated by 
the fact that, from 1950, each new entrant has been assigned a 
"В-number", which he retains even if he terminates and subsequently 
recommences employment at the site. By the end of 1975, a total 
of 14142 В-numbers had been issued. For completeness the 295 

employees whose employment terminated prior to 1950 have also 
been identified. Few of these early employees were radiation 
workers. Of the total of 14,437 employees, some 10,000 had left 
employment by the end of 1975.

Since 1950, the В-number sequence is, in general, in 
chronological order of entry. The relationship between entry 
number and date of entry, shown in Figure 1, is therefore 
indicative of the recruitment pattern. Integration under the 
curve shows that, without adjustment for death, there is a 
total of about 200,000 man-years of follow-up expérience to the 
end of 1975. About half of this experience relates to periods 
of employment at Windscale.

As noted in the introduction a cut-off date at the end of 
1975 has been adopted in view of the assembly of information in 
the National Register for Radiation Workers from 1.1.76. The 
study is, however, an on-going one with deaths after 1975 being 
reported. Furthermore, it will be possible to obtain informa
tion from NRRW to extend the analysis to cover employees joining 
in later years. It may therefore be of interest to note that 
by the end of 1980 the study will cover more than thirty years 
and will be based on a total of 272,000 man-years relating to 
those joining before 1976, and a further anticipated 14000 man- 
years relating to those joining after that date.
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Years to  End 1975 

FIG.l. Available experience according to В number-date relationship.

3.2. Characteristics of the Population

A number of characteristics need to be identified if a 
meaningful epidemiological study is to be conducted. Among the 
more obvious are sex, age, worker category (industrial/non
industrial), and a measure of the factor of greatest interest, 
radiation. Other factors will also be significnat: other 
statistics characterising the individuals employment, eg year 
of joining, length of service, and factors other than radiation 
which may be confounded with radiation: place of birth, 
previous employment, smoking habits, etc. It is our intention
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to take all of these factors into account as concomitant 
variables as far as is possible.

The proportion of males in the population is of the order 
of 90% or, in round numbers, 13000 workers. There is unlikely 
to be sufficient information from the female proportion for 
very reliable estimates of mortality patterns to be made.

Employees have been recruited at ages distributed through
out the working age range (16 years to 64/5 years). Typically 
a recruit might be in his early 30's, though the pattern will be 
different for industrial and non-industrial employees.

Non-industrials constitute about 30% of the worker 
population.

Non-radiation workers, ie those who are not routinely 
issued with film badges because their work does not take them 
into radioactive areas, have been included in the study. They 
constitute about 15% of the total population.

The average radiation dose to radiation workers over the 
period was of the order of 1 rem per year. The dose distribu
tion is highly skew. Thus, though the general level is higher, 
the spread is similar to that reported in the Hanford studies.
In all, to the end of 1975 the population experienced a total 
of 100,000 man rem. (125,000 man rem to end 1980, predicted.)

The distribtuion of length of service is also skew, with 
a long upper tail. It is a remarkable fact that proportions 
lying between about a fifth and a quarter of all the early 
cohorts are retained, the proportions being higher in the case 
of radiation workers, much less for non-radiation workers. The 
percentage figures are shown in Table II.

4. DATA COLLECTION

4.1. General

Information for the study which might be expected to be 
available at Windscale is conveniently categorised as personnel 
data, radiation history data and medical. There has been a 
statutory requirement to maintain radiation and medical records 
and these are held on site (except in the case of the medical 
dossiers of employees transferring to another BNFL/AEA site).
The maintenance of personnel files has been dictated solely by 
administrative considerations but it has, in fact, been possible 
to identify the relevant information.
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TABLE II - Percentage of Early Workers Still 
in Employment at the End of 1975

Year of 
Recruitment

Non-radiation
Workers

Radiation
Workers

All
Workers

1950,51 4.1 32.6 22.9

1952,53 0.8 27.5 19.8

1954,55 4.7 34.5 24.8

1956,57 3.7 33.7 24.5

1958,59 5.4 31.4 26.1

1960,61 6.5 27.5 22.1

1962,63 20.5 * 29.3 26.6

1964,65 9.2 32.3 22.6

* Based on a small number of employees

The available data can also be typed according to whether 
it is of direct use for epidemiological analysis or is of value 

for tracing the mortality data for ex-employees via national 
records. In some cases a data item is required for both of 
these purposes. Table III shows the data items collected for 
this study and indicates the category into which each falls.
All the items to be used for analysis purposes are needed for 
each employee, whereas the number of items necessary for 
tracing an ex-employee may vary from a minimum of three to all 
eleven of the items indicated in the table.

4.2. On-Site Data Collection

From the outset, the Company has recognised that for this 
type of project the creation of a specialist, dedicated, team 
is essential and that good co-operation with the data source 
departments must be ensured, with clear lines of liaison and 
communication established before commencement. Subsequent 
experience has fully borne out this view.
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The initial task of the team at Windscale was to conduct 
a detailed examination of all data sources and data handling 
procedures in order to determine the optimum way of proceeding. 
Each department has maintained its records independently, 
changing its method of record keeping from time to time accord
ing to its own requirements. Only in the case of personnel and 
health physics records has on-site computerisation occurred; no 
retrospective transcription of data was carried out when 
computer files were created during the 60's. Thus the major 
effort of data collection has been the interrogation of document 
and a judgement had to be made whether to maximise efficiency 
of search operations by extracting all of the data from a single 
source before moving to the next source or whether to attempt 
completion of each individual's dossier. The first of these 
procedures was chosen. Computer files are created using the 
data from each source and the information is then cross-checked 
with respect to selected identity data against files already 
entered. After correction, as necessary, the files are then 
merged to condense the data into three compatible files:- a 
personnel file, a radiation file and a mortality file. There 
are, however, some disadvantages in adopting this procedure: 
in particular no single record is completed virtually until the 
end of the exercise and, additionally, much work is involved 
in the correction operations prior to merging the computer files 
Consideration is therefore being given to the creation of 
computer records on an employee by employee basis at other 
sites.

At the time of writing, some 13,900 computerised records 
have been generated by the above process at Windscale. The 
remaining cases , about 500, are those in which certain 
essential data items have been particularly difficult to 
obtain, often because the period of employment has been very 
short, ie days rather than weeks or months. Specialised 
searches are being conducted to capture this information.

4.3. The Tracing Process

The object of the tracing process is to obtain data or. 
the mortality status of the 10,000 or so past Windscale workers 
through a single, central body, the Office of Population 
Censuses and Surveys (0PCS). The tracing process involves the 
preparation of ’’tagging cards” at Windscale. The preferred data 
to be included on these cards is:

SURNAME

INITIALS

NATIONAL HEALTH SERVICE NUMBER



TABLE III - Data Items Collected at Windscale

—j 
On

REQUIRED FOR CATEGORY

Tracing Analysis Personnel Radiation Mortality

1 Surname * *

2 Initials * *

3 Full Forenames * *

4 Maiden Name * *

5 Date of Birth * * *

6 Sex * * *

7 Address and Date Applicable * *

8 GP's Name & Address & Date Applicable * *

9 Personal Identity Number * *

10 National Health Service Number * *

11 National Insurance Number * *

12 Type of Worker - Industrial/Non-Industrial * *

13 Employment Starting Date(s) * *

14 Employment Finishing Date(s) * *

15 Reason for Termination * * л

16 Radiation Work Starting Date(s) * *

17 Radiation Work Finishing Date(s) * *

18 Whole Body Radiation Dose - Year by Year * *

19 Plutonium Worker - Yes or No * *

20 Date of Death ■k *

21 Causes of Death ■k *

CLOUGH 
et al.
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as this provides the most successful, and cheapest tracing 
route. However, the NATIONAL HEALTH SERVICE NUMBER is rarely- 
recorded at Windscale and although we have had some success in 
obtaining these numbers through the local FAMILY PRACTITIONERS 
COMMITTEE most tracing has been done using a second choice set 
of data:

SURNAME

FULL FORENAMES

DATE OF BIRTH

The cards, when completed as above, are despatched to 
OPCS and returns are received at intervals showing their 
progress in tracing. These returns provide the following 
information:

i the number of cases identified where the individual 
is still alive;

ii the number of cases identified where the individual 
is dead - in these cases photocopies of the original 
tagging cards, with details of date and causes of 
death, are also returned;

iii the number of cases identified where the individual
has emigrated from the UK - in these cases photo
copies of the original tagging cards, with the date
of embarkation, are also returned;

iv the number of cases untraced - in these cases the 
original tagging card is returned so that further 
data (eg items 7 and 8 from Table III) may be 
searched for, added to the tagging card and this 
then returned to OPCS for a further tracing attempt.

'To date some 9490 cards have been supplied to OPCS and 
returns received for 6390 of these, the 3100 remaining cards 
still being put through the tracing process. Of the 6390 so
far accounted for 6050 have been successfully traced as
follows :

traced alive - 4966

traced deceased - 775

traced embarked (inc Armed Forces)- 309
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Of the 340 cards returned as untraced in a first pass 
through OPCS, 282 have now been returned to OPCS with 
additional data supplied for a further tracing attempt.

The consultant (PGS) is provided with copies of informa
tion sent to OPCS and OPCS provide him with copies of their 
return to BNFL.

5. EFFICIENCY OF THE DATA COLLECTION PROCESS

5.1. Relative Availability of Data

Except for a small hard core of cases where data may not 
be recorded, normally because the period of service has been 
very short (days rather than months), the collection of 
personnel data is virtually complete. No particular difficul
ties are foreseen in the validation and incorporation of the 
radiation records in a form which can readily be utilised for 
epidemiological analysis, and good progress has been made in 
tracing employees to detern.ine mortality. Thus there is con
fidence that a definitive, comprehensive, data bank will 
eventually be made available by the processes which have been 
put in hand. There are some remarks which are worth making 
about the extent of information available, at intermediate 
stages of data assembly.

The major division is into survivors and those who have 
died up to the end of the period of study. If further divisions 
are identified it becomes clear that the identification of 
individuals in some of the sub-groups is more easily 
accomplished than it is in other cases. Thus the data for 
current employees, all of whom belong to the class of 
survivors, are all known to the Company. Similarly the Company 
has its own records of death in the case of those who died 
"in-post" and those who died in superannuated retirement.
However the current (compulsory) superannuation schemes did not 
exist at the beginning of the study period: the non-industrial 
fund began in 1954 and the industrial scheme in 1959. Before 
these dates and in all those other cases, in which workers left 
for reasons other than retirement, mortality data are being 
obtained by the tracing operations using the national records.
At this point in time a first-pass search has been completed 
on a non-random selection of some two thirds of the names sub
mitted to OPCS overall.

Some 3% of ex-employees emigrate; these cases are being 
followed up to the point of emigration but are then lost to 
the national records being used. Omission of the years of 
experience following emigration may cause some bias which is
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TABLE IV - OPCS Tracings of the First 2970 Names
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Termination Category

Numbers o: Names
Percentage

Traced
Submitted Traced

Died in Post 94 54 57.4

Retired 194 160 82.5

Other 2682 2431 90.6

Total 2970 2645 89.1

likely to be in the direction of a greater mortality estimate 
than would otherwise be made, since most countries accepting 
immigrants require stringent health checks.

5.2. Efficiency of the First Pass Tracing Operation

Some assessment can also be made of the efficiency of the 
first-pass tracing operation. In a small scale pilot trial a 
90% success rate was achieved and this was repeated, overall, 
when the first major batch of approximately 3000 names was 
submitted.

On the basis of the current figures given above an even 
higher first-pass trace can be expected: 340 untraced cards 
out of 6390 dealt with representing a success rate of 94.7%.

More detailed examination of the early returns showed that 
a significantly lower success rate had been achieved in tracing 
those in the batch who had died in post, for whom death data 
were already available, and also in tracing retired employees, 
among whom there is naturally a higher proportion of deaths 
than among non-retired discharged employees. (See Table IV)

Further investigation has revealed that there is a period, 
1960-1963 inclusive within which the first-pass tracing opera
tion is only likely to be successful in the case of deceased 
employees if it has been possible to supply the NHS number.
This fact provides virtually a complete explanation of the above.
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TABLE V - Possible Bias in the Event of Partial 
Trace of a Population of 1014 Employees

p V
К
max

Percent Traced

99.9 99.8 99.5 99 98 95 90

50 - 1.0 2 0.1 0.2 0.5 1.0 ' 2.0 5.3 11.1

20 - 2.0 5 0.4 0.8 2.0 4.0 8.2 21.1 44.4

10 - 3.0 10 0.9 1.8 4.5 9.1 18.4 47.4 100

5 - 4.4 20 1.9 3.8 9.5 19.2 38.8 100

2 - 7.0 50 4.9 9.8 24.6 49.5 100

1 - 9.9 100 9.9 19.8 49.7 100

0.5 - 14.1 200 19.9 39.9 100

0.2 - 22.3 500 49.9 100

Bias is here defined as the percentage by which the true 

proportion of deaths is underestimated if there is a higher 

proportion in the untraced set. In the above table:

P = percentage of deaths in the population

V = binomial coefficient of variation (%), representing
the statistical uncertainty regarding P, given a 
population of 10** employees

К = maximum factor by which the proportion of deaths in the
untraced group can be increased over that in the total
population

The Company has been advised that the further research 
processes should enable the success rate to be raised so that 
it approaches 100%. Until such time, analyses can only be 
undertaken after adjustment to remove this bias or after 
curtailment of the period of study to cover only the post-1963 
period.

5.3. Ultimate Completeness Requirements

In practice, because of the law of diminishing returns, 
it is unlikely that data collection will be absolutely complete
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Whether the absence of information is considered significant 
will depend on which particular pieces of data are missing but 
some general indications can be obtained of what may be con
sidered as desirable. Ideally, since all those not included 
in the analysis may die of the disease of interest, the number 
not included should not be large in relation to the number of 
radiation-induced deaths which may be expected, but bias assumes 
less significance when the proportion untraced becomes small in 
comparison with the standard error of the corresponding
binomial distribution, ,---y-.-- . ■„J p ( 1 - p ) / N

Table V shows the relationship between the quantities of 
interest for a population of 10,000 workers. As an example, 
suppose that among the population of 101* workers as a whole, 
the true mortality due to some disease is p = 0.5% or 50 deaths. 
Even with a 100% trace the estimate will have associated with 
it a coefficient of variation of V = ± 14.1%, ie it will be 
known to within 0.5 - 0.07 (using one standard deviation by way 
of example). If we are further told that a 99.8% success rate 
has been achieved in tracing operations then, at most, all the 
untraced may have died of the disease of interest, when the 
proportion dead in the untraced group will be К = 200 times 
that in the population as a whole, and the estimation bias, 
defined as the percentage by which the true proportion of 
deaths is underestimated, is 39.9%. Thus the mortality among 
the traced group will be found to be 0.5 (1 - 0.399) = 0.3%.

Moving up the column headed 99.8% to the point where the 
figure for bias is 9.8%, a value comparable with the attainable 
statistical precision, the table shows, see the figure in the 
corresponding 1 % ^  cell, that the level of trace does provide 
a reasonable protection against a bias corresponding to a 
50-fold concentration of deaths in the untraced group.

6. METHODOLOGY

6.1. Classification of Death and Comparison Statistics

The internationally agreed standards for classification 
of death form the basis for identification of cause of death. 
There are however some aspects which deserve comment.

Up to the present time classification of death certificate 
information has been done by the Chief Medical Officer, in 
accordance with ICD 8. The available guidelines on inter
pretation have been used and, in general, it can be expected 
that coding will coincide with that done elsewhere. BNFL have
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however requested that death certificates be classified by 
OPCS to provide data strictly comparable with that used in the 
compilation of national statistics. This also provides an 
additional point of independent scrutiny.

ICD codes are revised decennially and there have therefore 
been several changes over the period to be covered by the study.

For cancers, OPCS have provided tables [l ] for the years 
1911-1970 drawn up in accordance with ICD 8 but it is not 
always possible to reclassify to this latest revision and some 
of the tables do not cover the whole period of interest. For 
this reason it has been decided to base comparisons on the 
Serial Mortality tables £ 2 published by the Institute of 
Cancer Research, which take as their starting point the 
identification of discrete malignancies available in the 1911 
report of the Registrar General.

For-an initial analysis of the Company's mortality, some 
coarser grouping than that provided by the Serial Mortality 
Tables is required and here a balanced judgement must be made, 
taking account of "natural" divisions and of what is known 
about radio-sensitivity. It is, for example, considered 
imprudent to pool together leukaemias and other 
cancers, since the Japanese studies suggest that induced 
diseases are manifested over different timescales.

The groupings currently selected are shown in Table VI.

6.2. Statistical Approach

The BNFL study is, of course, not the first attempt at an 
epidemiological assessment of the mortality of workers occupied 
in nuclear industry. Previous paper [eg refs 3, 4jhave adopted 
their own methods of analysis. It is not intended to ignore such 
methods entirely but the principal approach will differ from 
them hence some form of justification for this may be 
appropriate.

Scientifically, it is essential that a method of analysis 
be adopted which will take into account all of the factors 
which may be considered to affect mortality and which hence 
may modify the impact of radiation on mortality. The method 
must also be capable of making full use of the whole of the 
information available, or if data are not used it should be 
possible to show that the loss of information will not 
materially reduce precision or lead to bias in the estimates.
At the same time, the method should be sufficiently straight
forward so that it clarifies issues rather than confuses them.
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TABLE VI - Classification of Death
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Description ICD 8
Serial Mortality 

Table

ALL NEOPLASMS 140-239 1-30

Cancer Digestive System 150-159 5-12

Cancer Bronchus, Lung and Trachea 162-163 13,14

Cancer Lymph System, Less Leukaemias- 
Inc Myeloma, Hodgkins Disease

200-203 29

Leukaemia and Aleukaemia 204-207 30

Cancer Bladder, Kidney and Suprarenals 188,189 25,26

Cancer Central Nervous System 191,192 27

Other Cancers (1-4
(15-24
(28

Note: For completeness, groupings will also be used for death from 
causes other than cancer, based on ICD 8

More specifically, it should recognise:

i that natural mortality shows variation with age, 
year of death and a range of human characteristics;

ii the statistical uncertainty in the data;

iii the skew distribution of many of the variables 
of interest;

iv the use of the total information available both to 
increase precision and to reduce the possibility 
of bias;

v the need to examine a range of different hypotheses.
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It is believed that the proposed methodology meets all of 
these criteria.

The question of interest can be expressed in general terms 
as follows: it is desired to know to what extent the causes and 

ages of death of individuals are changed by their working 
conditions. Certain factors are known; thus it is known that 
mortality characteristics vary according to a number of para
meters such as sex. There are some uncertainties about which 
parameters are needed to completely delimit subgroups of 
individuals with similar mortality characteristics, but given 
that such subgroups can be identified, it may be expected that 
hazard rates will vary more or less smoothly with year of birth 
and age, as do the reasonably, well known rates for the national 
population taken as a whole.

Age and cause of death are random variables, using that 
phrase in its technical sense, so we are faced with a pro
babilistic problem, which needs to be tackled using statistical 
methods, to produce an analysis in terms of the fundamental 
quantities of interest, viz the probabilities of death from 
some particular cause over a defined age/time interval.

The method of analysis which appears most suitable for 
this purpose is to subdivide the study population into such 
subgroups as are deemed desirable, to postulate a mode of 
departure from the national hazard rates and evaluate the mag
nitude and significance of the departures by examining the 
variation of the mathematical likelihood of the observed 
mortality patterns in the groups as the hypothesised extent of 
departures is varied.

In this process each individual in the study population 
contributes a small but specific amount of information, which 
depends on the attributes which place him in a particular sub- 
groups and on whether he has survived over the period for which 
he has been observed or has died of the disease of interest or 
from some other cause.

There are a number of advantages to be gained in adopting 
this fundamental approach to the problem of statistical 
inference. It is easy to understand and is intellectually 
satisfying since it relates strictly to the results actually 

observed. It is capable of handling any model which the 
investigator choses to examine, the only requirement being 
precision of definition (and the availability of sufficient 
computing power). It takes into account each and every piece 
of information without the necessity for arbitrary grouping 
solely to ensure adequate numbers in every cell; thus some of the
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elementary classes may each contain only one individual who may 
either die or survive, and so contribute either to the first or 
the second of the terms in the log likelihood function. In 
addition the log likelihood values obtained from separate data 
sets are strictly additive. Finally it is not necessary to 
rely on "normal" Gaussian theory, eg t values, for assessing 
statistical significance. This fact is of especial importance 
when assessing the effects of radiation because the distribu
tion of radiation dose over the population is, typically, 
highly skew and Gaussian methods are at best an approximation.

Our primary interest is in the potential effect of 
radiation on mortality hence, the model of departure from 
natural mortality will be formulated in terms of a dose- 
mortality relationship. However in the first instance, 
especially in order to compare in post and ex-employee 
experience, a simpler approach will be adopted to give indica
tions of mortality patterns, without reference to radiation.
It is assumed that, within each identified subgroup, the 
departures are either constant, or constant proportions of the 
natural hazard rates, or at most some simple function of natural 
hazard rate and age. The different subgroups are then compared.1

7. DISCUSSION AND CONCLUSION

It would be inappropriate at this interim stage of data 
collection to offer anything in the way of a considered 
analytical result since, as has been noted by others, the 
application of the effort involved would lend a spurious 
credence to what could only be very tentative statements, 
hedged about by warnings of bias. This paper should therefore be 

regarded as a progress report, setting out both the appraoch 
adopted and the degree of success so far achieved in 
sufficient detail to indicate that:

i the potential information content of the Windscale 
data is at least comparable with that contained in 
other studies;

ii there can be reasonable confidence that the data 
required can be assembled in a sufficiently complete 
form for analysis;

1 Appendices describing the statistical methodology and the use of national hazard 
rate and mortality statistics are available from the authors.
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iii the Company have taken steps to ensure that there 
is adequate (external) control of the study;

iv the results will be published.

The opportunity has also been taken to describe the 
preferred method of statistical analysis and inference.
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DISCUSSION

P.H. LALU: Who was responsible for confirming the diagnoses required to 
make the study possible, and in what proportion o f  the diagnoses are the findings 
verified by autopsy?

E.A. CLOUGH: British Nuclear Fuels has asked the OPCS, which is our 
national office o f  population censuses and surveys, to code death certificate 
information in accordance with ICD 8, although the Chief Medical Officer will 
also have an opportunity o f  seeing the death certificate himself. The use o f these 
records provides an opportunity for further independent scrutiny o f  the data.
It also ensures that the data are strictly comparable with the information used 
in the com pilation o f  national statistics.

With regard to your second question, no special arrangements have been 
made for autopsies, but some will naturally be carried out in the normal course 
o f events at the coroner’s request.

K. SUNDARAM: I am glad to see that your paper emphasizes the importance 
o f  the m ethodology and data analysis requirements in cohort retrospective studies. 
There are two questions I would like to ask: first, in your study did you include 
data on medical X-ray exposures received by the workers? And second, are 
similar studies being made in the United Kingdom on occupational groups 
involved in coal-based and/or oil-based energy production?

E.A. CLOUGH: As far as the m ethodology is concerned, I believe that a 
consensus is needed both on codification o f  data for analysis and on methods o f  
analysis so as to  provide a com mon ground for discussion between workers in 
the field, when each has access to his own set o f  data. But I do not wish to  
imply that epidem iologists should not also undertake special forms o f  analysis 
if  they feel the need to do so.

In reply to your questions, British Nuclear Fuels maintains records o f  
X-ray exposures incurred by workers for medical surveillance purposes and 
could theoretically take them  into account, though the doses are small in 
comparison with the normal occupational exposures. The Medical Officer may 
or may not be aware o f  other diagnostic or therapeutic doses received by 
individuals away from their working environment.

With regard to epidemiological studies, investigations o f  this kind have been 
carried out in the coal and oil industries and I know that the Royal Institute 
o f  Chemistry is also working on a survey o f  its members.
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Abstract

A CASE STUDY OF ELIMINATION OF RADIOACTIVE CONTAMINANTS.
Whole-body measurements on three radiation workers who had repaired a reactor under 

the same working conditions detected internal contamination by 60Co and 54Mn/s8Co in the 
lungs. Retention measurements were made over a period of 4 to 6 months. For the slow 
clearance of 60Co they showed a mean effective half-life of 230 days and for s4Mn/s8Co one of 
95 days. Dose estimations were made.

Measurements o f  the internal contamination o f  reactor maintenance personnel 
with a whole-body counter (WBC) showed body burdens o f  major activities o f  
60Co and 54M n/58Co in a working group o f  three men. No deviation from the 
normal sequence o f operations was observed. It is probable that there were several 
uptakes o f  radionuclide contamination. It is remarkable that, during the period 
o f 23 days within which this work was done, external contamination o f  protective 
clothing and also o f  the body were often detected. Maximum (3-surface contamina
tions on protective clothing were 370 Bq/cm 2 . The mean aerodynamic diameter 
o f the aerosol was determined as about 1.2 цт. Wrong wearing or even occasional 
removal o f  the respirator indicates the path of uptake. Because o f  the type of 
work place it was not possible to remove all contamination from the work place.

The radionuclides detected, 54M n/58Co and 60Co, are part o f  the crud con
tamination due to neutron activation o f  the corrosion products o f  constructional 
materials o f  the first circuit and the active zone. An Fe30 4 corrosion film forms 
on the surfaces o f  the first reactor circuit. Thus the carrier material o f  crud 
substances will m ostly consist o f  Fe30 4 or Fe20 3 particles. On uptake by 
inhalation these particles are only soluble in the lungs with difficulty. Part o f  the 
inhaled amount (about 0.1 to 8% in the first days after uptake) is absorbed in the 
respiratory tract. This part will be solved and the metal ions are adsorbed to 
endogenous complexing agents and proteins. The largest proportion will remain 
in the lungs partly with a long biological half-life.

Over a period o f  six m onths the three persons were subjected to several 
WBC measurements, it being guaranteed that during this period they worked only
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FIG.l. Long-term clearance o f 60Co.

in the inactive area. The first measuring day was four days after the work had 
been finished. At the time the following internal contaminations were measured:

Person 1 (21 years o f  age) 0.57 ± 0.06 kBq S4Mn/58Co
4.07 ± 0.26 kBq 60Co

Person 2 (25 years o f age) 1.67 ± 0 .1 9  kBq S4M n/58Co
6.66 ± 0.41 kBq 60Co

Person 3 (27 years o f  age) 1.07 ± 0.11 kBq 54Mn/58Co
5.92 ± 0.37 kBq 60Co

The shares o f  s4Mn and 58Co in the peak at 810 to 835 keV o f the in vivo 
spectrum measured with a Nal(Tl) crystal spectrometer could not be determined. 
No suitable Ge(Li) detector was available.

To localize the activities, a longitudinal profile-scanning curve was plotted  
for each person. In doing so, the Nal(Tl) measuring probe was moved from the 
nasal bone to the femur. In each case highly distinct pulse-rate maxima were
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FIG.2. Long-term clearance o f  MM n/siCo.

registered 30 to 40 cm from the nasal bone. Over the hepatic region no increase 
over background could be detected. From these results it was inferred that the 
activities were concentrated in the lungs. Consequently, this was a case o f  radio
nuclide uptake by inhalation.

In addition to these 60Co and 54M n/58Co distributions, the in vivo spectra o f  
all persons contained the com ponents o f  natural 40K and 137Cs. The gamma lines 
o f these radionuclides were almost com pletely superimposed in the spectra, 
so that an activity determination o f  40K directly from the gamma spectrum would 
have been possible only with the risk o f  very great error. Therefore the potassium  
content was determined by comparative measurements in suitable persons allowing 
for sex, age and constitution. The in vivo spectra were then corrected with 
respect to 40K.

Retention examinations were made at intervals o f  0 to 110, 180 and 
190 days after the first measurement (t = 0). Here, largely identical curves o f  
long-term clearance were found in the three persons both for 60Co and S4M n/S8Co 
(Figs 1 and 2). The determined exponential functions well describing this 
clearance are (t in days):
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Person 2
0.693

A (60Co) = 6.66 X e 167 (kBq)
0.693 L

A ( 54Mn/S8Co) = 1.67 X e 95 (kBq)

Person 3
0.693 t 0.693 t

A ( 60Co) = 0.93 X e 58 + 5 X e  267 (kBq)

The effective half-lives o f  s4M n/58Co are identical for all three cases, namely about 
95 days. In case o f  60Co the effective half-lives vary between 167 and 267 days, 
the mean value being 230 days.

A comparison o f  the results with those o f  other authors [1 —5] m ostly shows 
poor agreement with the effective half-life determined. This is certainly due, on 
the one hand, to the physical and chemical properties o f  the substances inhaled 
in all cases studied and, on the other, because these series o f  measurements were 
made at a different time interval. Comparable results for 60Co, however, were 
obtained in one case by Edvardsson [4]. Our relatively short examination period 
did not permit the determination o f  long-term retentions o f  60Co with biological 
half-lives of, e.g., up to 17 years, as Newton and Rundo succeeded in doing [5].

In one o f  our cases an intermediate com ponent with an effective half-life 
of 58 days for 60Co and 26 days for 54Mn/s8Co could be determined for the 
period up to the 20th day after the first examination, both at retention o f  60Co 
and 54M n/s8Co. The presence o f this com ponent permits certain inferences on  
the age o f  incorporation.

Based on the slow  clearance com ponents, the pulmonary dose was estimated, 
assuming a hom ogeneous distribution o f  incorporated activity. Because o f  the 
short internal contamination period o f  23 days — as compared with effective half- 
life — it is a justifiable approximation if, for dose calculations, the case o f  single 
intake is considered. With the m ethod o f  absorbed fractions the dose commitments 
were calculated, assuming an intake both in the beginning and at the end o f  the 
working interval. The mean dose equivalents for person 1 were 9.7 mSv, for 
person 2 10.4 mSv and for person 3 11.8 mSv.

0.693

A ( 54M n/58Co) = 0.18 X e 26

0.693 t 

+ 0.89 Xe 95 (kBq)
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DISCUSSION

G.F. CLEMENTE: Did you obtain any data on the urine or faeces o f  the 
contaminated workers in order to establish a relationship with lung clearance and 
system ic burden?

K.-F. POULHEIM: No, we did not.
B.S. PATEL: Did the cases you describe involve an acute or chronic exposure?
K.-F. POULHEIM: The presence o f  the intermediate com pound shows in the 

case o f  one worker that the intake occurred at the end o f  the working period. In 
the other two workers, namely cases 1 and 2, the intake appeared to com e at the 
beginning o f the working period. It is also possible that the contamination o f  the 
workers involved several intakes o f  the radionuclides.

Yu.I. MOSKALEV: What were the dose levels for 137Cs?
K.-F. POULHEIM: We did not calculate the 137Cs dose. It makes only a very 

small contribution to the total lung dose.
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Abstract

CHROMOSOME CHANGES IN SOMATIC CELLS OF WORKERS WITH INTERNAL 
DEPOSITIONS OF PLUTONIUM.

Human peripheral blood lymphocyte cytogenetics is accepted as a useful biological monitor 
of acute, whole-body doses of external irradiation. This method is less readily accepted as a 
monitor of the effects of internal emitters because the nuclides are often non-uniformly distributed 
and the radiation doses are inhomogeneous and chronic. We analysed for the frequency of 
chromosome aberrations in the lymphocytes of controls and workers with estimated burdens of 
incorporated plutonium. A significant (P < 0 .01 ) biological response in the mean prevalence of 
complex or total aberrations was observed in subgroups of workers with both systemic and lung 
burdens and in the total worker sample. Stepwise linear regression analyses demonstrated that 
lung-burden estimates, cumulative external irradiation and age entered as significant independent 
variables. The subsample of the population with solely systemic burden estimates showed no 
biological response, and systemic burden never entered as a significant variable in the linear 
regression analyses of the total plutonium worker sample. The biological response observed in 
the chromosomes of the plutonium workers probably integrates over time the clastogenic effect
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of the various low-level radiations to which they are exposed. This biological indicator might 
prove useful to supplement physical burden estimates and stand as a potential screening device 
for studies of other nuclear industry workers.

INTRODUCTION

Most scientists concerned with the biological effects o f  absorbed radiation 
accept that the prevalence o f  structural chromosomal aberrations is the only 
practical biological assessment available, especially effective in cases o f  acute, liigh- 
dose external irradiation [1, 2]. Classic examples o f  studies that support this 
position are those from the atom bomb survivors [3, 4] and those from patients 
therapeutically irradiated for ankylosing spondylitis [5]. The frequencies of 
symmetrical chromosomal aberrations (inversions + translocations) are dose- 
estimate dependent 30 years after the atom bomb exposures [3, 4] and persist 
around the 10% level 20 years after irradiation o f  the spondylitics [5]. Aberration 
yields resulting from exposure to internal a-emitters are difficult to interpret 
because o f  the non-uniform distribution o f  the nuclides in the body and the 
consequent inhom ogeneous doses to various organs [2, 6 ]. The difficulties in 
assessing biological effects are further exacerbated when the radionuclide is 
plutonium because o f  its com plex physical and chemical properties. However, as 
Bair and Thompson recommend in their comprehensive review o f the biomedical 
effects o f  plutonium [7], considerable investigation and follow-up for possible 
late effects in man from plutonium should be given a high priority. This is a 
report on the som atic cell cytogenetic results from 411 controls and plutonium  
workers exposed to incorporated plutonium and low-level external irradiation.

METHODS

Population and culture method

Three hundred forty-three workers from the US Department o f  Energy 
facility at Rocky Flats, Golden, CO, and 68 non-exposed Rocky Flats and greater 
Denver area controls comprise the study subjects. All subjects were screened by 
questionnaire to exclude workers or controls that showed any indication o f  
exposure to clastogenic agents other than work-related internal emitters and 
external irradiation. Microcultures were initiated with 0.8 ml o f  whole blood in 
10 ml o f  Ham’s F-10 medium supplemented with 15% foetal bovine serum 
(Colorado Serum Co.), 1000 units/m l o f  pen-strep antibiotics (GIBCO) and 1% 
phytohaemagglutinin (PHA, Reagent Grade, Burroughs-Wellcome Co.). The 
cells were cultured at 36.5 -3 7 .0 ° C  for 50 h, the last three hours with 0 .2  jug/ml
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of Colcemid (C1BA). Cells were treated with 0.075M  KC1, fixed in fresh 3:1 
m ethanol:acetic, affixed to cold, wet slides and dried on a warming plate. The 
chromosomes were trypsin G-banded (m odified Seabright m ethod) [8 ] and 
C-banded [9] for karyotypic analysis.

Cytogenetic analyses

Approximately 100 cells were analysed for each subject (total cells = 47 163, 
mean = 1 1 5 ). All chromosomes in every cell were analysed for numerical and 
structural chromosome aberrations: all exchanges — asymmetrical dicentrics and 
rings, and symmetrical inversions and translocations, and terminal and interstitial 
deletions (acentric fragments). The chromosome aberration data are categorized 
for this report into : ( 1 ) com plex aberrations (dicentrics + rings + inversions + 
translocations), and (2) total aberrations (com plex aberrations + deletions).

Physical dosimetry

External radiation dosimetry (X, 7  and neutron) was estimated on each 
em ployee with X-ray film badges until 1970 and for the last nine years by thermo
luminescent dose-meter badges. Dose calculations are expressed as cumulative 
penetrating rem dose, taking into account the Relative Biological Effectiveness 
(RBE) o f the different radiations.

Most internal depositions occur from exposures to a mixture o f  
239P u 0 2 ( ~ 9 3 —94%), 240Pu (6.0%) and 241Pu (0.5%). Systemic dose estimates are 
determined by urine analysis [10]. Lung deposition is estimated by body counters. 
Production area personnel are assessed by urine assay quarterly and by body counts 
done semiannually. Three types o f body counter are currently in use at the facility, 
the older thin-window Nal(Tl) detector, the Phoswich Nal-Csl crystal and an 
intrinsic Ge-array. All three measure the quantity o f 241Am and extrapolation to 
the 239Pu quantity is based on the ratio o f  Pu to Am in the initial contaminant, 
adjusted for 241Am ingrowth.

Statistical analysis o f  the data

After cytogenetic analysis the data for each individual were decoded and the 
subject assigned to an estimated radiation exposure subgroup based on convention  
used by health physics personnel and the number o f  subjects in each subgroup 
(Table I). Both parametric and non-parametric m ethods o f  analysis were used. 
Spearman’s rank correlation coefficient was used to measure and test for dose 
response since it is statistically conservative and particularly sensitive to an alternate 
hypothesis o f m onotonicity [11] and not just to linearity. Frequencies were also 
compared using a chi-square test for two-tailed alternatives. Standard stepwise 
linear regression techniques were also used.



TABLE I. PLUTONIUM WORKER EXPOSURE GROUPS

19 8 BRANDOM et al.

Estimated
Exposure

exposure 
gr° UpS (nCi)

No. Subjects No. Cells

Plutonium workers with solely systemic burden estimates (Fig.l) 

С Controls 68 6 666
1 Positive-1.2 27 2628

2 1 .3 -4 .4 134 12768

3 4 .5 -1 0 .4 62 6028

Plutonium workers with both systemic and lung burden estimates (Fig.2) 

С Controls 68 6666
1 Positive-1.2 0 0
2 1 .3 -4 .4 8 744

3 4 .5 -1 0 .4 41 3 904

4 10 .5-20 .0 44 4346

5 2 0 .1 -4 0 .0 17 1666

6 > 4 0 .0 10 976

Total plutonium worker population (Fig.3)

С Controls 68 6666
1 Positive-1.2 27 2628

2 1 .3 -4 .4 142 13512

3 4.5 — 10.4 103 9932

4 10 .5 -20 .0 44 4 346

5 2 0 .1 -4 0 .0 17 1 666
6 > 4 0 .0 10 976

RESULTS

Physical dose estimates o f  incorporated plutonium derived by two methods, 
urine assay and lung counters, com plicate the biological assessments. Animal studies 
demonstrate that whether the mode o f entry is by wound [12] or inhalation [13] 
plutonium is translocated to other organs, though the rate and quantity translocated 
is influenced by the physical, chemical and solubility properties o f the original 
contaminant. Thus, although inhalation is the primary route o f  exposure in this
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FIG.3. Aberration frequencies for entire plutonium worker population (see Table I).

population, we do not have any individuals with only lung burdens. We have 
individuals with estimates o f  solely system ic burdens and individuals with both 
system ic and lung burden estimates. The data were first analysed by placing the 
workers into estimated exposure subgroups and plotting the mean prevalence o f  
aberrations for each subgroup. This grouping is necessary because o f  the low  
frequencies o f  aberrations and the small numbers o f  cells analysed for each 
individual. The data from the total population were also analysed by linear 
regression methods.

Cytogenetic data from workers with solely systemic burdens

As can be seen from the histograms in Fig. 1, no biological response is evident 
among those with system ic burdens only. N ote that these persons are generally 
estimated to have less than 25% MPSB or <  10 nCi. In the few instances that
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TABLE II. FREQUENCY OF CONTROLS AND PLUTONIUM WORKERS WITH 
A GIVEN NUMBER OF COMPLEX ABERRATIONS PER 100 CELLS EXAMINED

Exposure groups3
Number of
complex Controls 1 2 3 4 5 6
aberrations

0 36 14 75 40 11 4 4

1 24 11 37 37 13 5 2

2 7 3 15 16 9 1 0

3 0 2 8 9 4 4 3

4 1 0 2 1 1 2 1

5 0 0 1 1 3 0 0

6 0 0 1 0 0 1 0

10 0 0 .0 0 1 0 0

16 0 0 0 0 0 0 1

Total 68 30 139 104 42 17 11

a See Table I, Total plutonium population.
b When the number of cells per person was not 100 the number of aberrations was rounded to 

the nearest integer per 100 cells.

suggest a trend the increase is not statistically significant (P >  0.1 ). This observation 
is borne out when this same group is analysed by stepwise linear regressions, since 
the estimated system ic plutonium  burdens do not enter the regressions as a signifi
cant factor in the production o f  aberrations.

Cytogenetic data from workers with combined system ic and lung burdens

In spite o f animal studies (usually involving very large doses) [12, 13], we 
know very little about the relative biological effects o f  system ic burdens compared 
with lung burdens o f  plutonium in man. In the absence o f  strong evidence for 
differential weighting, we added the nanocuries o f  estimated system ic and lung 
burdens for workers with mixed burdens to give total burden estimates. The 
workers were then assigned to subgroups according to this estimate o f  total burden 
and the mean aberration frequencies calculated (Fig.2). Since cytogenetic analysis 
in more than 20 workers in the most highly burdened group have been repeated 
several times for a longitudinal study, both the burdens and aberration frequencies 
o f repeat analyses were averaged to avoid unequal weighting o f  the data from those 
individuals.
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TABLE III. FREQUENCY OF CONTROLS AND PLUTONIUM WORKERS 
WITH A GIVEN NUMBER OF TOTAL STRUCTURAL ABERRATIONS PER 
100 CELLS EXAMINED

Numberb of 
total structural 
aberrations

Controls 1

Exposure groups3 

2 3 4 5 6

0 21 6 54 20 5 2 1
1 29 14 44 38 12 3 0
2 15 5 20 28 6 1 2
3 2 5 8 4 9 4 3

4 1 0 5 6 2 4 2
5 0 0 3 4 5 0 0

6 0 0 2 2 1 0 1
7 0 0 2 0 0 1 0
8 0 0 0 2 1 0 0
9 0 0 1 0 0 1 1

11 0 0 0 0 1 0 0
15 0 0 0 0 0 1 0
20 0 0 0 0 0 0 1

Total 68 30 139 104 42 17 11

See Table I, Total plutonium population. 
b When the number of cells per person was not 100 the number of aberrations was rounded to 

the nearest integer per 100 cells.

There are significant m onotonie increases in aberration frequencies from the 
least to the most highly exposed groups in both the com plex aberrations and the 
total aberrations categories (P < 0 .0 1 ) . The frequencies o f deletions strongly 
influence the prevalence o f  total aberrations, especially in the lowest estimated 
exposure group.

Cytogenetic data on the total sample

Having subdivided and analysed the data according to the kind o f  estimated 
physical burdens, we pooled the data on the total population o f  411 workers and 
controls accepted into the study at this time (Fig.3). These data are expressed in 
total nCi o f  system ic and lung burden estimates. Again, there is a significant
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( P < 0 .0 1 )  biological response in the prevalence o f com plex and total aberration 
frequencies to physical dose estimates. While increase in aberration frequency with 
increase in estimated dose is statistically significant, it is not marked, rising from  
an average o f about 1% o f cells with som e category o f  structural aberration among 
the controls to about 5% of cells affected in the highest exposure group.

Stepwise linear regressions were done using the several aberration categories 
separately as dependent variables. Potential independent variables were: system ic 
burden, lung burden, external radiation exposure and age. System ic burden never 
entered the regressions using P < 0 . 1 as the criterion for entry, whereas the lung 
burden, external radiation and age were entered in various com binations and orders 
for the types o f  chromosomal aberration categories. The amount o f  variability 
explained by these regressions is not as high as one would like, the maximum  
multiple correlation coefficient being about 0.40. Analyses o f  other potential 
independent variables (recent illness, medication, past X-rays, other toxic exposures, 
family history o f  birth defects) were negative. The single most extrem e outlier 
was om itted in the m ultiple regression analyses so as not to allow a single extreme 
value to overwhelm the other results.

To ensure that the increased average frequencies o f aberrations in each expo
sure group are not due to those observed in one or two individuals and in order to 
assess the adequacy o f grouping persons into exposure groups, the distribution o f  
the number o f  individuals with a given number o f  aberrations per 100 cells within 
each exposure category (Tables 11 and III)1 was tested for com patibility with a 
binomial distribution. For com plex aberrations only the highest exposure category 
( > 4 0  nCi) showed a significant lack o f fit. For total structural aberrations the two  
highest categories (2 0 —40 nCi and > 4 0  nCi) o f  total estimated burden differed 
significantly from binomiality. In each case o f  lack o f fit a single individual with 
a high aberration count (and high estimated burden) was responsible for the 
increased variability within the group. Omitting these individuals from each 
exposure group re-established the binomiality o f  the data. The m onotonie increase 
o f mean aberration frequency was still preserved even with these omissions, 
strengthening the indication that the increase o f  aberration frequency with 
estimated exposure is real.

DISCUSSION

Bender and Gooch [14] first suggested that lym phocyte cytogenetics might 
prove useful as a quantitative biological indicator o f irradiation effects. The results

1 The reader will note that the number of individuals in each exposure category does not 
necessarily agree with data previously given. These tables were derived from early dose estimates. 
Subsequent minor revision of doses shifted a few individuals to adjacent exposure categories.
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of the atom bomb survivors [3, 4], ankylosing spondylitics [5] and Y-12 excursion 
accident [15] late-effects studies demonstrate that their hunch was correct for 
populations exposed to acute, high doses o f  external radiation. The cytogenetic 
results are less consistent from internal emitter studies because the radiation 
received is chronic and often low-dose and partial-body [16, 17]. There are a large 
number o f  workers at the Rocky Flats facility with similar exposures to low  doses 
of plutonium and external radiation. They have been carefully monitored through
out their work history and have a remarkably stable em ploym ent record. Despite 
the advantages o f this well-defined test group there are various factors that com 
plicate the interpretations o f  our cytogenetic findings. These factors include 
uncertainties in the physical dosimetry (especially at very low dose estimates), 
unknowns concerning the relative effectiveness o f system ic or lung burdens, and 
the possible influence o f other environmental clastogens.

Health physics personnel at the Golden facility have little confidence in 
system ic dose estimates below 4 nCi ( <  10% MPSB). For a variety o f reasons 
given elsewhere [18], estimated system ic burdens from urine excretion data cannot 
be considered to be very precise [7]. Comparison o f  system ic burden estimates 
derived from autopsy data with prior urine bioassay estimates lead the health 
physicists at Rocky Flats to suspect that the urine bioassay estimates frequently 
may be high by as much as a factor o f  3 to 5. Dose estimates are generated at 
these very low levels to be conservative for purposes o f worker protection. Such 
estimates o f  plutonium burden may not really represent system ic depositions but 
could reflect laboratory cross-contaminations or statistical fluctuations in the 
urine assay results. The fact that increased aberration yields are not observed in 
the subgroup o f  workers with solely systemic burden estimates (F ig .l)  may be 
due to lim itations in the sensitivity or accuracy o f  the urine assay, or may be a 
true biological indication o f  no response at these relatively low-dose estimates. 
Caution should be exercised in the interpretation o f  this subgroup’s cytogenetic 
findings.

In the subsample o f individuals with combined system ic and  lung burden 
estimates we are confronted with limitations in the accuracy o f  lung burden 
dosimetry and the variability in this accuracy over time as sensing equipment has 
improved. Hempelmann et al. [19] state that the minimum detectable activity in 
the chest cavity at the Los Alamos Scientific Laboratories was 7 nCi (44% o f the 
Maximum Permissible Lung Burden, MPLB) at the 95% confidence level and 
3.5 nCi at the 68% confidence level. Health physics scientists at Rocky Flats say 
that the accuracy o f  the plutonium  lung burden estimates vary with the individual 
and are dependent on the accuracy o f the estimates o f the quantity o f  241Am in 
the original contaminants. Again, the philosophy is to err in favour o f  over
estimates o f  lung burden for protection purposes.

In addition to the imprecision o f  the physical dose estimates, the mixture o f  
estimated burdens creates problems in the differentiation o f  the relative biological
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consequences o f plutonium  on circulating lym phocytes or sequestered lym phocytes 
which may subsequently circulate. The fact that some individuals are assigned 
burden estim ates by both physical assay methods reflects the non-uniform distribu
tion o f  plutonium. However, with chronic irradiation the m ovem ent o f  lym pho
cytes around the body should tend to mitigate the localized radiation effects.

As we noted earlier in the analysis o f  the data, external radiation entered the 
linear regressions as a weakly significant but consistent variable. The average 
yearly external radiation estimates in our sample vary from 0.21 to 2.13 rems 
and the average years o f  exposure from 11.8 to 15.2. The mean cumulative rem 
value in each exposure group varies from 2.9 to 33.3 rems. At this time we cannot 
accurately evaluate the relative contribution o f cumulative doses o f  external 
radiation to the aberration yields, but the biological responses to estimated 
plutonium  burdens are probably not exclusively due to external irradiation. For 
example, the yield o f  com plex or total aberrations is markedly greater in exposure 
group 6 compared with group 5 (Fig.3). However, the mean cumulative external 
radiation dose estimate to group 6 (14 .9  rems) is less than half o f  that for group 5 
(33.3  rems). The mean plutonium burden estimate for group 6 is 119.44 nCi 
(excluding the extreme outlier) and for group 5 is 26.43 nCi. The difference in 
aberration yields between the two groups is probably primarily due to the amount 
o f internal plutonium.

There are clastogens in the environment that the workers share with the 
general population. We have excluded by detailed questionnaire those workers 
exposed to toxic substances outside the workplace (pesticides, herbicides, volatile 
organics etc.), high-dose diagnostic or therapeutic irradiation (e.g. 144 workers 
who have had prior radiation for gastro-intestinal diagnosis) or recent low-dose 
diagnostic dental or medical irradiation, viral or bacterial infections, severe sun
burn, and any individual with a family history o f  congenital defects. In addition, 
we have analysed for chrom osom e aberration frequencies in the lym phocytes o f  
workers exposed to two potential clastogens, tritium and beryllium. Five workers 
exposed to low doses o f  tritium showed no aberration yields significantly higher 
than control or peer-group frequencies. Aberration frequencies from 10 workers 
who have worked for 1 to 20 years with Be, a toxic light metal, also showed no 
response when compared with years o f  exposure. At present we have no further 
data on other potential clastogens in the plutonium work areas that we can 
investigate.

Two published radiation cytogenetic studies on humans exposed to internal 
depositions o f  plutonium  are available. Dolphin [18] reported that 8 UK workers 
were exposed to internal plutonium for an average o f seven years plus an average 
o f 14 rads o f external irradiation. Through comparison o f the dicentric yields in 
these plutonium-burdened subjects with workers with cumulative external radi
ation exposures o f  from <  1 to 84 rads, he concluded that the dicentric yield in 
the plutonium workers could be accounted for by the external dose alone. We
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also observed no response to estimated burdens in our population when only 
dicentrics are considered and our data strongly suggest that all com plex aberrations 
should be quantified when investigating late effects. No estimates o f  system ic or 
lung burden are provided in the Dolphin report and, despite the considerable 
reservations concerning the accuracy o f plutonium physical dose estimates, these 
values should have some validity for comparative purposes. For these reasons we 
cannot accurately compare our results with theirs.

Hempelmann et al. [19] have followed-up on 21 men from the Manhattan 
Project 27 years after exposures to plutonium. These men have estimated system ic 
burdens o f 5 to 420  nCi; 14 o f  the men have positive chest counts and 7 have 
lung burden estimates o f  7 to 10 nCi o f  plutonium. The authors state that no 
chromosomal abnormalities were found in these subjects. We cannot compare the 
cytogenetic results with ours because no aberration data on controls or workers 
are given. The apparent discrepancies between their results and ours could be due 
to a number o f  factors. The burden estimates in our population are from positive 
to 1315 nCi o f  system ic burden and from positive to 217 nCi o f  lung burden.
These are clearly different from their sample. Also, if  their study relied solely on 
asymmetrical aberrations from non-banded chromosomes, this could in part 
account for this lack o f  observed cytogenetic response. An added difference is that 
the Manhattan Project workers worked in the plutonium facility for approxi
mately two years and have subsequently been in other working environments, 
whereas most o f  our population continue to be em ployed in plutonium areas 
(excepting those who have exceeded 0.5 MPSB or 1 MPLB). In our sample some 
periodic or chronic exposure to low-level external radiation and to small quantities 
o f plutonium  is possible.

In addition to the com plex action o f  plutonium under physiological conditions 
and the limitations in physical dosimetry, there are other problems shared with all 
radiation cytogenetic studies which influence aberration yield. These include 
culture methods, differing response among individuals, sampling methods, unknowns 
regarding lym phocyte biology, and radiation effects on interphase death and 
m itotic delay. The effects o f  these variables can be mitigated by standardization of  
culture and analysis techniques and careful selection o f experimental subjects, 
balanced with appropriate controls.

There are some important aspects o f  m ethodology that may have contributed  
to the observed cytogenetic response in our sample. We, as som e others [20—22], 
advocate the inclusion o f  symmetrical exchange aberrations or all kinds o f  
chromosomal aberrations for analysis, especially in cases o f chronic, low-level 
irradiations. This is also a reasonable position to take in light o f  the results o f  late- 
eff'ect studies o f  populations exposed to high-dose, acute irradiation [3 —5, 15].
Most o f the investigations that have compared the results o f  analyses from conven
tionally stained versus banded chromosomes conclude that the efficiency in the 
analysis o f  symmetrical aberrations is improved and refinements in the detection
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o f other aberrations are obtained [4, 5]. It is our experience that chromosome 
banding does not increase analysis time. The improved proficiency in the detection  
o f  all kinds o f aberrations (compared with only dicentrics, or dicentrics, rings 
and deletions) increases the aberration yields for a given number o f cells analysed. 
Moreover, if a response related to estimated radiation burdens is to be observed, 
especially in chronic, low-level exposures, a sufficiently large population and cell 
sample is crucial. We cannot stress too strongly that the foregoing caveats are 
even more important for the assessment o f  potential cytogenetic effects in a small 
population sample or an individual.

We have gone to some length to stress the pitfalls in this test and we 
emphasize that the interpretation o f  these relatively low frequencies o f  chromosome 
aberrations in som atic cells should be treated with caution, especially regarding any 
perceived im plications for pathological conditions or genetic defects. The 
advantages o f  the method are that the observed biological effects on the highly 
radiosensitive circulating lym phocytes may integrate the effects o f  chronic radi
ations o f  different quality and quantity and, to some extent, mitigate the difficulties 
o f inhom ogeneous doses and unequal distributions in space and time. We are 
collecting baseline cytogenetic data on new em ployees in the event o f  subsequent 
radiation exposure to augment the late-effects model for this population. The 
cytogenetic findings from this plutonium  worker sample demonstrate the efficacy  
o f this test as a biological indicator o f occupational exposure to incorporated 
plutonium and low levels o f  external irradiation. The m ethod might also prove 
useful as a monitoring device for other workers in the nuclear industry.
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DISCUSSION

R.G. CUDDIHY: You mention in your paper that you  screened people during 
your study in order to estimate their exposure to other physical and chemical 
agents that might cause chrom osom e aberrations. How did you do this for all 
individuals? For example, what sort o f  agents did you enquire about in your 
screening activities, and how effective do you feel the screening procedures were?

You may have noticed that the same people exposed to plutonium  inhalation 
could also have had the greatest exposures to other types o f radiations or organic 
chemicals, and perhaps even greater exposure to X-rays than their exposure to  
plutonium.

In studies at the Inhalation Toxicology Research Institute Laboratory we 
have exposed primates to plutonium by inhalation. Although these studies are 
still in an early stage, the type o f chromosome aberrations that you describe have 
not been observed in the experimental animals. Their lung burdens are many 
times higher than those in the exposed Rocky Flats workers.

W.F. BRANDOM: Every individual studied filled in a questionnaire which 
elicited information on demographic, medical, personal and working factors that 
might have influenced the aberration yields, i.e. in addition to the exposure to 
plutonium  during work. The list o f  potential clastogens that we screened for 
included diagnostic and therapeutic irradiation, toxic substances (pesticides, 
herbicides, volatile organic matter etc.), drugs, viral or bacterial infections and so 
forth. I think that the screening procedures are quite effective in terms of 
personal experience, but I am not familiar with all the possible work place situations. 
As stated in the paper, we made analyses to determine the possible effects o f  two  
toxic elem ents — beryllium and tritium — but did not observe any remarkable 
cytogenetic events. As one example o f  our concern for effective screening, we 
analysed the chromosomes in cells o f  over 100 workers who had received radiation 
in connection with gastrointestinal diagnosis. All these individuals were excluded 
from our report. If we compare the mean cumulative external occupational 
exposures in groups 5 and 6, where the yield o f  aberrations is significantly greater 
in group 6, the external radiation is less than half in group 6 than in group 5. It is 
therefore likely that the increased yield o f aberrations in group 6 is due to internal 
irradiation rather than to external occupational irradiation.

I think that the study o f  the rhesus m onkey that has been made at your 
Institute is important, but I believe that it should be made on a long-term basis.
The mean exposure times for our workers relate to a period o f  many years and 
include inhalation and wound cases. It would also be interesting to study wound 
site entry in the m onkey over a period o f  years. In addition, I recommend analysis 
o f the m onkey cells for all kinds o f  aberrations on banded chromosomes. I might 
mention, incidentally, that unpublished work by Madame D oloy and co-workers 
at the Fontenay-aux-Roses Nuclear Research Centre demonstrates an increased



2 1 0 BRANDOM et al.

frequency o f  peripheral blood chromosome anomalies in workers with internal 
depositions o f  plutonium -238, as compared with control samples. Hence our 
study is not the only one in which increased aberration yields due to incorporated 
plutonium have been observed in human subjects.

G.B. SCHOFIELD: I would like to support your contention regarding the 
difficulties involved in making accurate assessments o f plutonium body burdens. 
These difficulties make the relationship between plutonium intake and chromosome 
aberrations even harder to evaluate. The NRPB (National Radiological Protection  
Board) and British Nuclear Fuels have recently carried out an analysis o f  chromo
some aberration patterns on 24 em ployees with an estimated body burden in 
excess o f 20 nCi. The highest aberration yield is seen in those cases where the 
intake is associated with wounds, and in one case where the deposition was very 
high a non-Poisson distribution o f the aberrations was noted. I think that the 
aberrations observed in plutonium workers are related mainly to the preferential 
irradiation o f lym phocytes in the lymph nodes.

W.F. BRANDOM: We, too, have observed the highest aberration yield in 
cases of the incorporation o f plutonium through wounds and have found multiple 
aberrations per cell in such instances. As I stated, lung burden estimates which 
include thoracic lymph node deposits support your view that there is preferential 
irradiation o f the lym phocytes in the nodes.

K. SUNDARAM: In your oral presentation you referred to a paper by 
Evans and co-workers published in the February 1979 issue o f the magazine Nature. 
As far as I know, he has been unable to demonstrate a dose-response relationship 
for balanced translocation. Did you see any such relationship for symmetrical 
exchanges in your studies?

W.F. BRANDOM: The Evans paper states that they observed a dose response 
in the prevalence o f asymmetrical exchange aberrations as a result o f chronic 
low-level external radiation exposures o f  nuclear dockyard workers. In our own 
study, in which G-banded chrom osom e preparations were analysed, we found a 
biological response related to estimated burdens in the prevalence o f  symmetrical 
exchanges, all two-exchange aberrations or total aberrations. As I have already 
mentioned, we recommend the analysis o f  all types o f  aberration on banded 
chromosomes, especially in instances o f  chronic low-level irradiation or late-effect 
studies.
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THE RISK OF BONE SARCOMA 
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Abstract

THE RISK OF BONE SARCOMA FROM PLUTONIUM-239.
It is postulated that the risk of bone sarcoma induction by 239Pu in humans can be 

quantitated from a consideration of the well-documented induction of bone sarcomas by
ООО
’ Ra. The basic assumption is that the risk of this malignancy is a function of the energy 

deposited by alpha particles in the layer of cells adjacent to  bone surfaces. From calculations 
of the energy delivered to this cellular layer by bone-deposited 239Pu and 226Ra the ratio of the 
systemic intakes required to produce equal bone-cell doses is obtained. A dose-response 
relationship of the form I = (3D2e '7D was found to  provide the best fit to the observed bone- 
sarcoma incidence for female radium dial workers, where I was the number of bone sarcomas 
per person-year of risk and D was the quantity of radium that entered the systemic circulation. 
It is proposed that such an expression, modified for the energy effectiveness of plutonium 
compared with radium, provides the best estimate of the risk of induction of bone sarcomas 
by 239Pu. The derived risk estimate is tested by comparing its predictions of bone sarcomas in 
two groups of people carrying known body burdens of plutonium. The predictions are not 
contradicted by the lack of any observed bone sarcomas in either the 27 workers exposed at 
Los Alamos during World War II, or in the 18 seriously ill cases injected with plutonium in 
1945—47. Its form permits an immediate evaluation of the risk at any level of intake.

1. I N T R O D U C T I O N

It is imperative that realistic estimates of the toxicity of 

239pu be developed in order to evaluate the hazards of this radio

isotope and to provide guidance for those w h o  must work with 

plutonium. As used here, "realistic" implies estimates based 

upon experimental evidence and subject to verification, instead 

of arbitrary guidelines or hypothetical dose-response functions.

* Work performed under the auspices of the US Department of Energy.
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At the present time no such estim ates can be made 
for lung tum ors, which are considered  to be the primary hazard 
from airborne plutonium, for we are not aware of d o se -r e sp o n se  
data in any un its other than Working L evels for the induction  
of th ese  tumors in hum ans. Data w ill eventu ally  be forth
coming on the induction of a lp h a-p artic le-in d u ced  lung 
m align an cies, for a large population that has carried inhaled  
thorium for long periods is  currently under study by our Center 
for Human Radiobiology f l ]  . This presen tation , in stead , 
ad d resses  239pu deposited  in human bone, where the hazard is  
genera lly  thought to be the induction of bone sarcom as. It is  
su ggested  that th is risk can be appropriately estim ated from the 
consid erab le  experience that has accum ulated as a consequence  
of the internal deposition  of radium. 226Radium is  an alpha-  
em itting, b o n e-seek in g  radionuclide, for which meaningful 
estim ates can be made of the d ose  delivered  to the c e l ls  adjacent 
to bone, which are considered  to be the c e lls  at risk for the 
induction of bone sarcom as. From the current know ledge of the  
m etabolism  of plutonium in human bone, a sim ilar estim ate of the 
d ose  delivered  by 239pu can be m ade. The ratio of system ic  
a c tiv it ie s  that d eliver  equal d o ses  to the c e l ls  adjacent to bone 
over a sp ec ified  time period w ill be considered  to be a va lid  
measure of the ratio of e ffe c tiv e n e ss  for the induction of bone 
sarcom as for th ese  two rad ionuclides.

To be sure, much remains to be learned about the d eta ils  
of plutonium dep osition  p a ttern s. Plutonium appears to deposit 
preferentially  on bone su rfaces , and thus can irradiate the c e lls  
adjacent to bone with high e ff ic ie n c y . Undoubtedly, a s the years 
go by, th is original dep osition  is  a ltered , both by resorption and 
by burial under a new layer of b on e. These alterations of the 
dep osition  pattern markedly change the actual d ose delivered to 
bone c e l l s ,  and as a con seq u en ce the magnitude of the d ose  
per unit of ac tiv ity  d im in ishes in an unknown manner with tim e.

Radium, on the other hand, is  known to d ep osit originally  
on bone su r fa ces , from which it subsequently  moves in such a 
fash ion  that, in a matter of a few  w e e k s , a ll  ex istin g  bone 
mineral is  re la tive ly  uniformly labeled  with this e lem en t. Super
imposed on th is uniform d ep o sitio n , which has been ca lled  the 
"diffuse" d istribution , is  an in ten se  d ep osition  in new ly formed 
mineral, the "hot s p o ts ."  For dosim etric p urposes, the "hot 
spots"  are u su a lly  ignored and a ll the radium is  considered  to be
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uniformly distributed throughout bone for the ca lcu la tion  of 
sk e le ta l d o s e . Only the radium atoms w ithin one a lpha-partic le  
range of the bone surface can contribute to the d ose  delivered  to  
the c e l ls  adjacent to b on e. Follow ing the d ep osition  of radium 
in bone, resorption of layers of bone continually  e x p o ses  deeper  
layers of radium -containing m ineral, so that resorption does not 
n e c e ssa r ily  change the resu lting d o se  delivered  ou tsid e  of bone 
by radium. D eposition  of new bone, long after the original 
radium in tak e, how ever, does resu lt in burial of the e ffec tiv e  
radium la y er s , and diminution of the d o se  d e livered , for the new  
mineral contains very lit t le  radium. Thus the actual d ose per unit 
a ctiv ity  in bone delivered  to the c e l ls  of in terest d im in ishes in an 
unknown manner with tim e, but perhaps at a lower rate than the  
d o se  from plutonium .

If the assum ption is  made that the unknown variations in 
the diminution of plutonium d o se  with time are sim ilar to the  
variations in the diminution of the radium d o se  with tim e, then 
the ratio of sy stem ic  in takes required to produce equal d o ses  to 
the c e l l s  of in terest can be calcu lated» An appropriate 
m odification of the radium d o se -r e sp o n se  function w ill then y ield  
the d o se -r e sp o n se  function for b on e-d ep osited  plutonium .

2 . DOSE CALCULATIONS

A recent publication sum marizes the bone-sarcom a  
occurrence a s a  function of sy stem ic  intake for a ll of the fem ale  
dial workers em ployed before 1930 for whom radium body burden 
m easurem ents were ava ilab le  Г2] . In th is hom ogeneous group 
of 759 wom en, with an average age (± S . D . )  at entry in this  
p rofession  of 19 . 0  ± 4 . 5  yea rs, 38 bone sarcom as have been  
recorded. The mean appearance time (± S.D„)  of th ese  
m alignancies w as 27 „3 ± 12 . 9  y ea rs . Since the e a r lie st  
m alignancy to appear in th is population w as d iagnosed  seven  
years after first exposure to radium, it appears that there must 
be a time interval after acq u isition  of radium in which an induced  
bone sarcoma cannot be reco g n ized „ It w as su g g ested , on the 
b a s is  of th ese  ob servation s, that th is la ten t period be considered  
to be of the order of fiv e  years „

In order to ca lcu la te  the d ose  delivered  to the c e lls  
adjacent to bone by radium dep osited  within the human body, a 
d e c is io n  is  required for the time interval over which the d ose  w ill
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be c a lc u la ted . An appropriate interval might be taken a s  the mean 
appearance time of the observed bone sarcom as, 27 y ea rs . If, 
how ever, a f iv e -y ea r  latent period is  assum ed, then any 
m alignancy induced within the la s t  five  years of th is interval w ill 
not be d iagn osed , so  it  w as decided that the d ose  be ca lcu lated  
from acq u isition  to the mean appearance time l e s s  the latent 
period, a time interval of 22 y ea rs.

The average bone d ose  follow ing a system ic  intake of 
A jxCi of 226r9 i s g iven  by

T
D(T) = A • Q /  Rdt

0

where A is  the quantity of the iso top e  entering the system ic  
circu lation ,

Q is  the d o se -ra te  per unit of a c tiv ity , 0 . 185  rad/fiC i-day  
for 3400 g fem ale bone t is s u e  with 35% radon 
retention ,

T is  the tim e, in d a y s, over which the d ose  is  ca lcu la ted , 
22 years X 365 d a y s,

R is  the retention function for a s in g le  in jection  of radium, 
as defined by the model of ICRP 20 [3 ] , w hich, 
when evaluated g iv es  

22 y
f  Rdt = 70 d a y s . #
0

For A = 1 jxCi, D(22 years) = 13 rad.

The en d ostea l d o se  from volu m e-d ep osited  226r3 has been  
ca lcu la ted  to be 0 . 4 5  tim es the average bone d o se  [4 ] , or 5 . 85  
rad over a period of 22 years from 1 |j.Ci 226pa entering the 
sy stem ic  c ircu la tion .

A sim ilar ca lcu la tion  can be made for plutonium . This 
ca lcu la tion  for 239pu assum es that, of the plutonium that reaches  
the sy stem ic  c ircu lation , 45% d ep o sits  on bone surfaces where 
i ts  mean life  is  144 years [5 ] . The cum ulative average bone d ose  
fo llow ing a sy stem ic  intake of A (jiCi is  g iven  by

D ( T ) = f . A * Q /  e “Xt dt
0
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where f is  the fraction of the iso to p e  in b one, 0 . 4 5 ,
A i s  the quantity of the iso top e  entering the system ic  

circu lation ,
Q is  the d o se  rate per unit of a c tiv ity , 0 .077  6 rad/|j.C i-day  

for 3400 g fem ale bone t is s u e ,
T is  the time in days over which the d ose  is  ca lcu la ted ,

22 years X 365 d a y s,
X is  the e ffe c tiv e  elim ination con stan t, 1 .91 X 10“  ̂ day- -*-. 

For A = 1 |aCi, D(22 years) = 260 rad.

The en d ostea l d o se  from su rface-d ep osited  ^39pu has been  
ca lcu la ted  to be 12 . 8  tim es the average bone d ose  [4] , or 3330 
rad over a period of 22 years from 1 |j.Ci ^39pu entering the 
system ic  circulation,,

Thus, for equal a c tiv ity  in ta k es, 239pu d elivers 570 
( i„e.  3330 /5  085) tim es as large a d o se  as ^26^а the c e lls
adjacent to bone over a 2 2 -year  period,, Equal bone c e ll  d o se s  
are delivered  when the system ic  intake of 239pu i S 1 / 5 7 0  that of 
226pa> it should be noted that th is ratio is  re la tiv e ly  in se n sit iv e  
to the actu al burden time for which the d o se s  are ca lcu la ted  for 
burden tim es greater than 20 y e a r s .

3 . DOSE-RESPONSE RELATIONSHIPS

In the above-m entioned study of fem ale radium d ial 
workers [2 ] , a number of d o se -r e sp o n se  functions were fitted  to 
the data by a w eighted  le a s t  squares procedure, and the resulting  
f it s  were evaluated  by a ch i-sq u are  t e s t .  S p e c ifica lly , a 
function of the form

I = (C + ffD + pD2) e “vD

w as fitted  to the data , as w ell as sim plification s of th is  
function that resu lted  when a ,  (3, or у were se t  equal to zero . 
Only one sa tisfactory  fit was found when the fitted  co e ff ic ien ts  
were restricted  to p o sitiv e  v a lu es  and the p -v a lu e  from the 
ch i-sq u are  te s t  w as required to be 2:0.05. This was a d o s e -  
resp onse function of the form

I  =  ( C  +  p D 2 ) e * v D
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Here I is the number of bone sarcomas per person-year of risk,

С is an estimate of the natural incidence of bone sarcomas 

in the population, taken as 10- 5 bone sarcomas per 

person-year,

D  is the systemic intake in ¡jlC í ,

(3 = 6.8 X 10”8 bone sarcomas per person-year*|j.Ci2 , and 
V = 1.1 X  10"3 |j.Ci- 1 .

Therefore, on the basis of the assumption that an equal 

risk from plutonium results w h e n  its intake is only 1/570 that of 

radium, a dose-response function for plutonium can be written 

as

2 ,  - V 5 7 0 V

Therefore, neglecting the natural incidence of bone sarcomas,

r  _  0 г ,  2 _ Y p u D P u  
Pu PPu Pu ‘e

where I is the number of bone sarcomas from plutonium per 

person-year of risk,

D  is the systemic intake of plutonium in (j.Ci,

P p u  =  2.2 X 10-2 bone sarcomas per person-year-(j.Ci2 , 

and

v = 0 . 6  uCi 
Pu

This, then, is a dose-response function for the induction 

of bone sarcomas in females by ^39pU/ based on observations 

m a d e  from female radium dial workers and on estimates of 
endosteal dose from 2 39pu ancj 226 r 9> Making the assumption 

that this function ought to apply to males as well as females, * 

there are two sets of h u m a n  data against which it can be tested.

The dose-response relationship for female dial workers has been 

tested for male dial workers and for other male radium cases, 

and found to apply for males first exposed in the age range 15 

to 34 years, i.e. of about the sa m e  age as the female dial 

workers.
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TABLE I . BONE SARCOMAS EXPECTED FROM THE 
LOS ALAMOS CASES

C ase Body burden3 
(nCi)

Person-years  
of risk to 
12 /1 /7  6a

Bone sarcom as 
expected  X 103

1 0 .12 27 .0 8 . 0
2 0 .009 27 .0 0.1
3 0 . 20 26 . 6 20 . 8
4 0 . 18 26 . 5 17 .0
5 0 .079 26.5 3 . 5

6 0 . 083 26 . 5 3 . 8
7 0 .081 26 . 5 3.7
8 0 . 053 26.5 1 .6
9 0 . 010 2 6 . 4 0 . 1

10 0 . 044 26 . 4 1.1

11 0 . 034 26 . 4 0.7
12 0. 025 26 . 4 0 . 4
13 0.007 26 . 4 0 . 0
15 0 . 023 8.9 0.1
16 0 . 018 24 . 9 0 . 2

17 0.070 26 . 4 2 . 7
18 0.061 26 . 4 2 .1
19 0.017 26 . 4 0 . 2
20 0 . 033 26 . 4 0 .6
21 0 . 025 26 . 4 0 . 4

22 0 . 023 26 . 4 0 . 3
23 0.032 26 . 3 0 . 6
24 0 . 018 26 . 3 0. 2
25 0 . 014 26 . 3 0.1
26 0 .006 26.2 0. 0

27 0 .027 26 . 2 0 . 4
Total 68.7

a
Body content and person-years of risk were taken  
from data in Table 1 , Voelz and Hempelmann [ 6] .
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4 .  TESTS OF THE PLUTONIUM DOSE-RESPONSE FUNCTION

Two sm all groups of people who acquired plutonium in 
their b od ies provide our only w ell-docum ented  plutonium  
exp osu res. The first of th ese  is  a group of 27 men who worked 
with plutonium at Los Alamos S c ien tific  Laboratory when they  
were in the serv ice  during World War II [6] . They have been  
exam ined period ically; for each of them, with the excep tion  of 
one lo w - le v e l  c a s e  that w as dropped from the study, a body 
content of plutonium has been estim ated from excreta m easure
ments . For each individual the probability of develop ing a bone 
sarcoma has been ca lcu la ted  with th is d o se -r e sp o n se  function  
(Table I ) . For th is ca lcu la tio n  it i s  assum ed that the most 
recen t, and most accu rate , body content value can be used  as the 
sy stem ic  in tak e, and that a f iv e -y ea r  latent period is  va lid  for 
the induction of bone sarcoma from plutonium . The fact that no 
bone sarcom as have been seen  in th is group does not contradict 
the predictions from the postu lated  d o se -r e sp o n se  function , for 
it  predicts only 0 .07  bone sarcoma to date in th is group.

The second  group is  even  sm aller, but its  members have  
considerab ly  larger plutonium burdens . Information is  ava ilab le  
about a group of 18 ser iou sly  i l l  patients who received  in jection s  
of plutonium in the period 1945—47 [ 7 ]  . The purpose was to 
m easure the rate of excretion  of plutonium, in order to u se  such  
m easurem ents to predict body contents of workers in contact with  
th is  e lem en t. Since eight members of th is group did survive for 
more than five  yea rs, the assum ed la ten t period for the develop 
ment of a radiation-induced bone sarcom a, the derived d o se -  
response function for plutonium can be applied to th ese  
lon g-su rv iv in g  c a s e s .  The fact that no e ffe c ts  of plutonium  
have been observed to date is  not contradicted by the prediction  
of 0 .7  bone sarcoma in th is group (Table II) .

It i s  apparent that the d o se -r e sp o n se  function for 
plutonium, derived from actu al human experience with radium, is  
not contradicted by the lim ited human data ava ilab le  for plutonium  
e x p o su r e s . It s lig h tly  overestim ates the occurrence of bone 
sarcom as in the only human experience a v a ila b le , but the 
overestim ation , 0„8 bone sarcoma expected  v s .  none observed , 
is  not unexpected , for there is  a 45% probability of observing  
zero when the true va lu e  is  0 . 8 .
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TABLE II. BONE SARCOMAS EXPECTED FROM THE 
PLUTONIUM INJECTION CASES

C ase
Plutonium
in jection 3

(HtCi)

P erson-years  
of risk to 
7 /3 1 /7  8 or 
to death

Bone sarcom as 
expected

C al-1 3 . 5 b 15.7 0 .52
C al-III 0 . 09 5 b 26.1 0 . 0 0 c
HP-1 0 . 28 9 . 3 0.01
HP-3 0 . 30 27 . 7 0 . 05
HP-6 0 . 33 27 . 5 0 . 05
HP-8 0 . 40 24 . 7 0 . 07
HP-10 0 . 38 5 . 9 0 . 02
HP-12 0 . 29 3. 0 0 . 01

Total 0 .72

3 Extracted from Table 1, Rowland and Durbin [7] .

b 238 239Injection w as Pu rather than Pu.
Q

Injection  w as intram uscularly into the gastrocnem ius  
m uscle four days prior to a previou sly  scheduled  
m id-thigh am putation. Subsequent excreta m easure
ments ind icate the retained burden to be two orders of 
magnitude lower than that of c a se  HP-3 [ 10] .

239
5 . RISK FROM PLUTONIUM AT 40 nCi BODY CONTENT

For many years a body content of 40 nCi ^39pu has been  
taken a s  the maximum perm issib le  body content for occupationally  
exposed  workers [8 ] . The risk at th is le v e l  can be ca lcu la ted  
from the derived d o se -r e sp o n se  fu n ction . According to ICRP 19
[5] , 90% of the plutonium that enters the blood is  long retained  
in the body, d ivided equally  betw een bone and liv e r . Therefore, 
a sy stem ic  intake of 4 4 . 5  nCi 2 39pu would resu lt in a retained
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burden of about 40 n C i. At th is in tak e, the d o se -resp o n se  
function predicts

I = 4 . 2 X 1 0 ~ 5 . b °ne. sarcom as
person-year of n sk

Over a 5 0 -year  period , the risk en ta iled  by the a cq u isition  
of th is  le v e l of plutonium in the body, assum ed to be acquired on 
the first day the worker was exposed  to plutonium, would be  
(50 -  5) X 4 .2  X 10“5,  or s lig h tly  l e s s  than 2 X 10"3, or about 
one chance in 500 of develop ing th is m alignancy, if the 
individual did not succumb to a com peting c a u se . Expressed in 
another fa sh io n , 4 .2  bone sarcom as per year would be expected  
per 100 , 000  workers with th is  intake after the f iv e -y ea r  latent  
p eriod .

The plutonium d o se -r e sp o n se  function can be employed  
to exam ine the risk at a lternative va lu es of the maximum 
perm issib le  body con ten t. For exam ple, the le v e l  could be se t  so  
that the risk from plutonium would be equal to the risk of a 
neoplasm  of bone in an unexposed population . It can be shown  
that, u sing  U . S . v ita l s ta t is t ic s  for 1972 [9]  , a 20 -year-o ld  
individual has a risk of 33 X 10"^ of develop ing th is m alignancy  
over the next 50 years if he or she did not d ie from a com peting  
cau se  during th is in terva l. This risk would be approximated over  
th is period by a sy stem ic  intake of 0 . 0 1 8  p.Ci 23^Pu, g iving rise  
to a body content of about 16 n C i. That i s ,  if a large group of 
workers were a ll to have sy stem ic  in takes of 18 nCi of 239pUi 
then th is group would be expected  to exhib it over their lifetim es  
a bone sarcoma in cid en ce tw ice  that found in an unexposed  
population .

The form of the d o se -r e sp o n se  rela tion sh ip , the d o se -  
squared exponentia l, in d ica tes  that there is  some intake at which  
the bone-sarcom a in cid en ce w ill be a maximum. When the 
product C y  i s  sm all, which it i s  for the function in q u estion , then 
the maximum in cid en ce occurs when the intake is  equal to 2 / y ,  
or 3 .3  ( j lC í . At th is le v e l  of intake a bone sarcoma in cid en ce of
0 . 03  m alignancy per person-year of risk is  pred icted . At intake  
le v e ls  greater than th is , if the radium experience can be  
extrapolated to plutonium exp osu res, the bone sarcoma incidence  
per person-year w ill d e c r ea se , but life  expectancy w ill be 
markedly d e c r ea se d . For exam ple, fem ale radium dial workers 
with sy stem ic  intake le v e ls  of radium >1000 | j lC í ,  corresponding to
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>1.75 |aCi 239pU( survived only 22 y ea rs, on the average, after  
in tak e, w h ile  of those who acquired <50 H.CÍ, corresponding to 
about 90 nCi 239pU/ about 70% are s t i l l  liv in g , and the average  
survival is  greater than 50 years per person .

6 . SUMMARY AND CONCLUSIONS

From the experience of radium dial workers, who developed  
bone sarcom as after incorporating radium in their b o d ie s , it is  
abundantly c lear  that th is  a lpha-em itting radionuclide induces  
bone sarcom as in human b e in g s . With a hom ogeneous population , 
a very long observation period, a large number of induced bone 
sarcom as, and a w ide range of exposure l e v e l s ,  the data from the 
fem ale d ia l workers provide the most reliab le  ev id en ce for the 
induction of a m alignancy as a function of exposure le v e l .  It is  
su ggested  that the d o se -r e sp o n se  relationsh ip  derived from th is  
population for radium and m odified to account for the enhanced  
e ff ic ie n c y  of bone c e ll  irradiation expected  from plutonium pro
v id e s  the b e s t  ava ilab le  risk estim ate for plutonium exposure.

The plutonium d o se -r e sp o n se  relationsh ip  w as derived by 
finding the intake of plutonium that would deliver  over an 
appropriate tim e interval the sam e bone c e ll  d ose as a g iven  
intake of radium. The d ose ca lcu lation  extended from intake to 
the mean appearance time of radium -induced bone sarcom as in 
fem ale d ia l workers, l e s s  an assum ed la ten t period . The latent 
period w as taken as f iv e  y ea rs . A major assum ption in the above  
is  the im plicit equalization  of bone c e ll  d o s e s .  B ecause of bone 
remodeling p r o c e sse s  the d o se  is  undoubtedly le s s  for both 
n u clid es than the ca lcu la tion  im p lie s . If the deviation  from the 
truth were the same for each n u clid e, then the d ifference would  
be irrelevant. It is  l ik e ly , how ever, that the plutonium d ose  
drops more rapidly than the radium d o se , due to resorption of 
bone layers containing plutonium . If true, then the relationship  
derived above is  con servative; that i s ,  it  makes the risk from 
plutonium appear som ewhat greater than it probably i s .
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DISCUSSION

R.H. CLARKE: May I congratulate you  on the excellent work being done at 
Argonne National Laboratory and tell you that I have made extensive use o f  your 
data. I should like to ask about your statement to the effect that if  we are to be
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realistic in our risk estimates we should use data on human beings. Since we are 
no longer generating human groups exposed to high radiation levels, do you  think 
that, as the exposed population dies o ff, we should start designing animal experi
ments for the purpose o f  filling the gaps in data on human experience?

Secondly, what are your views on the time o f  appearance o f  the tumours in 
the radium workers? If there is a time-dependent distribution for risk, the natural 
consequence would be some form o f non-linear risk with dose, w ithout assumption 
o f a D2 risk response.

R.E. ROWLAND: We shall, o f  course, have to resort to well-designed animal 
studies to  fill the gaps in human data.

In reply to your second question, it appears likely that a linear dose-response 
function combined with the dose-dependent latency period may well approximate 
the observed distribution o f  bone sarcoma with dose.

C.W. MAYS: I should like to join Mr. Clarke in commending your excellent 
analysis o f the radium data. The D2 exponential seems to fit the osteosarcoma 
incidence very well. A question which is o f  concern to me is how confidently  
we can generalize this non-repeatable special case to cover a dose response for other 
emitters, including plutonium . I have examined data from eleven studies o f  
osteosarcoma induction by alpha emitters and found that in two instances, 
including the radium cases in the United States, the response appears to be upwardly 
concave. In one case — 224Ra in m ice — the response appears to  be downwardly 
concave. In the other eight cases the possibility o f  a linear dose response cannot 
be ruled out. While this does not prove that the response for plutonium is linear, 
it does suggest it could be.

Reports on our views in this connection are currently in press and will be 
published eventually as the proceedings o f  a symposium held by the American 
Academy o f  Sciences at Argonne in September 1978.

R.E. ROWLAND: Thank you for the com m ent. I can make the following 
simple remarks on your analyses. The radium data apply to  adult humans 
irradiated by alpha radiation em itted from bone. I think this human experience 
is a better indicator o f  the risk o f  bone sarcoma in human beings from plutonium  
than any extrapolation from animal studies. It may be that repair processes, the 
immune system and so on in the human species are superior to those found in 
laboratory animals. The only apparently relevant human experience that does not 
appear to match these data is that with 224Ra in Germany. However, nearly three- 
quarters o f  the bone sarcomas observed in Germany were found in children. There 
are not enough bone sarcomas in cases o f  adult exposure to 224Ra to differentiate 
between a linear and a D2 response function.

Y. NISHIWAKI: The dose you indicate is due to internal emitters only.
What was the medical exposure o f  the patients you  investigated? If persons with  
internal contamination by heavy elements received X-rays or gamma radiation, 
the local dose at the sight o f  the heavy element deposition would be higher
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because the interactions o f  X-rays or gamma photons with high atom ic number 
elem ents would be greater than with elem ents o f  low atom ic number. If this 
dose were taken into consideration, the dose relationship might change somewhat.

R.E. ROWLAND: While they were working in the dial industry, the dial 
workers described received a rather high total body dose o f  gamma radiation, 
since they were surrounded by the luminous paint, by their fellow  dial workers, 
and so forth. The Medical Research Council in the United Kingdom has estimated 
that dial painters may have received an annual dose as high as 20 rem per year 
in the mid 1940s. Our own estim ations o f  external dose are not as high as that, 
but we have not found any significant increase in breast cancer, which is a fairly 
sensitive indicator o f  external dose, or for that matter in leukaemias. But in any 
case we are now  investigating this particular point.
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Abstract

ALPHA-EMITTING NUCLIDES IN COMMERCIAL FISH SPECIES CAUGHT IN THE 
VICINITY OF WINDSCALE, UNITED KINGDOM, AND THEIR RADIOLOGICAL 
SIGNIFICANCE TO MAN.

The concentrations of a number of alpha-emitting nuclides have been determined in the 
tissues of several commercial fish species caught in the vicinity of the fuel reprocessing plant 
at Windscale. All tissues analysed were found to contain 238Pu, 239 + 240pu and 241 Am, but 
M2Cm and 244Cm could only be reliably detected in the liver samples of some fish. Fish of the 
same species, but taken from the North Sea, have also been analysed for some naturally 
occurring alpha-emitting nuclides. Whereas uranium (238U) and thorium (232Th) could be 
detected in bone samples of fish, neither could be reliably detected in samples of muscle: in 
contrast, 210Po was readily detected in samples of liver, muscle and bone. Commercial fish 
fillets from the Irish Sea, including the Windscale area, are also routinely monitored for alpha- 
emitting nuclides, and their radiological significance to man is briefly discussed. Comments 
are also made on the significance of the naturally occurring nuclides.

1. INTRODUCTION

A number of alpha-emitting radionuclides are discharged into 
the Irish Sea, under authorisation, from the nuclear fuel reprocessing 
plant at Windscale, Cumbria. Principal amongst these are 238pu> 
239+240pu and 241дт> ^he behaviour of these radionuclides in the 
Windscale environment has been the subject of a number of studies at 
the Fisheries Radiobiological Laboratory of the Ministry of Agriculture, 
Fisheries and Food ( F R L ) ,  2, 3,4,  5, 6, 7, ] and such studies are con
tinuing. This Ministry is responsible, in conjunction with the Depart
ment of the Environment, for the assessm ent and control of all radio
active discharges from Windscale to the aquatic environment, such

2 2 7



228 PENTREATH et al.

TABLE I. MEAN MONTHLY DISCHARGES OF ALPHA- 
RADIOAСTIVITY FROM BRITISH NUCLEAR 
FUELS LTD., WINDSCALE, SINCE 1970. 
DATA FROM RETURNS MADE TO FRL.

Year 238+239+240Pu 241 Am U

kgTBq (Ci) TBq (Ci)

1970 2. 89 ( 78) 1. 59 ( 43) 451

1971 3.48 ( 94) 3.15 ( 85) 171

1972 4. 77 (129) 6. 70 (181) 208

1973 5.48 (148) 9. 10 (246) 270

1974 3.85 (104) 9.84 (266) 209

1975 3. 70 (100) 3. 03 ( 82) 205

1976 3. 92 (106) 1. 00 ( 27) 294

1977 3. 03 ( 82) 0. 30 ( 8) 439

discharges being controlled in conformity with the ICRP-recommended 
dose limitation criteria for the public. The major pathway leading to 
internal exposure of man as a result of the Windscale discharges has, 
in the past, been via the consumption of the rhodophycean alga Porphyra. 
More recently, however, as a result of the decline in the harvesting of 
Porphyra - for reasons totally unconnected with the Windscale d is
charges -  and a change in the ratio of discharged nuclides, the con
sumption of fish has become the principal pathway; the critical radio
nuclides in this pathway are and -*-37qs<

The Irish Sea is, in fact, an important fishing area. A large 
variety of species are caught within the north-eastern sector, the prin
cipal landings at Whitehaven -  a fishing port some 18 km north of 
Windscale -  being those of plaice (Pleuronectes plates sa) , cod (Gadus 
morhua), whiting (Merlangius merlangus) and herring (Clupea harengus). 
These species will have been taken from a number of fishing grounds 
throughout the Irish Sea, although the herring are caught almost entirely 
from the waters close to the Isle of Man. It is to be expected that plaice, 
in particular, may be caught fairly close to Windscale but both cod and 
whiting may also be taken in this area.
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The quantities of alpha-emitting nuclides discharged from 
Windscale vary from year to year. The monthly averages of plutonium 
and americium discharged over the last few years are given in Table I. 
Such rates of discharge result in 239+240pu sea water (filtrate) concen
trations of about 37 mBq.l- '*' (1 pCi.l- -*-) close to the discharge p ip e ta ,  
but these decrease by at least an order of magnitude within a very short 
distance. It was initially observed that a substantial fraction of the 
plutonium in sea water could not be retained by passing the samples 
through a 0. 22 filter. It has since been demonstrated^?! that at 
least two chemical forms are present: plutonium which is retained by 
the filter is present as either Ри(1П) or (IV), whereas that which passes  
through the filter is present as either Pu(V) or (VI). In view of the w ell- 
oxygenated, high pH, conditions of the Irish Sea it is reasonable to assume 
that the higher oxidation state of each pair predominates. Concentrations 
of americium are generally of the same order as those of plutonium in 
the eastern Irish Sea although, as can be seen in Table I, the discharge 
rates of 241 Am have been more variable than those of plutonium. 
Americium is believed to exist in sea water as Am(III). It should be 
noted that some 2 4 1 д т  arises from the decay of another isotope of 
plutonium, 241pUj which is also discharged from Windscale.

Both plutonium and americium are highly concentrated by sedi
mentary m aterials. Surface concentrations (dry weight) on the sea bed 
in the vicinity of the discharge pipe are about 3. 7 Bq.g~l (100 pCi.g- !) 
for both 239+240pu ancj 241 Am> concentrations which are 10^ to 10^ 
tim es greater than those of the sea watert б ]_ it also appears that plu
tonium as Pu(III or IV) is more highly concentrated than as Pu(V or 
VI) L .

In addition to plutonium and americium, small quantities of 
curium are regularly discharged; both 242Qm ancj 244Qm have been 
identified in environmental samples. A further, minor, source of 
alpha-emitting nuclides is that of uranium present in the effluent.
Average monthly discharges of uranium, on a m ass basis, are also 
given in Table I.

In view of the general interest in alpha-emitting nuclides in the 
marine environment, and the importance of the Irish Sea as a fishery 
area -  to which non-UK vesse ls also have access -  the concentrations 
of these nuclides in a number of fish species have been studied. These 
measurements have been made in addition to those which have been made 
for control monitoring purposes. A number of the same species ana
lysed in the Windscale area have also been obtained from the North Sea 
and analysed for naturally-occurring alpha-emitting nuclides.
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2. METHODS OF ANALYSIS

For the measurement of Windscale-derived radionuclides fish  
organs were carefully dissected out and ashed. Plutonium, americium  
and curium were extracted from the sample matrix, after destruction 
of the organic matter, by acid digestion under oxidizing conditions and 
subsequently concentrated by co-precipitation, firstly onto calcium  
oxalate and secondly onto ferric hydroxide. Separation of the plutonium 
from the other two elements was effected by anion exchange from a 
hydrochloric acid medium. The separation of americium and curium 
from possible lanthanide element contamination was achieved by anion 
exchange from a 4M ammonium thiocyanate medium. Both the plu
tonium and the americium plus curium fractions were electrodeposited 
onto stainless steel d iscs. Measurement of alpha-activity was made 
using 128-channel analysers and silicon surface barrier detectors.
This technique gave adequate resolution between the isotopes 239+240pu, 
238pu ancj the yield tracer 236pu; an(j between 24lAm, 242Cm, 2^ C m  
and the yield tracer 243дт< it has been shown, by standard additions, 
that the 243Am can be used as a quantitative yield tracer for the curium 
isotope.

Uranium and thorium analyses were made on samples which had 
been muffle-ashed at 550°C. About 0. 2 g of the ash was thoroughly 
mixed with an equal weight of high purity graphite and then divided into 
two parts. To one of the weighed portions 0.1 î g of 235jj was a(j¿ied 
as an internal standard spike. Electrodes prepared from both spiked 
and unspiked portions were analysed by spark source m ass spectro
metry using a peak-switching technique to determine the isotopic ratios. 
The change in isotopic ratio of m ass 235/238 effected by the addition of 
the tracer gave a measure of the uranium content of the sample. Counts 
recorded at m ass numbers 233 and 237 were used to a ssess  background, 
and those recorded at m ass number 232 gave an estimate of the thorium 
content.

The m ass spectrometric method was compared with neutron 
activation analysis -  at AERE, Harwell -  for a selection of samples in 
order to check for possible interference problems. The comparative 
data obtained agreed within the standard errors propagated by each 
technique.

91 ПFor Po analyses wet samples were oxidized in nitric and per
chloric acids, diluted with water, and neutralized with sodium hydroxide 
These solutions were then made 0. 5 molar with respect to hydrochloric 
acid and the polonium removed by spontaneous deposition onto silver  
discs at 90°C in the presence of ascorbic acid. The silver discs were
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then alpha-counted for 210po> propagated counting errors being largely 
le ss  than ±5%. Recounting of a selection of d iscs, and the replating 
and recounting of fresh discs from the solutions after an appropriate 
time, indicated that the 2Юр0 was principally (> 90%) unsupported by 
210рь accumulated by the fish.

3. RADIONUCLIDES OF WINDSCALE ORIGIN
A detailed study of 238pu> 239+240pu an(j 241дт  jn piaice caught 

within an area approximately 5 km south of the Windscale pipeline, at 
three-monthly intervals, has been made over a period of two y e a r s^ , 5 ]# 
The most striking results of this study were the very large differences 
observed in the concentrations of the radionuclides from one organ to 
another, and the very low concentrations - particularly in muscle -  in 
view of the quantities discharged from Windscale. It is to be expected 
that a bottom-feeding species such as the plaice would ingest some 
sedimentary material with its food, and this is reflected in the rela
tively high radionuclude concentrations of the gut contents -  four orders 
of magnitude greater than those of the muscle (Table II). Of the internal 
organs analysed, apart from the gut, the highest plutonium concentra
tions observed throughout the two-year period were those of the kidney; 
the next highest concentrations were those of liver and bone. Americium  
concentrations were generally higher than those of plutonium, and this 
element was also particularly concentrated in the kidney.

It is not always possible to obtain a sufficient number of fish of 
different species, at the same time, for comparative purposes; but in 
general those species which have been analysed are not markedly dif
ferent from the plaice. Two species -  mackerel and cod - caught in 
the vicinity of the pipeline in July 1977 were analysed in some detail; 
the mackerel organs were bulked but three cod were analysed 
individually (Table 1П). The plutonium concentrations of both species 
were higher than those of the plaice caught the previous summer, 
whereas the average discharge rate had fallen slightly. The americium  
values of the cod were comparable to those of the plaice but the mac
kerel bone, and particularly the liver, were much higher than those of 
the plaice: the average discharge rate of americium had fallen continu
ously since 1974. In view of the sharp decline in plutonium and 
americium concentrations with increasing distance from the p ipeline,. 
however, and the unknown history of the fish which are caught, it is 
obviously very difficult to conclude that real differences exist between 
species; even though one naturally assumes that such differences 
would be expected in view of the different biology and feeding habits 
of these fish.
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TABLE II. CONCENTRATIONS (WET WEIGHT) OF 239+240рц 
AND 241Am IN SELECTED ORGANS OF PLAICE 
(Pleuronectes plates sa) CAUGHT IN AN AREA «¿5 km 
SOUTH OF THE WINDSCALE PIPELINE IN AUGUST 
1976. (ERRORS ARE ±2 a  COUNTING ERROR).

Organ Radionuclide concentration

2 3 9 + 2 4 0 p u ( a ) 2 4 1 A m

H’Bq. g 1 (fCi.g *) M'Bq. g 1 (fC i.g-1)

Gut 2516 ( 68 ) 3367 ( 91 )
+ 296 (± 8. 0 ) + 259 (± 7.0  )

Gut contents 137270 ( 3710 ) 192770 ( 5210 )
+ 5550 (± 150 ) + 11840 (± 320 )

Gill 344 ( 9. 3 ) 1147 ( 31 )
+ 48 (± 1. 3 ) ± 222 (± 6. 0 )

Skin 59 ( 1. 6 ) 215 ( 5.8 )
+ 7 (± 0. 2 ) ± 22 (± 0.6 )

Liver 255 ( 6. 9 ) 1295 ( 35 )
+ 41 (± 1. 1 ) + 148 (± 4 .0  )

Kidney 703 ( 19 ) 5143 ( 139 )
+ 111 (± 3. o ) ± 518 (± 14.0 )

Bone 174 ( 4. 7 ) 555 ( 15 )
+ 22 (± 0. 6 ) + 111 (± 3.0 )

Muscle 8 ( 0. 22) 15 ( 0.4 )
+ 1 (± 0. 04) ± 2 (± 0.06)

The average 239+240pu/238pu value is 4. 0

The largest landings of demersal fish from the northern Irish 
Sea in recent years have been of the two gadoids, cod and whiting.
Cod, the larger of the two species, attain a sufficiently large size to 
allow the analysis of individual fish even at some distance from 
Windscale. The values given in Table III were derived from three cod, 
each weighing about 1 kg, caught within 5 km of Windscale in July 1977.



TABLE III. CONCENTRATIONS (WET WEIGHT) OF 239+240рц AND 
^^Am  IN MACKEREL (Scomber scombrus) AND COD 
(Gadus morhua) CAUGHT WITHIN 5 km OF THE 
WINDSCALE PIPELINE IN JULY 1977 AND MAY 1977 
RESPECTIVELY. (ERRORS ARE ±20 COUNTING 
ERROR).

IAEA-SM-237/1 2 3 3

Species Organ Radionuclide concentration

239+240pu 241Am

^Bq.g 1 (fCi.g -1-) M'Bq.g 1 (fCi.g *)

Mackerel^ ' Liver 555 ( 15 ) 8214 ( 222 )
+ 74 (± 2.0  ) ± 666 (± 18 )

Bone 148 ( 4 .0  ) 1924 ( 52 )
22 (± 0.6 ) + 222 (± 6 .0  )

Muscle 85 ( 2. 3 ) 52 ( 1.4 )
+ 7 (± 0.2 ) + 4 (± 0.1 )

Cod(b) Liver 1 1443 ( 39 ) 962 ( 26 )
+ 222 (± 6. 0 ) + 78 (± 2.1  )

Muscle 1 74 ( 2. 0 ) 37 ( 1 .0  )
+ 13 (± 0. 35) + 4 (± 0.12)

Liver 2 2479 ( 67 ) 1998 ( 54 )
+ 444 (± 12 ) + 163 (± 4 .4  )

Muscle 2 31 ( 0.84) 22 ( 0.60)
+ 6 (± 0.16) + 4 (± 0.11)

Liver 3 518 ( 14 ) 629 ( 17 )
+ 67 (± 1.8 ) ± 48 ( i 1 .3  )

Muscle 3 44 ( 1.2  ) 22 ( 0. 59)
+ 8 (± 0. 21) + 3 (± 0.08)

(a) Bulked sample; (b) individual fish
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TABLE IV. CONCENTRATIONS (WET WEIGHT) OF 239+240рц д ш  241Д т  ш  
MUSCLE AND LIVER SAMPLES O F COD (GADUS MORHUA) CAUGHT 
A T D IFFEREN T DISTANCES FROM WINDSCALE, IN AN A PPRO X I
MATELY SOUTH-WESTERN DIRECTION, IN OCTOBER 1977. 
(ERRORS ARE ± 20 COUNTING ERROR).

D istance
from
W indscale
(km)

W eight 
of whole 
fish  (kg)

O rgan
analysed

R adionuclide concen tra tion

239+240pu 241Am

^Bq. g "1 ( f C i .g '1) ^Bq. g "1 (fCi. g _1)

124 1. 03 L iv e r 2 .5 ( 0 .068 ) 9 .8 ( 0 .266  )
± 1.0 (± 0.028 ) ± 2. 5 (± 0.068 )

M uscle 0.20 ( 0.0053) 0. 53 ( 0.0142)
± 0.14 (± 0.0038) ± 0 .16 (± 0.0043)

124 0.97 L iv e r 5. 6 ( 0 .152 ) 1 4 .4 ( 0. 389 )
± 1.9 (= 0 .052 ) ± 3. 7 (± 0. 099 )

M uscle 0.14 ( 0.0038) 0. 53 ( 0.0144)
± 0.14 (± 0.0038) 1 0 .24 (± 0.0065)

258 5. 27 L iv e r 1.7 ( 0 .045  ) 5. 3 ( 0 .144  )
± 0.48 (± 0 .013  ) ± 0 .85 (± 0 .023  )

M uscle 0.22 ( 0.0059) 0. 02 ( 0.0005)
± 0.08 (± 0. 0022) ± 0.01 (± 0. 0002)

258 3 .12<a) L iver 1.2 ( 0 .033  ) 1.6 ( 0 .043  )
& 2.81 ± 0. 30 (± 0.008 ) ± 0 .44 (± 0.012 )

M uscle 0.04 ( 0. 0011) 0. 07 ( 0.0018)
± 0. 03 (± 0.0008) i  0. 03 (± 0. 0007)

258 1. 57Ía) L iv e r 2.1 ( 0 .056  ) 2. 2 ( 0.058 )
0 .96 , ± 0.41 (± 0.011 ) i  0. 52 ( i  0 .014  )
0 .80

& 0. 76 M uscle 0. 12 ( 0.0031) 0. 02 ( 0.0005)
± 0 .05 (± 0.0013) ± 0.01 ( i  0.0003)

287 7 .80 L iv e r 3.4 ( 0 .092 ) 3. 3 ( 0 .089 )
± 0.59 (± 0 .016 ) ± 0 .44 (± 0.012 )

M uscle }> 0.04 (i> 0. 001 ) 0. 24 ( 0.0066)
- - ± 0 .06 (± 0.0015)

(a) Bulked sam p les
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TABLE V. CONCENTRATIONS (WET WEIGHT) OF 242Cm AND 
244Cm IN BULKED LIVER SAMPLES OF PLAICE 
(Pleuronectes platessa) , MACKEREL (Scomber 
scombrus) AND COD (Gadus morhua) CAUGHT WITHIN 
5 km OF THE WINDSCALE PIPELINE. (ERRORS ARE 
±2a  COUNTING ERROR).

Species Date of 
collection

Radionuclide concentration

242Ĉm 244„Cm

P -B q . g-1 (fCi.g !) M -Bq. g_1 (fCi.g Х)

Plaice May 1976 67 ( 1.8) 19 ( 0.5)
— 41 (~ 1. 1) ± 15 (± 0.4)

Mackerel July 1977 30 ( 0.8) 19 ( 0.5)
± 15 (± 0.4) ± 11 (± 0. 3)

Cod July 1977 48 ( 1.3) 7 ( 0.2)
± 15 (± 0.4) ± 4 (± 0.1)

The data in Table IV were derived from the analysis of cod caught at 
distances of up to 287 km from Windscale, in a south-westerly d irec
tion, in October 1977. Four of the fish were analysed individually 
but fish from one location, 258 km from Windscale, were divided into 
two groups -  according to size - and bulked for analysis. The muscle concen
trations of both plutonium and americium in these cod clearly decrease 
very markedly with increasing distance of capture from Windscale. 
Whereas the individual fish in Table III contained about 50 м-Bq. g- -*- 
wet (1. 35 fCi. g"1 wet) of 239+240Pu and 21 pJBq. g"1 wet (0. 73 fCi. g -1 
wet) of 241Anij thg (jata Table IV show that at a distance of only 
124 km these values have decreased by factors of 300 and 50 respec
tively. For the two, sm aller, bulked fish caught at 258 km distance -  
the two most sim ilar in size to the fish in Table III -  these factors are 
1200 for 239+240pu an(j ^qq £Qr 241 д т  ̂ д. ^ a t there are two
stocks of cod in the Irish Sea -  one which spawns near the Cumberland 
coast and one which spawns nearlhe Irish coast -  with little movement 
of mature fish between the two^8 J. ‘ Thus it is probable that the 
decreased concentration of plutonium and americium in the fish caught 
at distances greater than about 150 km in a south-westerly direction
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from Windscale is a reflection of the local availability of these radio
nuclides, rather than a loss of radionuclides previously accumulated 
by these fish having been close to Windscale.

Curium can also be detected in fish caught close to Windscale, 
although it is usually below routine lim its of detection in muscle sam 
ples. The concentrations of 242Cm and 244Cm in the livers of three 
species are given in Table V: 242Cm is present at about one order of 
magnitude lower than plutonium and americium, and 2^ C m  is even 
lower.

A considerable quantity of uranium is also discharged from 
Windscale -  as can be seen from Table I -  and the question arises as 
to whether this would be reflected in effecting enhanced concentrations 
in the local fish. But considerable as the discharges at first appear, 
the dilution is such that it is extremely unlikely that any enhanced 
levels resulting from this source would be detected. The volume of 
the eastern Irish Sea may be taken as approximately 4 x 10^4 ^ ancj 
sea water contains approximately 3 м-g. I- -*-. Thus a yearly input of 
about 2500 kg of uranium would not result in a detectable increase 
in the sea water concentration of this area.

4. NATURALLY-OCCURRING ALPHA-EMITTING NUCLIDES

A discussion of the occurrence of uranium in the Windscale 
discharges does serve as a reminder that naturally-occurring alpha- 
emitting nuclides are also present in the marine environment, and yet 
very few measurements have been made on them. In view of the pau
city of reliable data for fisht 9, lo ]  j a variety of North Sea species 
were analysed for uranium, thorium and polonium. Uranium is readily 
detectable in fish bone, and there are significant differences between 
species; of the three species presented in Table VI, mackerel quite 
clearly have a much higher uranium bone concentration than either 
plaice or cod. Muscle samples from a variety of species were also 
analysed and it was concluded that was not present in them at 
concentrations greater than 1 ng. g- * wet. Analyses for 232Th also 
resulted in negative results: from the methods used it was calculated 
that this isotope was not present in concentrations greater than 5 ng. g- l  
wet in bone, and not greater than 0. 5 ng. g-1 wet in m uscle.

In marked contrast to uranium, 210po js readily detectable in 
liver, m uscle and bone of fish. Data obtained on plaice, mackerel and 
cod are given in Table VII. In view of the considerable range from one 
individual to another -  which is why the data in Table VII have been
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TABLE V I. CONCENTRATION (WET WEIGHT) O F 238U IN THE BONES O F 
INDIVIDUAL FISH, AND CONCENTRATIONS (WET WEIGHT). OF 
234+235+238u m a d e  ON THE ASSUMPTION THAT THE TOTAL 
URANIUM HAS THE SAME ISOTOPIC RATIO AS IN SEA W ATER. 
(ERRORS ARE -  1er). x IS ARITHMETIC MEAN.

Species W eight 238 U concen tra tion 234+235+238 U concen tra tion
ot whole 
f ish  (kg) ng g 1 M̂ Bq. g 1 (fCi. g x)

P la ice 0. 31 12.0 + 2.8 311 + 70 ( 8 .4 + 1.9)
0. 30 20. 0 i 5.8 514 148 ( 13 .9 + 4.0)
0. 31 11.0 + 4 .8 285 + 122 ( 7 .7 3. 3)
0. 33 12.1 + 3.8 311 + 96 ( 8 .4 + 2. 6)
0. 35 12.6 + 3. 2 326 81 ( 8.8 + 2. 2)
0. 30 15.8 + 6. 5 407 + 167 ( 11.0 + 4.5)

X 13. 9 X 359 x ( 9.7)
3 .4 + 87 (+ 2. 3)

M ackerel 0. 23 69 + 3 .3 1776 85 ( 48 + 2. 3)
0. 27 101 + 4. 0 2590 + 104 ( 70 + 2. 8)
0. 23 144 + 5 .2 3700 ± 133 ( 100 + 3.6)
0. 30 239 + 4 .1 6179 + 107 ( 167 + 2. 9)
0. 23 151 + 6. 2 3885 + 159 ( 105 + 4. 3)
0. 27 107 + 5 .6 2738 + 144 ( 74 ± 3. 9)

X 135 X 3478 x  ( 94)
+ 59 + 1533 (± 41)

Cod 0.88 12.1 + 4 .6 311 ± 118 ( 8 .4 ± 3. 2)
0. 74 14 .4 + 5 .4 370 ± 141 ( 10.0 ± 3.8)
0. 56 5.7 + 3. 5 148 ± 89 ( 4 .0 ± 2.4)
0. 52 5. 5 + 4 .4 141 + 115 ( 3.8 ± 3.1)
0 .70 5 .2 T 4. 9 133 + 126 ( 3. 6 ± 3.4)

X 8.6 X 221 X  ( 6. 0)
+ 4. 3 + 112 ( 3. 0)

presented in such detail -  it is not possible to state that there are s ig 
nificant differences between these species. It seem s likely that if 
sufficient data could be obtained the concentration within any one species  
would be found to be log-normally distributed. The differences in 
2-*-0po muscle concentration from one individual mackerel to another 
are the most striking.
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TABLE VII. CONCENTRATIONS (WET WEIGHT) OF 210Po IN SAMPLES OF MUSCLE, 
LIVER AND BONE OF INDIVIDUAL FISH.

Species Wet weight 
of whole 
fish (kg)

L iver Muscle Bone

^B q .g-1 (fCi.g-1) iiBq. g_1 (fC i.g -1) M.Bq. g ' 1 (fCi.g-1)

P laice 0.16 33929 ( 917) 814 ( 22 ) 1073 (29)
0. 35 47619 (1287) 999 ( 27 ) )
0.19 125763 (3399) 3219 ( 87 ) )
0. 32 16872 ( 456) 1480 ( 40 ) )2849(a) (77)
0. 30 28564 ( 772) 1369 ( 37 )
0. 30 42698 (1154) 1221 ( 33 ) )

Mackerel 0. 30 88097 (2381) 1776 ( 48 ) 3256 (88)
0. 31 47767 (1291) 189 ( 5.1) )
0. 30 39627 (1071) 925 ( 25 ) )
0. 30 86765 (2345) 259 ( 7.0) )3219<a> (87)
0.19 91131 (2463) 4440 (120 ) )
0.25 54797 (1481) 2590 ( 70 ) )

Cod 0.52 21127 ( 571) 1258 ( 34 ) )
0. 57 33078 ( 894) 2035 ( 55 ) )
0. 73 13135 ( 355) 444 ( 12 ) )
0.73 17464 ( 472) 814 ( 22 ) )2294<a> (62)
0. 59 15392 ( 416) 1813 ( 49 ) )
0.61 18685 ( 505) 1554 ( 42 ) )
0. 57 14726 ( 398) 999 ( 27 ) )

(a) Bulked

5. FISH AS FOOD

The assessm ent of radiation exposure of members of the public 
as a result of the consumption of fish caught within the Irish Sea is 
rather complex because different quantities of different species are 
eaten, and the fish may be caught in different areas. There are two 
principal fishing communities which are likely to be exposed: one which 
catches and consumes fish caught fairly close to Windscale, and one 
which regularly consumes a relatively large quantity of fish landed at 
commercial ports, particularly at near-by Whitehaven. Quarterly 
samples of fish fillets are obtained from both the locally caught fish  
and from commercially landed fish at Whitehaven. As an example of 
the values obtained, Table VIII gives the monitoring data obtained for 
plaice during 1977.
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TABLE VIII. CONCENTRATIONS (WET WEIGHT) OF
2 3 9 + 2 4 0 P u  A N D  241A m  IN  T H E  F I L L E T S  0 F

COMMERCIALLY LANDED PLAICE 
(Pleuronectes platessa) AT WHITEHAVEN,
AND IN FISH CAUGHT CLOSE TO WINDSCALE 
FOR LOCAL CONSUMPTION, DURING 1977. 
(ERRORS ARE ±2a  COUNTING ERROR).

Origin Radionuclide concentration

2 3 9 + 2 4 0 p u 241A m

M-Bq.g'1 (fC i.g-1) PBq.g 1 (fC i.g X)

Whitehaven

1st Qtr 21.5 ( 0.58) 21. 5 ( 0.58)
± 0.7 (± 0.02) ± 1.1 (± 0.03)

2nd Qtr 8.9 ( 0.24) 18. 5 ( 0.50)
± 0 .4 (± 0.01) ± 1.1 (± 0.03)

3rd Qtr 32.9 ( 0.89) 33. 3 ( 0.90)
± 1 .5 (± 0.04) ± 1 .5 (± 0.04)

4th Qtr 8 .5 ( 0.23) 15.2 ( 0.41)
± 0.7 (± 0.02) ± 0.7 (± 0.02)

Windscale

1 s t  Q tr 4 8 . 5 ( 1 .3 1 ) 7 4 .4 ( 2 .0 1 )
± 3 .0 (± 0 .0 8 ) ± 3 .0 (± 0 .0 8 )

2nd Q tr 2 2 .6 ( 0 .6 1 ) 2 8 .9 ( 0 .7 8 )
± 2 .2 (± 0 .0 6 ) ± 1 .1 (± 0 .0 3 )

3rd Q tr 30. 3 ( 0 .8 2 ) 36. 3 ( 0 .9 8 )
± 2 .6 (± 0 .0 7 ) * 1 .5 (± 0 .0 4 )

4th  Q tr 7 .8 ( 0 .2 1 ) 8 .9 ( 0 .2 4 )
± 3 .7 (± 0 .1 0 ) ± 0 .7 (± 0 .0 2 )
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It is immediately apparent that the concentrations of plutonium 
and americium in the fish fillets, even in fish landed at Whitehaven -  
which could have been caught anywhere within the eastern Irish Sea -  
are higher than values given for muscle in Table II. But fillets of fish 
also include skin and will undoubtedly be contaminated by some of the 
other organs, both from the filleter's knife and from the water in which 
the fillets may be rinsed. In view of the gut contents containing both 
nuclides at concentrations four orders of magnitude greater than those 
of the m uscle, such contamination is quite clearly influential in increas
ing the values obtained for commercial samples. Nevertheless, even 
with some degree of contamination, the concentrations are very low 
and present a very small radiation exposure to the maximum consumers 
of fish. From habit survey data it has been deduced that the average 
consumption of the critical group of eaters of fish landed at Whitehaven 
is 300 g of fish a day, and that members of the coastal fishing com
munity near Windscale consume a maximum of 224 g of fish a d a y tn l .  
The ICRP-recommended maximum perm issible oral intake of 239pu 
and 241 Am are 133 kBq per year (3. 6 |iCi per year) and 111 kBq per 
year (3. 0 м-Ci per year) resp ectively [l2 ]. By using the average con
centrations given in Table VIII, and the consumption rates quoted above, 
it is readily calculated that neither group of fish consumers sustain a 
rate of intake of 239+240pu or 241дт  that is greater than 0. 01% of the 
ICRP-recommended lim its. This compares with an estimated value, 
in 1976, of 44% of ICRP-recommended lim its for the most highly 
exposed individual in the local Windscale fishing community as a result 
of the combined ^ 4Cs and ■'•^Cs concentrations in f is h [ l l  J. In fact 
the consumption of crustacean shellfish -  which is locally consumed by 
some individuals at a rate of up to 41 g per day -  constitutes a greater 
source of 239+240pu ancj 241 д т  than f i s h t n l .

The above calculations have beenbased on current ICRP recommen
dations. It is appreciated, however, that new ALI values will soon be 
adopted. Using these new ALI values, as published by the UK National 
Radiological Protection B oard[l3 l ,  the consumption of fish results in 
rates of intake which are less  than 0. 1% of these new annual lim its.

It is thus obvious that in term s of collective dose rate to man 
the contribution of these alpha-emitting nuclides, relative to ancj
l 37Cs, is trivial. A more contentious question is their significance 
in term s of dose commitment, the answer to which is being sought by 
research into the overall behaviour of alpha-emitting radionuclides in 
the Windscale area.
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6. DISCUSSION

The concentrations of alpha-emitting nuclides which occur in 
Irish Sea fish as the result of authorized discharges from Windscale 
are very low. Various internal organs of plaice -  a locally abundant 
flatfish -  have been analysed and the highest concentrations have been 
observed in kidney and liver, and the lowest in m uscle. Commercially- 
obtained fillets usually have somewhat higher concentrations than those 
observed in m uscle alone, and this is undoubtedly the result of conta
mination by visceral organs, gut contents, and any other extraneous 
m aterials. It also appears, as one might expect, that fish caught at 
increasing distances from Windscale contain significantly lower con
centrations of 239+240pu and 241дт> an observation less  readily 
obtainable from contaminated, commercial landings.

Of particular interest, however, is a comparison of the 
Windscale-derived alpha-emitting nuclides with those alpha-emitters 
which are naturally occurring, particularly 2:1-0po. .One of the basic 
assumptions of the ICRP is that any dose to man be calculated over 
and above the natural background. Nevertheless it is tempting to con
sider that if the 2-*-®Po in these fish was not naturally occurring it 
would constitute an intake of »*1% of the current ICRP-recommended 
lim its -  two orders of magnitude greater than either plutonium or 
americium.
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DISCUSSION

Y. NISHIWAKI: You m entioned that some 241 Am originates with the 
decay o f  241 Pu at sites where plutonium is deposited in the environment. What 
are the approximate proportions o f 241 Am and 241 Pu at such sites?

The second point I would like to  raise is that at some o f  the nuclear facilities 
in Japan environmental monitoring is carried out a distance o f  ~  5 km from the 
discharge point. Monitoring closer than that to the discharge point would not 
be considered true environmental monitoring, and further away it might be 
difficult to detect some o f  the radionuclides because o f  dilution effects. I notice 
that you, too, are monitoring an area o f  ~  5 km from the Windscale pipeline.
Is this a specific control area belonging to the reprocessing plant that is out o f  
bounds to fishing boats? And do you  have a similar control area in the vicinity 
o f the pipeline outlet where fishing for seafood is prohibited?
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R.J. PENTREATH: I believe the 241 Pu discharges have averaged 
~  4 - 5  X 104 Ci/а. Since the half-time for turnover o f  the Irish Sea water is 
about 9 to 12 months, the 241 Am in the water must by and large be the americium  
directly discharged, although that would not apply, o f  course, to the sediment.
I suspect, however, that for plutonium it is the direct accumulation from  
seawater that is important, or at least for the plaice, since laboratory experiments 
have shown that plutonium  absorbtion by the gut is very low  in this species 
(but not in the thornback ray).

With regard to your second point, for many years now fish have been caught 
for purposes o f  radionuclide analysis over an area o f  ~  5 km from the discharge 
point. The area is a good trawling ground and has been used by our laboratory 
as a ‘standard’ fishing area for obtaining comparative samples, i.e. samples o f  
fish always caught in the same location. But all the fishing areas around 
Windscale are open to commercial fishing activities — provided that they  
conform  with other fishing regulations. There are no areas where fishing is 
prohibited on account o f  the Windscale discharges.

G.F. CLEMENTE: Did you measure the 238pu/239,240pu ratj0 jn your 

samples so as to check whether it was close to the same ratio for the effluent 
discharges from Windscale?

R.J. PENTREATH: Yes, we measured the 238Pu in each sample; the 
238Pu/239,240Pu ratios were ~  0 .25, i.e. the same as for the Windscale discharges 
over recent years. I might point out that in the individual cod samples analysed 
in Table IV o f the paper the 238Pu values for muscle contain a very high 
propagated counting error.

K. MÜCK: On the subject o f  Table IV, I do not really see any significant 
decrease in the plutonium content o f  the fish liver with increasing distance 
from the discharge point. Furthermore, on account o f  the rather high error it 
is difficult to interpret this decrease for plutonium in the muscle. A possible 
explanation is that the fish travel long distances and mix with each other, 
thereby giving similar values for different distances. Do you have any idea how  
far fish may travel in the Irish Sea?

The table also makes it clear that the 241 Am content decreases with distance 
both for liver and muscle, which supports the view that fish do not travel 
very far. So another possible explanation for the similarity o f  the plutonium  
values is that the plutonium  stems from nuclear weapon test fallout. Do you  
have any data on the 239Pu/240Pu ratio?

R.J. PENTREATH: The decrease in the plutonium concentration with 
distance is true o f  muscle, but the values for the fish liver in Table IV are clearly 
higher than for fish caught close to the pipeline, as shown in Table III. I think the 
liver concentrations are more likely to reflect recent intake and that the ratio 
o f  plutonium  in the liver, relative to other organs, may well be an indication o f
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the rate o f  growth o f  the fish. Laboratory experiments with p laice1 show an 
inverse relationship between the plutonium liver/bone ratio and the rate o f  
growth o f  the fish. But we obviously have a lot to learn about the metabolism  
o f Pu and Am in other fish species.

I referred briefly in my presentation to the movement o f cod within the 
Irish Sea, but for more detailed information you could consult Ref.18] o f  
the paper.

With regard to your second question, the 230pu/239,240pu га^0; where 
measureable, is similar to that o f  the Windscale discharges. As with any fish 
analysed, its immediate prehistory is unknown, although a knowledge o f the 
relative 137Cs concentrations in different organs can often provide a clue. We 
did not determine such data for these cod.

R.E. WILDUNG: There is recent evidence that neptunium would be less 
likely to be sorbed on particulate matter and might therefore not be as localized 
in the gut as the hydrolysable elem ents on which you have reported. Do you  
have any information on neptunium discharges from Windscale?

R.J. PENTREATH: Yes, we do. Neptunium is detectable in environmental 
samples, but none o f  the data obtained are yet ready for publication.

B.S. PATEL (Chairman): What is the situation with regard to the contribution  
o f alpha-emitting nuclides originating from the consumption o f  other seafood, 
such as seaweed or shellfish?

R.J. PENTREATH: Plutonium and americium concentrations in both  
seaweed and shellfish are higher than in fish and both are monitored on a 
routine bases.

K. HÜBEL: Since your measurements were continued for a period o f  
nearly two years, I am wondering whether you found any correlation in time 
between the total activity released from Windscale per year and the specific 
activity o f  the fish.

R.J. PENTREATH: In R ef.[5] o f our paper we attempted to relate the 
concentration in plaice muscle to the discharge rates over a two-year period, 
with sampling every three months. The results indicate values o f  ~  0.1 and 
~  0.5 fC i-g-1 wet weight per Ci d -1 for 238.239>240pu and 241 Am, respectively.

F.A. WARD: I would like to com m ent on the question o f  137Cs, which 
you have touched on in your paper.

During the Windscale Inquiry some locally resident members o f  the general 
public expressed concern with regard to the 137Cs levels in the fish. As a result,
Mr. Justice Parker, the Inquiry Inspector, called for volunteers from the public 
to take part in an experim ent in which they were asked to consume known  
quantities o f fish caught by commercial fishermen in the vicinity o f  the Windscale 
pipeline and then allow themselves to be measured in the Windscale whole-body

1 Marine Biology 48 (1 978) 327.
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monitor. Sixteen persons volunteered and each one was asked approximately 
how much fish he or she normally consumed, so that the same amount o f  fish 
could be provided for them. Subsequent questioning during their attendance 
for monitoring made it clear that in many cases we had fed them rather too  
much fish. The most avid fish eater ( ~  800 g/d) exhibited a 137Cs equilibrium  
content equivalent to ~  9% o f  the ICRP limit for the general public, which, if  
scaled up to your 224  g/d, would indicate a level o f  ~  20% o f  the limit compared 
to your 44%. So I would suggest that there are three lessons to be learned from  
this experiment: (1) habit surveys may be misleading in that individuals tend 
to exaggerate their food consum ption in an unconscious attempt to impress 
the interviewer; (2) pessimism in environmental assessments should be 
tempered with realism, as was indeed stressed by Mr. Clarke in his paper2, 
and (3) validation monitoring o f  critical groups offers a valuable contribution  
to future assessment o f  exposure o f  the general public.

R.J. PENTREATH: My remarks concerning 137Cs were simply intended to  
draw a comparison with the transuranics. As you know, the com pilation o f  
habit survey data is an integral part o f  the assessments made for discharge 
control. I think it is reassuring that the 137Cs intake estimates agree so well 
with the whole-body counts — and even more reassuring that they are on the 
safe side.

I agree entirely with your last two points.

2 Paper IAEA-SM-237/6, these Proceedings.
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Abstract

DIETARY SURVEY AROUND NUCLEAR SITES IN THE TOKAI AREA AND THEIR 
RADIOLOGICAL SIGNIFICANCE TO THE RELEVANT POPULATION.

Since 1969 investigations on marine food consumption and on the relevant fishing grounds 
have been conducted in the coastal area of Ibaraki Prefecture in order to estimate radionuclide 
intake and the consequent internal radiation dose due to the ingestion of seafood. Through the 
survey the fishermen and their families in Nakaminato were picked out as a temporary critical 
group. Effective consumptions were adopted for estimates of radionuclide intake through the 
ingestion of seafoods. Internal radiation doses to the whole body, the bone and the gastro
intestinal tracts of the group were estimated to be 0.4, 3.8 and 6.3 mrem/a, respectively.

Since 1969 the marine food consumption o f  the inhabitants o f  the coastal 
area o f  the Ibaraki Prefecture has been surveyed. Along the coast lie nuclear 
installations, such as The Japan Atom ic Power Company, Japan Atom ic Energy 
Research Institute (JAERI), the Power Reactor and Nuclear Fuel Development 
Corporation (PNC) and others. A nuclear fuel reprocessing plant is located in 
the PNC site in Tokai-mura. In addition, it is expected that a research institute 
for experimental nuclear fusion will also be built in the Ibaraki Prefecture. As a 
result the area is called the atom ic energy centre o f  Japan.

Marine fish and other seafoods are the most important protein resources for 
the Japanese so the release o f  radioactive nuclides into the coastal sea is o f  great 
concern to the Japanese people. This survey was intended to determine radio
nuclide intakes through marine organisms and the consequent estimates o f  
internal radiation doses to the inhabitants who were classified into three groups: 
fishermen, farmers, and other families. In addition, through the survey it was 
expected to select a critical group with respect to internal exposure.

2 4 7
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FIG.l. Map o f  coastal area o f  Ibaraki Prefecture.

METHOD OF SURVEY  

Locations

Surveys were made in Ooarai, Nakaminato, Mito, Tokai, Kuji and Hirakata, 
as shown in Fig. 1. Nakaminato and Kuji are the nearest fishing towns, about 
5 km from the discharge outlet o f  the nuclear fuel reprocessing plant. The outlet 
discharges into the sea 1.8 km o ff  the coast o f  Tokai-mura. Ooarai and Hirakata 
are fishing towns located more than 10 km from the outlet, but their fishing 
boats usually cover the whole sea area including that o f f  the coast o f  Tokai.

Method

A woman investigator made house-to-house visits to determine a day’s 
consumption and, as far as possible, to ask for record-keeping o f  the seafood 
consumption for the following one or two weeks. Consequently, two kinds o f  
seafood consum ption data could be obtained: one day’s consumption, and one 
or two weeks’ consumption.
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TABLE I. FOOD CONSUMPTION BY CATEGORIES

2 4 9

Consumption 
(fresh weight: g/d per person)

Category of food3 Fishermen Farmers Others National average

Cereals 412 346 373 356

Bean products 73 60 65 72

Vegetables 260 416 359 336

Fruits 125 51 74 178

Marine products 246 159 166 105

Livestock products 124 133 142 182

Others 52 34 30 40

Total 1292 1199 1209 1269

a Edible part only. Excluding seasoning and coffee etc.
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FIG.2. Histograms o f  seafood consumption by inshore fishermen and their families.
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TABLE II. SEAFOOD CONSUMPTION BY INSHORE FISHERMEN AND  
THEIR FAMILIES IN NAKAMINATO

Category of seafood3 Consumption per person 
(g/d)

Fish 127

Immature anchovy 19

Algae 53

Cephalopods 43

Shellfish 19

Crustacea 15

Processed 40

Total 316

3 Fresh weight and edible parts only.

Calculation o f  seafood consum ption

The intake per person is obtained as an arithmetical mean o f  a whole fam ily’s 
consum ption divided by the number o f  the constituent members above school 
age (above 6 years old).

RESULTS AND DISCUSSION 

Food consum ption by categories

Food consum ption by categories o f  the inhabitants in the coastal area o f  
the Ibaraki Prefecture are shown in Table I, compared with the national average, 
which is provided from the Survey by The Welfare Ministry o f  Japan [ 1 ]. It is 
clear from this table that the seafood consumption in this area is higher than 
the national average and, as expected, fishermen and their families eat the most 
marine products every day. This may be a general situation observed in fishing 
towns. A critical group may thus be found among the fishermen.



IAEA-SM-237/71 251

TABLE III. CONVERSION FACTORS FOR CALCULATING 
EFFECTIVE CONSUMPTIONS APPLICABLE TO SEAFOOD 
CONSUMPTION OF INSHORE FISHERMEN AND THEIR 
FAMILIES IN NAKAMINATO

Category of seafood Conversion factor

Fish • 0.5

Immature anchovy 0.3

Algae 0.7

Cephalopods 0.5

Shellfish 0.8

Crustacea 0.7

Fishermen’s organization

Each fishing town has three kinds o f  fishermen’s co-operative associations: 
pelagic fishery, inshore fishery, and catching abalone and algae. Individual 
fishermen belong to one o f  them without exception, otherwise they are not 
allowed to catch marine organisms as a profession. It is also observed that fisher
men and their families are used to  eating their catch. Among them, the pelagic 
fishermen’s families eat much pelagic fish but less inshore catch and so those 
people are less concerned with the nuclear discharge into the coastal sea.
A ttention was therefore directed to the inshore fishermen and their"families, 
including those catching abalone and algae.

Seafood consum ption by inshore fishermen and their families

Histograms o f  the seafood consumption o f  inshore fishermen and their 
families in Ooarai, Nakaminato and Hirakata are presented in Fig.2. The histo
grams are made on the basis o f  a day’s consum ption, so a temporarily high or 
low  consumption may be directly reflected in the histograms. The distribution 
pattern seems to be com posed o f  two different normal distributions whose 
medians per person are about 250  and 650  g/d, rather than a log-normal distribution.
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TABLE IV. EFFECTIVE CONSUMPTIONS OF SEAFOODS BY 
INSHORE FISHERMEN AND THEIR FAMILIES IN NAKAMINATO

Category of seafood Effective consumption per person 
(g/d)

Fish 64

Immature anchovy 6

Algae 37

Cephalopods 22

Shellfish 16

Crustacea 11

From this figure it may be estimated that the highest probable consumption o f  
seafoods is about three times as much as an arithmetically obtained average 
consum ption, which is near to a lower median. It is not unusual to eat more 
than 600  g or even more than 1 kg o f  seafoods a day as a spot datum. However, 
it is hardly likely that so much would be eaten every day throughout the year.

Successive one or two weeks’ seasonal surveys were then carried out for 
the inshore fishermen and their families, specifically for those with a high 
consumption. In general, it is quite hard work for housewives to make a note 
o f the daily seafood consum ption because they work together with their husbands 
in addition to keeping house. Besides, the normal consum ption covers over several 
tens o f  varieties so that to keep a record without any om ission would be to  
expect too much. Consequently, we asked for a consum ption diary on three or 
four kinds o f  seafoods at a time. It is clear that this requires much time to cover 
the whole spectrum o f varieties but we believe that it is a sure method. Table II 
shows the seafood consum ption thus obtained in Nakaminato, half being o f  
fishes, follow ed by algae and then cephalopods.

Effective consumption

The diffusion o f  radionuclides released to the sea was estimated from dye- 
diffusion experiments conducted several times by PNC. It was reported that 
dyes were rapidly diluted up to 10~4 near the outlet and gradually transported 
by waves and ocean currents and actually it was impossible to identify the concen
trations in the seawaters collected more than 5 km from the PNC discharge outlet.
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TABLE V. ESTIMATED INTERNAL RADIATION DOSES TO WHOLE BODY, 
BONE AND GASTRO-INTESTINAL TRACT OF INSHORE FISHERMEN AND  
THEIR FAMILIES IN NAKAMINATO

Nuclide
Daily intake of the nuclide per person 

(/uCi/d)
Organ Dose

(mrem/a)

Sr

Ru

Ce

Fish 29

Immature anchovy 8 Whole body 0.4

Algae

Cephalopods

16

7
-X 10‘ 8

Shellfish 3

Crustacea 50
J

Bone 3.8

Fish 19 ' GI tract 4.7

Immature anchovy 5

Algae

Cephalopods

16

1 0

-X 10‘ 6

Shellfish 6

Crustacea 13

Fish 83 ' GI tract 1 .6

Immature anchovy 8
Algae

Cephalopods

84

17
■X 10-7

Shellfish 18

Crustacea 26

This suggests that the significant area o f  radioactive contamination is almost 
within a radius o f  about 5 km from the outlet.

The radioactive nuclide intake due to the ingestion o f  seafoods was estimated 
under the assumption that all the products were caught in the sea area within a 
range o f 5 km from the outlet. The results o f  the survey, however, indicate that 
the products eaten are not always caught within this sea area. This fact suggests 
the radionuclide intake calculated from the seafood consum ption given in Table II 
is overestimated. We therefore tried to  introduce the concept o f  effective 
consumption. Of course, the conversion factors for calculating effective con
sum ptions are variable according to the seafood, meteorological conditions and
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even econom ic situation o f  the year. As an example, temporary factors applicable 
to the individual seafood consumed by inshore fishermen and their families in 
Nakaminato are presented in Table III. Pelagic fish accounts for about 50% o f  
fish consum ption excluding immature anchovy; therefore a factor o f  0.5 can be 
applied to fish consumption.

Immature anchovy, Engraulis japónica, was considered an imaginary critical 
marine organism for the initial safety assessment carried out prior to the 
construction o f  the nuclear fuel reprocessing plant in Tokai-mura because its 
whole body is edible and it has a poor swimming ability to move with the low- 
level liquid waste. At that time the internal radiation doses to bone and whole 
body o f  critical people were estimated assuming a consumption o f  200 g o f  
immature anchovy every day throughout the year. Along the coast o f  the 
Ibaraki Prefecture there are good catching grounds for this fish, which is often  
eaten raw by fishermen, but only less than one-third is caught near the discharge 
outlet. Thus, a factor o f  0.3 may be acceptable.

Squid, Sepiidae, and octopus, Octopus vulgaris, are m ostly caught about 
18 km o ff  the coast. This may be beyond the range o f  radioactive contamination  
and so a factor o f  0.5 may be much too conservative. On the other hand, the 
main fishing ground o f  prawn, macrura, is near the outlet, but from winter to 
spring more than half are supplied from outside the Prefecture. Thus a factor 
o f  0.7 may be reasonable.

Shellfish are distributed widely along the coast o f  Ibaraki Prefecture, but 
about 80% are caught in front o f  the coast o f  Nakaminato and 20% are from  
south o f  Ooarai. A factor o f  0.8 may be acceptable.

Algae, such as hijiki, Hijikia fusiform e, and wakame, Undaria fusiform e, 
are also widely distributed along the coast. However, harvesting is allowed 
only a few  times a year in Nakaminato to conserve abalone which feeds on algae. 
Harvesting is thus limited and a large quantity o f  algae is imported from outside 
the Ibaraki Prefecture. Thus a factor o f  0.7 may be acceptable.

Table IV shows the effective consumptions thus obtained.

Estimation o f  internal radiation dose

The daily intake o f  radioactive nuclides from marine products is given as:

A = CSWF R  (1)

where A is the daily intake o f  radioactive nuclide (Ci/d)
Csw is the concentration o f  radionuclide in seawater (Ci/cm 3)
F is the concentration factor
R is the daily intake o f  marine product (g/d).
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The daily intake o f  individual radionuclide from seafood (A) was calculated under 
the assumptions that radioactive liquid waste was continuously released at a rate 
o f 1 Ci/d and that all the products were caught in the relevant fishing grounds 
nearest to the discharge outlet. The concentrations o f  radionuclides in the 
seawaters o f  the relevant fishing grounds (Csw) were estimated from the dye- 
diffusion experiments conducted by PNC, as described above. Many papers have 
reported concentration factors [2, 3]. Some o f  these concentration factors have 
been obtained from radioisotope tracer experiments, others from analysis o f  
fallout radionuclides or stable elem ents in seawater and marine organisms. The 
concentration factors adopted in this paper are drawn from those compiled by 
PNC. Table V presents internal radiation doses to  whole body, bone and gastro
intestinal tract o f  inshore fishermen and their families in Nakaminato from inges
tion o f  90Sr, 106Ru and 144Ce with seafoods, the consumptions o f  which are given 
as effective consumptions. Strontium-90 is related to the whole-body and bone 
doses. On the other hand, 106Ru and 144Ce contribute mainly to the dose to the 
gastro-intestinal tract. The internal radiation doses thus obtained are 0.4 mrem 
to the whole body, 3 .8  mrem to the bone and 6.3 mrem to the gastro-intestinal 
tract per year.

CONCLUSION

Surveys o f  marine food consum ption and o f  the relevant fishing grounds 
o ff  the coast o f  the Ibaraki Prefecture pointed to the fishermen and their families 
in Nakaminato as a temporary critical group. Effective consumptions were adopted 
for estimating the radionuclide intake due to the ingestion o f  seafoods. Internal 
radiation doses to the whole body, the bone and the gastro-intestinal tracts o f  the 
people were estimated to be 0.4, 3 .8 and 6.3 mrem/a, respectively.
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DISCUSSION

Y. NISHIWAKI: Can the food consumption rates you indicate be considered 
representative values for the Japanese population, or are they specific values for
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the fisherman in the Tokai area? And secondly, what was the size o f  the 
population you investigated?

Y. OHMOMO: The rates I showed were for a temporary critical group.
As regards population size, we surveyed twenty families o f  inshore fishermen 
per season, making eighty families per year. The total number o f  persons 
investigated is a little less than seven hundred in Nakaminato. But I should say, 
incidentally, that it is not so easy for housewives to keep exact records o f  their 
daily food consumption, which is why we could not cover more families at one time.

A. HEFNER: Did you try calculating the internal radiation dose for members 
o f  the same population who do not consume seafood?

Y. OHMOMO: No, we were not able to find any non-seafood-eaters in the 
area. But it might be possible to calculate the ratio o f  internal radiation dose 
for those consuming greater and lesser amounts o f  seafood.

Suzanne F. VIGNES: In Table V you do not give any data for 137Cs and 
134Cs, although o f  all the radionuclides released by nuclear facilities these make 
the greatest dose contribution via the seafood chain. What is the reason for this?

Y. OHMOMO: My work was concerned only with the three radionuclides 
90Sr, 106Ru and 144Ce. We will be doing work on other radionuclides at a 
later stage.
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Abstract

TRITIUM AND PLUTONIUM CONTENT IN THE ITALIAN DIET AND TRANSFER TO MAN.
Complete daily diets together with total daily excretion and blood samples have been 

collected for five days in a group of healthy subjects of both sexes, representative of the normal 
Italian population living in an environment unexposed to local releases of plutonium and tritium. 
The tritiated water content available by freeze drying (‘loose water fraction’) has been measured 
together with the additional tritium available by complete combustion (‘organic bound fraction’) 
in the various samples collected. The mean values of the daily dietary intake of tritium were 
974 pCi for the organic bound fraction and 310 pCi for the loose water fraction. The metabolic 
balance in man was evaluated for both fractions by comparing the daily intake with the daily 
excretion and blood concentration data. The results indicate that to assess tritium exposure of 
the general population one must take into account the environmental sources and the metabolic 
behaviour in man of tritium in both the bound and loose compartments. The plutonium content 
has been measured in the diet samples only because of the very low concentration in excreta 
and blood. The yearly dietary intake of plutonium in Italy is of the order of 1.5 pCi, in good 
agreement with the data available in other countries.

INTRODUCTION

The actual tritium content in the environment is due both to the natural 
production by cosmic ray interactions in the atmosphere and to varying amounts 
o f man-made tritium. In the past nuclear testing was the main source o f  environ- ; 
mental tritium although the levels o f  fallout tritium are currently declining. The 
continual addition o f  man-made tritium to the environment due to the expanding 
nuclear power industry caused a repeated monitoring o f  both the environmental 
levels and the fraction o f  environmental tritium transferred to man and retained.

Plutonium occurs in nature in very small quantities. The main portion o f  
the environmental plutonium  content is due to nuclear weapons testing. Plutonium
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can also be released to the environment through accidents in facilities that are 
part o f  the nuclear electric fuel cycle.

Dietary intake is one o f  the tw o main pathways (ingestion and inhalation) 
by which environmental contamination by tritium and plutonium  can find its 
way to man. Few data [1—4] are available on the plutonium and tritium human 
intake through the diet and m ost o f  them are related to foods collected in the 
USA.

The present report docum ents the current levels o f  ‘bound’ and ‘loose’ 
tritium and o f  plutonium in some Italian diets. In addition, the actual internal 
contamination and m etabolic balance o f  tritium in the bound and loose fractions 
have been evaluated in seven subjects representative o f  the general Italian 
population. The data reported should be valuable as base-line values in view o f  
the possible increase o f  the tritium and plutonium environmental levels in Italy 
related to the planned future expansion o f  the nuclear power industry.

MATERIALS AND METHODS 

Sample collection

Seven healthy subjects (age range 2 0 —40 years) o f  both sexes were selected 
as representative o f  the general population. The subjects are resident in a rural 
area (Castrovillari, Calabria) o f  the south o f  Italy, far distant from any possible 
local source o f  tritium contamination. The subjects collaborated in our study 
on a voluntary basis.

Each subject was asked to collect the following items for a period o f  five 
consecutive days:

(a) Duplicate o f  all foods and liquids (including water) consumed each day
(b) All excreta (urines and faeces separately) on a daily basis.
It should be noted that the collection procedure was organized and followed  

up by specialized technicians o f  the National Institute o f  Nutrition o f  Italy in 
order to represent at large only the real living habits o f  the entire group o f  
subjects. Therefore the collection procedure cannot be considered as a controlled  
balance study on each single subject. At the end o f  the collection period 10 cm 3 
blood sample was collected from each subject.

Many tap waters m ost representative o f the water sources o f  the area were 
sampled, together with samples o f  water vapour collected at various tim e o f  the 
day on different days and in different spots in the area where the subjects are 
resident. All the samples were collected in well-sealed plastic or glass containers 
and stored in a refrigerator before treatment and measurement.
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Sample treatment and measurement

Tritium

The water samples are distilled at high temperature and then 10 ml o f  the 
distilled fraction is mixed with 10 ml o f  Instagel. The tritium measurement is 
performed routinely by liquid scintillation counting. Calibration standards are 
prepared from dilutions o f  Certified Tritiated Water Standards. Blank samples 
consisting o f  dead water (less than 9 T.U.) obtained from the IAEA laboratory 
in Vienna are prepared in the same way as the samples. The standard counting 
time for all samples is 240 minutes.

Atmospheric water vapour samples were collected by condensation at liquid 
nitrogen temperatures. The tritium concentration is then measured in the water 
sample obtained. All the corrections needed according to the local values o f  
hum idity, pressure and temperature were made before the data were given as 
tritium concentration for cubic metre o f  air.

The total tritium content in blood was measured according to the com bustion  
m ethod reported by other authors [5, 6].

The loose water tritium and the organically bound tritium content in diet, 
faeces and blood samples were determined by the following general procedure:
(1) The sample is quantitatively lyophilized and the water fraction collected; 

the tritium concentration in water is then measured by liquid scintillation 
counting. No enrichment technique is used. The minimum detectable 
tritium concentration in water samples is 0 .2 pCi/ml.

(2) Thy dry residue is pelletized and then combusted with a Packard Sample 
Oxidizer. The condensed water is automatically mixed with 15 ml 
scintillation solution (Monophase) and then counted by liquid scintillation 
counting. The minimum detectable tritium concentration in the dry 
residue is in the range o f  1.5—2.2 pCi/g.
The technique developed by Butler [7] was followed for the measurement 

o f tritium as НТО in urine.
Further details on the tritium measurement in the various environmental and 

biological samples (water, air, diet, urine, faeces and blood) analysed during the 
course o f  this study are reported elsewhere [8].

Plutonium

A fresh com posite diet sample o f  about 5 kg is dried and then mineralized 
by repeated ashing at 450° С for 12 h together with H N 0 3 treatment o f  the 
residue. The final ashed residue is solubilized in 4M H N 0 3 and the solution is 
then used for selective isolation o f  Pu(IV)by reversed-phase partition chromato
graphy by means o f  tri-n-octylphosphine oxide (TOPO) as organic extractant
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TABLE I. MEAN VALUES ±S.E. FOR THE DAILY DIETARY INTAKE, 
DAILY EXCRETION AND BLOOD CONCENTRATION OF TRITIUM IN A 
GROUP OF SEVEN NON-EXPOSED SUBJECTS, MEMBERS OF THE 
GENERAL ITALIAN POPULATION

Tritium fraction Daily dietary Daily excretion Blood concentration
intake (pCi/d)
(pCi/d) Urinary Faecal

Bound H20  tritium 9 7 4 ± 250 - 120+ 15 11.1 ± 2 .0  pCi/g lioph.

Loose H20  tritium 309 + 80 1030+ 310 <40 7.6 ± 1 .4  pCi/ml

supported on a powder o f  microporous polyethylene (Microthene 710). The 
details o f the plutonium separation method applied to other biological samples 
are given elsewhere [9].

The isolated plutonium is electroplated on an inox disc and counted by 
Si(Li) alpha spectrometry o f the 5.15 MeV alpha particle. The chemical yield o f  
the method is checked on each treated sample by using a known activity o f  high- 
purity 242Pu solution as an internal standard. The mean value ±S.E. obtained for 
the chemical yield o f  the method is 65 .0  ± 3.2%. The minimum detectable amount 
o f 239Pu-240Pu in the diet is 0 .0012  pCi/kg fresh weight.

RESULTS AND DISCUSSION 

Tritium

Table I gives the mean values ±S.E. o f  the daily dietary intake and daily 
excretion o f  tritium in the bound and loose fractions evaluated for the entire 
group o f  seven subjects. The detailed results for each individual subject are 
reported and discussed elsewhere [8].

The daily tritium dietary intake has been determined on the basis o f  the 
daily amount o f  diet collected for each subject multiplied by the corresponding 
tritium concentration value measured in each diet sample. The daily dietary 
intake given in the table should be considered inclusive o f  the water intake because, 
as explained in the previous section, each subject was asked to collect duplicates 
o f all the food and beverages, including water, ingested during the day. However, 
an analysis o f  the individual daily collected amount shows that the water 
collection was probably not fully executed. Therefore the value given in Table I 
for the mean intake o f  the loose'tritium fraction should be probably considered
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as underestimated by about 30%. The total daily tritium intake from the 
Italian diet was a factor o f 3 higher than the value o f  470  pCi/d recently reported 
by Bogen et al. [4] for New York foods. The difference is clearly due to the high 
concentration o f  tritium measured in the lyophilized com ponent o f  the Italian 
diet, thus giving a daily intake o f  the bound tritium fraction higher by a factor 
o f  5 than the equivalent intake through New York foods. On the other hand, 
good agreement exists between the daily loose tritium intake in Castrovillari and 
New York. Because o f  the scarcity o f  data related to tritium content in foods 
further analyses on single food items have been planned to explain the high 
bound tritium level measured in these Italian diets. The mean value o f  the tritium  
concentration in the loose fraction o f  the diet is 0 .4 pCi/ml, very similar to the 
mean tritium concentration measured in the tap waters o f  the area. Therefore 
the tritium content in the water fraction o f  the diet can be considered in 
equilibrium with the local environmental water sources, as suggested by Bogen 
et al. [3, 4].

The average tritium concentration in the water vapour sampled in the area 
is 286 pCi/1, corresponding to an average value o f  2.5 pCi/m 3 o f air. Therefore 
the amount o f  tritium water vapour inhaled daily by our subjects is o f  the order 
o f 4 0 —60 pCi/d, which surely can be neglected when compared with the amount 
o f tritium ingested.

The daily tritium excretion values are in quite good agreement with the daily 
intake, thus confirming the existence o f  equilibrium conditions in the m etabolic 
balance o f  to ta l tritium in our subjects. Nevertheless, the data reported in Table I 
seem to indicate the existence inside the human body o f  a m etabolic process that 
transforms the tritium ingested as bound tritium into loose tritium. In fact most 
o f the excreted tritium is in the loose form, while the ingestion o f  tritium in our 
diets is mainly due to the bound tritium.

The tritium concentration measured in the urine o f  our subjects is a factor 
o f 3 higher than the tritium concentration found in both the water fraction o f  
the diet and the environmental water sources. Similar results [10] have been 
found in the urine o f  non-occupationally exposed Austrian residents whose mean 
urinary tritium concentration was 3.7 pCi/ml, a factor o f  4 higher than the value 
predicted on the basis o f  the tritium concentration found in Austrian water 
sources [10]. Therefore the urinary tritium concentrations o f  both the Austrian 
residents and the Italian subjects seem to suggest a tritium concentration above 
ambient level in the water fraction o f  the human body.

The mean values o f  the tritium concentration in the bound and loose fractions 
o f blood are also reported in Table I. The mean value ±S.E. o f  the total tritium  
concentration in the blood o f  our subjects is 8.3 ± 1.5 pCi/m. The tritium con
centration in the blood o f  the Italian subjects is slightly lower than that found in 
Austrian residents [10]. In both population groups the tritium concentration is 
much higher in blood than in urine, thus showing that the tritium distribution
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in the water portion o f  the body fluids could not be hom ogeneous when low- 
level chronic exposures o f  man to tritium are considered.

The results o f  our study suggest that the kinetics o f  tritium in the human 
body should be reviewed with particular emphasis on the role played by the 
following factors:
(a) The behaviour o f  the fraction o f  bound tritium retained in the body as a 

consequence o f  the very long-term biological half-life found in the retention  
equation o f  tritium [11]

(b) The mechanism o f  m etabolic transformation o f  the bound ingested tritium  
into the loose tritium

(c) The resorption in the human body o f  the bound tritium as water vapour, 
which can serve as a positive feedback mechanism o f the loose tritium, 
as recently suggested by Bard [12].

Plutonium

The 239-240Pu concentration has been measured in five com posite samples 
o f com plete daily diet collected in different regions o f  Italy. The mean value 
±S.E. o f  the plutonium concentration in the Italian diets is 0 .0030  ± 0.0005 pCi/kg 
fresh weight, the range o f  the values being 0 .0 0 1 8 —0.0047 pCi/kg fresh weight.
The average annual ingestion intake o f  plutonium through the Italian diet was 
estimated to  be 1.6 pCi/a over the period 1975—1978, showing very small 
variations as a function o f  both the collection area and the collection year. Our 
data are in a fairly good agreement with the value o f  1.6 pCi/a reported by 
Bennet [ 1 ,2 ]  for the annual ingestion o f  plutonium estimated in New York City 
foods during the period 1972—1974. Therefore it can be argued that the annual 
plutonium ingestion via foods should be quite constant for the entire population  
o f the Northern Hemisphere.

CONCLUSIONS

The tritium exposure to the members o f  the general population is mainly 
due to dietary tritium ingestion.

The concentration o f  bound tritium in the Italian diet is significantly different 
from the bound tritium content measured by Bogen [4] in New York City foods. 
On the other hand, the daily ingestion o f  loose tritium seems to be quite consistent 
in New York [4] and in Italy.

The kinetics o f  tritium in man should be reviewed in order to explain the 
observed inhom ogeneity in the distribution o f  tritium in the water fraction o f  
the body fluids o f  the members o f  the general population exposed to low-level 
chronic intake o f  tritium.
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The 239_240Pu dietary intake seems to be very constant in various regions o f  
Italy. The agreement o f  the Italian data with the data reported by Bennet [1 ,2 ]  
for the annual ingestion o f  plutonium in New York City confirms the hypothesis 
o f a uniform distribution o f  fallout plutonium  in the Northern Hemisphere.
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DISCUSSION

Y. NISHIWAKI: A considerable amount o f  water is lost in perspiration. 
Did you take this factor into consideration when measuring the tritium in urine? 
And what were the temperature and hum idity o f  the environment when you  
collected the urine samples for your tritium measurements?

G.F. CLEMENTE: To avoid the problem o f  perspiration, the collection  
o f samples was carried out inbetween seasons, when the climate in the south  
o f Italy is very mild -  the average temperature during the daytime is 15 -2 0 °C .
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This decision was further dictated by the need to avoid any abnormal water 
balance between liquid intake and urine excretion such as might occur during 
the hot season. The amount o f  perspiration was negligible, as can be seen from 
the tritium balance established as an average for our subjects.

The temperature and hum idity were recorded very accurately as they were 
needed to attain the tritium concentration per cubic metre o f  air. During the 
collection period the hum idity ranged between 60 and 80%, with the normal 
fluctuations from day to day and in the course o f  the day.
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Abstract

FOODCHAIN TRANSPORT OF 210Pb RESULTING FROM URANIUM MILLING 
ACTIVITIES.

The milling of uranium ores in western United States has resulted in an enhanced release 
of 222Rn from the residual tailings produced. The purpose of the present study was to evaluate 
the potential significance of 210Pb deposited on soil as a result of radioactive decay of the 
atmospheric 222Rn released. Environmental transport of 210Pb, persisting in soils for 100 years 
following a unit release of 222Rn from four generic mill sites in the western United States, was 
evaluated.1 Resulting dietary exposure and dose commitment for the US population were 
estimated with the use of derived environmental transport parameters, US dietary and 
demographic information, and appropriate dose conversion factors for Pb. Soil concentrations 
of Pb in US crop production areas were determined by the National Oceanic and Atmospheric 
Administration, using a regional-scale atmospheric dispersion and deposition model applied 
to the four designated release sites. A comparison between estimated dose commitment from 
Pb in soil, and that due to inhalation of Rn and short-lived daughters from a unit Rn release 
from each mill site was made. The results indicate that the Pb in soil is a potentially significant 
source of radiation dose from uranium milling activities with respect to the Rn inhalation dose.

1. INTRODUCTION

The milling of uranium ores, a necessary part of the 
nuclear fuel cycle, has produced large quantities of tailings 
materials in western United States containing economically 
unrecoverable concentrations of uranium isotopes and their 
daughter products. The noble -gas Rn, a decay product of this 
unremoved activity, has been identified as an important po
tential source of radiation exposure to the general public

* Research sponsored by the Office of Nuclear Material Safeguards, US Nuclear 
Regulatory Commission under Interagency Agreement DOE #40-549-75 with the US 
Department of Energy under Contract W-7405-eng-26 with the Union Carbide Corporation.

1 Henceforth in the text of this paper the symbols Ru and Pb will refer to 222Ru and
2I0Pb respectively.
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resulting from the nuclear industry. Several investigations 
have addressed the question of population exposure and dose 
resulting from inhalation of Rn and short-lived daughters 
released from mill sites [1,2]. Until recently, however, no 
detailed analysis had been made of atmospheric and dietary 
exposure to the longer-lived daughter Pb attributed to 
uranium milling activities. A recent study by the authors 
indicated that inhalation of Pb produced by decay of atmo
spheric Rn may result in population dose commitments of the 
same order of magnitude as doses due to inhalation of Rn 
and short-lived daughters [3].

The purpose of the present study was to evaluate the 
potential significance of soil-deposited Pb with respect to 
human dietary exposure to the isotope following an annual 
release of Rn from specified active mill sites in western 
United States. Estimated 100-year dose commitments for Pb 
were subsequently compared with those previously calculated 
for inhalation of Rn and short-lived daughters originating 
from the same sites during one year.

A review of pertinent literature on food-chain trans
port of lead isotopes was undertaken to obtain information 
relating soil concentration of Pb to concentration of the 
nuclide in selected human foodstuffs. Concentration factors, 
indicating the concentration of Pb in one trophic compart
ment relative to that in its supporting compartment, were 
derived for selected plant tissues and animal products.
Direct deposition of Pb onto plant surfaces was not con
sidered a source of the nuclide in human diets. This mode 
of contamination will be important during Rn release, but 
not in the years following, which are considered exclusively 
in this assessment. The predictive capabilities of the trans
port parameters derived were tested by comparing predicted 
dietary concentrations to measured concentrations of Pb in a 
New York City diet [4].

Dietary population exposure and dose commitment for the 
U.S. population from 1979 to 2078 were estimated for unit Rn 
releases in 1978 from four generic mill sites in western 
United States on the basis of derived environmental Pb trans
port parameters. Necessary soil concentrations of Pb were 
estimated with the use of a regional-scale atmospheric dis
persion and deposition model provided by the National 
Oceanic and Atmospheric Administration (NOAA).
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2. 210рв in TERRESTRIAL FOOD CHAINS

After deposition onto soil, Pb may be transferred from 
soil to plant and animal products through root uptake by 
vegetation. Results of empirical studies concerning the 
mobility of aerially deposited lead isotopes in various 
chemical forms indicate that downward movement of lead be
low the root zone of most plants is negligible over time 
[5-9]. Thus, the persistence of Pb in the root zone will 
be mainly governed by the associated radioactive half-life 
of 22.3 years [10].

Transport of lead isotopes through food chains may de
pend greatly on the physical and chemical forms present in 
the various media. Because soil properties and experimental 
conditions were not adequately described in much of the 
literature reviewed for this study, the derived transport 
parameters were averaged over all studies. Isotopic effects 
on transport were neglected in computing these averages.

2.1 Soil-to-plant transfer of 210Pb

In order to quantify root uptake and subsequent trans
location of Pb to edible portions of crops, soil-to-plant 
concentration factors (CFSn) may be calculated. These 
unitless factors express tne ratio of the Pb concentration 
in plants or plant portions to that in supporting soil.

Many sources of Rn exist which may contribute to both 
soil and air concentrations of Pb. Thus, in a study of soil- 
plant relationships, care must be taken to include only data 
obtained from an experimental design in which the contribu
tion of aerosol lead to plant concentrations will be negli
gible with respect to soil contributions. A large number of 
studies have been undertaken to determine soil-plant relation
ships for stable and radioactive lead. However, only a 
portion of the studies reviewed here were designed to discri
minate atmospheric and soil contribution of lead to edible 
portions of plants [11-15]. Concentration factors derived in 
this study were, therefore, based on these latter discrimina
ting studies.

In studying lead uptake by edible crops, it is also 
important to distinguish the portion of the crop considered 
edible from the remaining plant parts with respect to a soil 
concentration of lead. In some cases, this edible portion 
may consist of the entire above-ground portion, as with let
tuce or cattle forage; in others, it may consist of a much
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smaller part of the plant, as with grains or fruits, or below- 
ground portions only. To eliminate the need to evaluate 
translocation of lead from roots to edible portions of plants 
following root uptake, the values of CFsp calculated in this 
study for a variety of edible species represent the ratio of 
Pb concentrations in edible portions to those in supporting 
soils.

An average CFSp for vegetable crops, grains, and a cate
gory including forage, feed and hay, was calculated separately, 
based on information derived from the literature reviewed. A 
total of 51 values for CFsp were used in computing averages.
For vegetable crops, an average CFSp of 4.5 x Ю-3 (fresh- 
weight) was calculated; for grains, an average of 7.3 x Ю-3 
(fresh-weight); and for forage, feed, and hay, an average 
CFSp of 9.0 x 10" 2 (dry-weight). These values deviate some
what from a value of 6.8 x Ю-2 (fresh-weight) recommended for 
all types of vegetation in the March 1976 draft of the U.S. 
Nuclear Regulatory Commission's (USNRC) Regulatory Guide 
1.109 [16]; a value which is based on a widely-used document 
compiled by Ng et al. [17].

2.2 Transfer of 210Pb from forage and feed to milk and beef

The transfer of stable lead to the muscle and milk of 
cattle ingesting contaminated feed and forage has been in
vestigated for a variety of lead sources including lead mines 
and smelters [18-21], automobile exhaust [22], and lead-con
taining sewage sludge [23]. The results of these studies have 
been used in this study to derive transport parameters de
scribing the relationship between Pb in beef and milk and the 
dietary intake of the isotope by cattle.

Concentrations of lead in milk resulting from ingestion 
of contaminated feed by dairy cattle [19-23], or acute doses 
of lead [24] have been measured. Concentration factors, CFm , 
expressing the equilibrium lead concentration of milk as a 
fraction of the chronically ingested concentration in feed 
for each study reviewed were derived from these measurements. 
An average CFm of 1.2 x Ю"3 (N=7) was calculated in this 
study. A corresponding transfer coefficient, fm , defined as 
the fraction of the cow's daily ingestion of lead secreted 
per liter of milk at equilibrium [23], was calculated based 
on an assumed dry-matter intake of 10 kg/day. The average 
fm of 1.2 x TO-4 dày/liter obtained here is only slightly 
less than the fm of 2.59 x 10-4 day/liter given by Ng et 
al. [25], which was derived from a similar literature review. 
The fm calculated here is also of the same order of magnitude 
as the fm of 6.2 x Ю"4 recommended in the March 1976 draft
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of the USNRC Regulatory Guide 1.109 [16]. The USNRC value 
was based on the ratio of independently derived average milk 
and forage lead concentrations rather than on individual 
estimates of fm derived from site specific data.

A concentration factor, CFf, representing the ratio of 
lead concentrations in muscle to those in feed, and a trans
fer coefficient, ff, defined as the fraction of the total 
daily lead ingestion by cattle incorporated per kg of flesh 
were calculated from data supplied by a single study on lead 
ingestion by cattle [23]. Again, the transfer coefficient 
is based on dry-weight intake values of 10 kg/day for cattle. 
It is unclear if equilibrium concentrations in beef are at
tained for chronic exposure situations, and the parameters 

defined here for the feed-to-beef pathway represent values 
for 3-4 year old animals. The overall mean muscle CFf's and 
ff's for cattle were calculated to be 9.1 x 10-3 and 9.1 
x 10'4 day/kg, respectively. The average ff of 9.1 x Ю-1* 
day/kg for cattle derived in this study does not differ 
greatly from a value of 2.9 x 10“ц day/kg given in the March 
1976 draft of the USNRC Regulatory Guide [16], although 
this latter value was again based on independent average 
meat and forage concentrations rather than site specific 
data.

Soil has not been considered a direct source of lead 
for cattle in uptake studies, although it is known that 
animals may ingest significant amounts of soil while graz
ing [26-30]. Depending on pasture conditions and grazing 
habits, soil ingestion can constitute up to 14% of the dry- 
matter intake by cattle [30], but generally averages less 
than 2% annually [27-29]. Thus, if soil lead is directly 
ingested on a regular basis but is not accounted for along 
with the forage lead ingested by grazing animals, the cal
culated values of CFm , CFf, fm , and ff may overestimate 
the true relationship between lead contained in milk and 
beef and that in forage.

Many physical forms of lead found in soil may differ 
in their digestibility from forms of lead which have been 
incorporated into plant tissues, although it has been sug
gested that the chemical solubility of the ingested lead 
compound exerts little influence on gastrointestinal ab
sorption of lead [24]. However, since the concentration 
of lead in soil tends to be much greater than that in 
forage crops, soil ingestion by cattle is potentially a 
significant source of dietary lead for cattle, and ulti
mately, for humans.
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TABLE I. COMPARISON OF MEASURED AND PREDICTED 210Pb 
CONCENTRATIONS IN US DIETARY FOODSTUFFS (FRESH-WEIGHT)

Food category 
(edible portion)

New York City 
diet (pCi/kg)

Predicted 
diet (pCi/kg)

Fresh Vegetables
above-ground crops 1.1 6.8
root crops 0.21 (0.45-36.)
potatoes 1.5

Grains
flour 1.3 11.
who!e-grain products 2.2 (2.9-14.)

Meat 0.49 1.2
(0.96-1.5)

Milk 0.29 0.16
(0.002-0.57)

Values in parentheses represent a range of predicted values 
corresponding to the range of CF's derived for each food 
category.

2.3 Comparison of predicted and measured dietary concen
trations of 210Pb

Utilizing the transfer parameters derived in this 
study, and assuming an average Pb soil concentration of 
1.5 pCi/g dry soil for the United States [8,31], dietary 
concentrations of Pb were predicted for several food cate
gories due to root uptake alone. These predictions were 
compared to Pb concentrations in food items which were 
measured in a New York City market-basket survey [4]. Pre
dicted and measured values are presented in Table I.
Measured concentrations for processed foods, such as grain 
products and milk, are included in this table, although 
comparable predicted values for processed foods could not 
be computed.

Results of this comparison indicate that either process
ing reduces Pb concentrations in some table-ready foods, or 
the CFSp and CFf used in predicting dietary concentrations 
overestimate the true relationship between environmental com
partments, or the assumed average U.S. soil concentration of 
Pb is not representative of areas from which crops and animal
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products available in New York City were obtained. Our pre
dicted values generally overestimate rather than under
estimate measured concentrations, although both root uptake 
and direct deposition on vegetation of Pb would have contri
buted to these measured concentrations. Thus, there is an 
indication that the surface soil inventory of deposited Pb 
in the United States, and thus root uptake, may be more 
important than direct deposition onto plant surfaces with 
respect to dietary concentrations.

3. DIETARY EXPOSURE AND DOSE COMMITMENT

Dietary concentrations of Pb were estimated during the 
years 1979 through 2078, resulting from a unit release (1 kCi/ 
year) of Rn in 1978 from four generic active mill sites in 
western United States. Current crop production data were 
coupled with estimated soil concentrations and the transfer 
parameters previously discussed to compute these concentra
tions. Soil concentrations across the United States in 1978 
were estimated by NOAA, using a regional-seale atmospheric 
dispersion and deposition model [32] and assuming a total 
deposition velocity of 0.3 cm/second, which corresponds to 
an aerosol residence time for Pb of four days [33]. Due to 
the apparent downward immobility of Pb in soil (Sect. 2), 
we assumed that soil concentrations of the nuclide in the 
root zone of vegetation decreased only according to the 
radioactive decay process between 1979 and 2078.

To estimate dietary exposure between 1979 and 2078 for 
the U.S. population, certain assumptions concerning standard 
diet and population growth were necessary. A New York City 
diet [4] was selected as representative of yearly ingestion 
by the U.S. population for the year of interest. The major 
food categories of fresh fruit, fresh vegetables, potatoes, 
wheat flour and bakery products, other grains and grain pro
ducts, and milk and milk products were chosen on the basis 
of their estimated annual contribution to total Pb dietary 
intake in New York City, and the availability of state-by- 
state crop production data.

Population figures and projections, made available by 
the U.S. Bureau of the Census [34], were used to estimate 
population size up to the year 2020. Between 2021 and 2078, 
the U.S. population level was assumed to stabilize at 290 
x 106 , since projections up to 2078 were not available.

By combining estimated dietary concentration of Pb for
each year through 2078 with standard diet information, the
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TABLE II. ESTIMATED DOSES DUE TO A UNIT RELEASE (1 kCi/a) 
OF Rn IN 1978 FROM EACH OF FOUR GENERIC MILL SITES IN THE 
UNITED STATES

Rn inhalation dose Pb ingestion dose 
Release site commitment (man-rem) commitment for

1979-2078 (man-rem)

Casper, Wyoming 83 . 41
Falls City, Texas 110 21
Grants, New Mexico 70 38
Well pi nit, Washington 60 41

total annual intake of Pb was estimated. Integrated popula
tion dietary exposure to Pb (man-pCi) for the United States 
through 2078 was computed by multiplying the estimated an
nual Pb intake for each year by corresponding projected 
population figures and summing these values. The integrated 
population dose commitment during the years 1979 to 2078 was 
subsequently estimated with the use of a dose conversion 
factor (DCF) developed by Dunning et al. [35] for deter
mining the bone (critical organ) dose (rem) per unit in
gestion (1 yCi) of Pb. This DCF of 52 rem/yCi was applied 
to the integrated population exposure computed, and the 
results are presented in Table II. Included in this 
table is the population dose estimated by Travis et al. [3] 
for inhalation of Rn and short-lived daughters during 1978, 
due to unit releases (1 kCi/year) of Rn from each of the 
four generic mill sites designated.

From Table II, it is apparent that the estimated 100- 
year dose commitment for Pb following an annual release of 
Rn is comparable to the inhalation dose received during the 
release year from Rn and short-lived daughters. Fifty-five 

percent of this 100-year dose commitment, which does not in
clude the dose during the year of Rn release, occurs during 
the first 20 years following release.

4. CONCLUSIONS

The results of this study indicate that soil is an im
portant source of Pb in all human foodstuffs following dis
persion of this nuclide as a result of uranium milling 
activities in the United States. Secondly, previously de
veloped concentration factors of Pb are close to the upper
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limit of all values derived here for plant uptake, do not 
consider species variability or the portion of the plant 
considered edible, and may lead to overestimates of Pb con
centrations in some edible portions of plant species. Thirdly, 
dose commitment due to the persistence of Pb in soil for many 
years following Rn releases from mill sites is potentially 
significant with respect to other sources of radiation expo
sure associated with the nuclear industry, and should be 
considered when assessing population dose commitments.
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DISCUSSION

G.S. LINSLEY: I find your modelling study very interesting. It is similar 
to one we carried out recently at the National Radiological Protection Board 
(NRPB) with plutonium  in soils.

Both lead and plutonium are absorbed from soils by plants at a relatively 
low  rate. The surface deposits on the plants therefore represent important 
contributions to the intake o f  activity by man. I note that the contribution to 
the dose com m itm ent from the surface deposition o f  210Pb on plants from the 
atmosphere has not been included in your assessment, even though it might be 
larger than the root uptake com ponent. Similarly, you have not taken resuspension 
onto plant surfaces into account. Why was this?

Laura M. McDOWELL-BOYER: We considered 210Pb dietary exposure as 
a result o f  surface deposition onto vegetation due to air concentration and 
suspension o f  the nuclide during the assumed year o f  222 Rn release in another 
section o f  the larger study o f  which this paper is a part. The indications were 
that surface deposition might lead to dietary exposure to 210Pb comparable to 
the collective population exposure over the next 100 years due to root uptake. 
However, my purpose here was to stress the potential significance o f  210Pb that 
may be attributed to uranium milling, even after tailing piles have been stabilized 
and the radon emanation thereby reduced. Resuspension was not considered 
for the 100-year dose. Currently available m odels for resuspension indicate an 
insignificant contribution by this mechanism in all but the first few years 
following deposition. This will vary, o f  course, from one location to  another 
and should perhaps be evaluated in a more refined study than the one I made.
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F. van DORP: In your paper you assume that 3.6% o f the originally 
deposited 210Pb is still present in the soil after 100 years. Most o f  the reduction  
here will be due to radioactive decay, but some o f  the 210Pb may be transported 
down through the soil profile by leaching, biological or mechanical processes, 
either singly or in combination. Do you have any figures for this form
o f transport?

There is also the fact that the lead will probably be somewhat immobile 
in the soil due to its strong adsorption and it can probably be assumed that the 
fallout o f  2l0Pb will be in metallic form.

Laura M. McDOWELL-BOYER: The 3.6% remaining after 100 years was 
calculated on the basis o f  radioactive decay alone; the figures were taken from  
the literature on 210Pb soil profiles, which indicate very restricted downward 
movement o f  the radionuclide. Biological mechanisms or chemical removal o f  
the lead from the root zone was disregarded in the 100-year dose estimates, 
although we are aware o f  the potential for removal by these mechanisms. The 
paper, however, is intended as an evaluation o f  the potential significance o f  
210Pb so as to determine whether more refined studies are desirable.

C.W. MAYS: What 210P o/210Pb ratio do you assume for 210Po from the 
decay o f 210Pb in bone? The earlier ICRP Comm ittee II report on internal 
doses, dating from 1959, incorrectly gives a 210P o/210Pb ratio o f  0.1 , when in 
fact measurements by a number o f  investigators indicate that the correct figure 
is about 10 tim es higher, i.e. 1.0.

Laura M. McDOWELL-BOYER: We did not base the dose com m itm ent 
factor with which we estimated the bone dose due to injected 210Pb on the ICRP 
Committee II Report for 1959, but on m etabolic and dosimetric models for 
this nuclide recently introduced at Oak Ridge National Laboratory. My colleagues 
at ORNL are at present preparing a docum ent on the exact 210P o/210Pb ratio 
assumed in the models. I take your point, however, and am sure that the work 
o f the investigators you m ention has been taken into account in deriving 
these factors.

G.F. CLEMENTE: Let me first make a com m ent. Your data on the predicted 
210Pb content o f  foodstuffs in the United States o f  America, which show higher 
210Pb concentrations than those measured for New York food products, are in 
agreement with the 210Pb dietary intakes observed in a number o f  European 
countries — Britain, the Federal Republic o f  Germany and Italy — where the 
210Pb in foods is more than twice as high as similar values measured in the New  
York food products.

My question is, in calculating the 210Pb dose to man, have you also estimated  
the 210Po dose to  bone? As you know, lead is retained for a fairly long time 
in human bone and reaches equilibrium with 210Po. So the dose to bone cells 
from 210Po alpha particles is much more important than the dose due to the 
beta emission from that radionuclide.
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Laura M.McDOWELL-BOYER: The dose com m itm ents which have been 
estimated here do indeed take into account the dose from 210Po resulting from  
the decay o f  the parent nuclide 210Pb that is ingested. This is done by applying 
the dose com m itm ent factors which are utilized here and which indicate that 
perhaps even more than 95% o f the dose to the bone from the deposited 210Pb 
originates from the alpha-emitting daughter product 210Po.
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Abstract

TRANSFER OF ORGANICALLY BOUND RADIONUCLIDES THROUGH FOODCHAINS 
TOMAN: MODEL -  EXAMPLE WITH RADIOCOBALT AND VITAMIN Bn -

Radiocobalt in the form of long-lived aerosol is often emitted among the effluents from 
nuclear power plants. In most of the radioecological model calculations assumptions are 
primarily based on the inorganic form of cobalt. However, considerable amounts of inorganic 
cobalt are known to be complexed into organic forms, such as vitamin B]2 in the foodchain 
grass-livestock-milk-meat-man. Because of the high resorption rate of vitamin B12 in the 
GI-tract, its specific accumulation in the liver and its long biological half-life, the uptake of 
organic forms of radiocobalt may lead to a relatively high liver dose rate. The relevance of 
these considerations has been shown in a revised radioecological model calculation based upon 
a comparison with the conventional assumptions and the available values in the literature.
The revised calculation shows that the values for the ^Co-fodder-milk pathway may involve 
underestimations by a factor ranging from 280 to 2300. In the revised radioecologica! model 
calculation non-mean values have been chosen for the parameters to  illustrate a potential 
example of worst-case estimate. More investigations in this field are necessary.

1. INTRODUCTION

As long-lived corrosion products the radioisotopes o f cobalt form a high 
proportion o f  the aerosol emissions from modern nuclear plants (Table I). 
Departing from the model spectrum o f  the Strahlenschutzkommission [ 1 ], up 
to 97.6% o f long-lived aerosols (iodine excluded) may consist o f  60Co. Despite 
this considerable amount o f  emission, the annual dose com m itm ent by 
Co isotopes after ingestion o f  contaminated food products has so far been 
considered in radioecological m odel calculations, compared with the dose 
com m itm ent from 137Cs and 90Sr. Only the low  dose conversion factors for 
inorganic cobalt were used in those calculations. Dose conversion factors for 
radiocobalt taken up by man in the form o f vitamin B 12 may be up to three 
orders o f  magnitude higher [3].

2 7 9
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TABLE I. AMOUNTS OF COBALT ISOTOPES IN % OF TOTAL AEROSOL 
ACTIVITY (EXCEPT IODINE; t¡_ >  8 d) IN THE EMISSION OF NUCLEAR  
PLANTS IN THE FRG 1974 [2] 2
Comparison o f  measured values [2] with model spectrum [1].

Nuclear Plant 58 Co
ti = 70.8 d
3

60Co
ti = 5.27 a 2

KRB Gundremmingen (BWR) 11.7 11.6
KWW Würgassen (BWR) 8.7 25.7

KBA Biblis (PWR) - 97.6

KWO Obrigheim (PWR) 29.0 65.4

KWS Stade (PWR) 15.7 7.9

Model spectrum (BWR) 20 30

(PWR) 25 35

The aim o f our review o f the literature is to investigate the amount o f  
organically com plexed com pounds o f  cobalt in the form o f vitamin B 12 in food- 
chains and to re-evaluate the radioecological hazard from radiocobalt. Important 
parameters such as plant/soil-transfer factors, fodder/meat or milk transfer 
factors, and parameters for the calculation o f  dose conversion factors are also 
discussed. For the present model calculation values departing from the observed 
site specific means have been used to give a potential worst-case estimate o f  the 
radioecological hazards.

The results are compared with the official assessments in the Federal 
Republic o f  Germany [ 1 ], which are based on US handbooks [4, 5] and ICRP 
recom m endations [6].

2. TRANSFER OF RADIOCOBALT FROM SOIL TO PLANT 

In the unit

pCi/kg plant, fresh weight 

pCi/kg soil, dry weight

the transfer factor plant/soil describes the amount o f  soil activity taken up by 
vegetation. The official value o f  9.4 X 10_3 [1] was obtained by the questionable
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TABLE II. SUMMARY OF LITERATURE VALUES FOR TRANSFER  
FACTORS PLANT/SOIL FOR COBALT
pCi/kg plant, fresh weight: pCi/kg soil, dry weight; assumption 20% 
dry weight.2

Plant species Transfer factor Ref.

Cultivated plants 0.006-0.26 П

Grass, herbs 0.074-0.5 [8]

Pasture vegetation 0.0072—0.009a [9]

Grass, clover 0.0049-0.19 [10]

‘Vegetation’ 0.0094 [1]

a Based on stable Co concentrations.

m ethod o f  dividing data on plant concentrations by data on soil concentration  
o f stable Co isotopes that are not related [5]. The experiments described in 
the literature (Table II) show, however, a great variation in the am ount o f  transfer, 
which depends on plant species, the state o f  growth o f  the vegetation, the pH 
value o f  the soil and the amount o f  stable Co in the soil. Transfer factors lie in 
the range o f  4 .9  X 10~3 -  0.5. The highest transfer factors are to be expected  
in Co-deficient sandy soils, the existence o f  which cannot be excluded within 
the environment o f  nuclear facilities. The value o f  9.4 X 10~3 does not cover 
these possibly higher values, thus for conservative estimates higher default 
values should be used if  site-specific data are not available. According to the 
literature review in R ef.[l 1 ], a value o f  0 .24  is used in the following model 
calculation for a worst-case estimate.

Cobalt is com plexed into vitamin B 12 by soil microorganisms; this happens 
primarily in com post [ 12] and in the roots o f  Fabaceae [13]. Higher plants, 
however, contain only small amounts o f  vitamin B 12. In the seeds o f  peas, for 
example, only 0 .033 jug vitamin B 12/kg fresh weight were found [14]. Compared 
with the proportion o f  vitamin B 12 in animal food  products these amounts are 
less important for radioecological considerations.

3. TRANSFER OF COBALT AND VITAMIN B !2 SYNTHESIS IN 
ANIMAL ORGANISMS

According to R e f .[ l] , 1.3% o f the daily amount o f  Co ingested with food  
by horned cattle will be found at equilibrium in 1 kg o f  meat and 0.1% in one



TABLE III. COBALT CONTENT OF FODDER PLANTS [17]

2 8 2  BRULAND et al.

Type of fodder
Co
(/Mg/kg dry wt.)

Hay 80

Grass 60

Red clover, lucerne 110
Turnips 130

Barley 22

Minimum content in fodder 70

Optimum content in fodder 100

TABLE IV. VITAMIN B 12 CONTENT OF VARIOUS FOODSTUFFS [18]

Foodstuff
Vitamin B12 content 
(¿íg/kg fresh wt.)

Beef, different methods of preparation 

Milk, whole, fresh

3.7-28 .9

3 .6 -10 .4  (mean 6.5)

TABLE V. FACTORS FOR TRANSFER OF COBALT FROM FODDER INTO 
DIFFERENT FOODSTUFFS AS VITAMIN B 12

Foodstuff
T ,n ug Co (B12)/kg (foodstuff) • 

Co 12 jug Co/d (intake)

Beef

Milk, whole

2.1 X 10"4 -  1.1 X 10’ 3 
2.0 X 10"4 -  4.1 X 10-4

litre o f  milk. Ng et al. (1978), on the other hand, estimate the milk transfer 
factor at 0.2% (d/1) [15].

Cobalt is an essential trace elem ent for both animals and human beings.
In the rumen o f  horned cattle cobalt is organically com plexed into vitamin B 12 
by microbial synthesis. An average o f  11% o f the amount o f  cobalt taken up 
by horned cattle in fodder is com plexed into vitamin B 12 [16]. Part o f  the
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vitamin B 12 formed will be resorbed by the animal and thus could get through 
meat and milk into the liver. At present no experimental observations are known 
that could be reliably used to predict the transfer factor

_  Concentration o f Co in vitamin B J2/kg food prod.
T co (B i2) daily intake o f  Co by fodder

Table III gives a summary o f  the Co content o f  various fodder plants,
Table IV lists the amounts o f  vitamin B 12 in meat and milk. The transfer 
factors listed in Table V were calculated assuming a daily dry matter intake o f
11 kg by horned cattle [ 1 ]. For this the vitamin B 12 contents o f  prepared food  
were used as given in Ref. [18] and fodder with a Co concentration o f  
7 0 - 1 0 0  Mg/kg dry weight was assumed. The relative mass proportion o f  
vitamin B 12:cobalt = 23:1 was taken into consideration. Since the amount o f  
vitamin B 12 in the animal organism depends positively on the Co intake, the 
minimum and maximum values have been adjusted accordingly.

The transfer factors listed in Table V are in fair agreement with values 
obtained by multiplying transfer factors for the total amount o f  cobalt in 
meat [ 1 ] and milk [15] with the amount o f  cobalt bound in vitamin B 12 in the 
respective products.

According to the values o f  Souci et al. [ 19], an average o f  5% o f cobalt in 
beef and 23% o f cobalt in milk are com plexed organically into vitamin B]2. Thus

TCo(B 12) =  6.5 X 10~4 (d/kg) (beef)

and

TCo(B 12) =  4.5 X 1 O’ 4 (d/1) (milk)

4. DOSE CONVERSION FACTORS FOR RADIOCOBALT AND
RADIOACTIVE-LABELLED VITAMIN B 12

The values for liver dose conversion factors are listed in Table VI. In an 
evaluation o f  our own we investigated input parameters for a calculation o f  
liver dose factors and compared them with input data for the liver dose conversion 
factor given by Ref.[ 1 ] from ICRP [6] (Table VII).

The metabolism o f vitamin B 12 differs substantially from that o f  inorganic 
com pounds o f  cobalt. This is due mainly to the high resorption rate in the 
gastro-intestinal tract, the organ-specific accumulation in the liver (up to 70% of  
vitamin B12 in the food can accumulate in the livers [22, 25]), and the long
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TABLE VI. SUMMARY OF LIVER DOSE CONVERSION FACTORS FOR  
ADULTS ( 58Co AND 60Co), ORGANIC AND INORGANIC FORMS

Chemical form
Liver dose conversion factors 

(mrem/pCi)
58Co 60Co

Ref.

Vitamin В и 2.7 X 10“4 2.9 X 1СГ3 120]

Vitamin B12 3.3 X 10' 4 4.2 X 1СГ3 [21]

Vitamin B12 ----- 6.3 X 1СГ3 [22]

Vitamin B12 2.1 X 10“4 8.1 X 10' 3 [23]

Inorganic Co 6.3 X 10“7 2.1 X 10' 6 [1]

TABLE VII. INPUT DATA FOR CALCULATION OF LIVER DOSE 
CONVERSION FACTORS AND CALCULATED CONSERVATIVE FACTORS

Parameter Data for vitamin Bj2 
[6, 21, 24, 25] Data for inorganic Co [6]

Transfer ratio 
foodstuff/liver 70% 0.7%

Weight of liver 1700 g 1700 g

Effective energy 0.29 MeV (58Co) 0.29 MeV (58Co)
0.72 MeV (60Co) 0.72 MeV (60Co)

Biological half-life 750 d 9.5 d

Liver dose conversion 
factor (58Co) 5.7 X 10~4 mrem/pCi 6.3 X 10"7 mrem/pCi

Liver dose conversion 
factor (60Co) 1 . 2 X 1 0-2 mrem/pCi 2.1 X 10~6 mrem/pCi

biological half-life up to 750 d [26]. For inorganic cobalt compounds, however, 
a food/liver transfer rate o f  0.7% and a biological half-life o f  9.5 d is assumed [6] 

For a conservative worst-case estimate the liver dose conversion factors for 
58Co (B 12) and 60Co (B 12) were calculated as 5.7 X 10~4 mrem/pCi and 
1.2 X 10-2 mrem/pCi, respectively.

There is some evidence that liver dose conversion factors for radiocobalt 
absorbed as vitamin B 12 can be up to 5700 times higher than those factors 
calculated for inorganic com pounds o f  cobalt according to ICRP 2.
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TABLE VIII. COMPARISON OF RADIATION DOSES TO LIVER FROM 58Co 
AND 60Co AFTER CONSUMPTION OF CONTAMINATED ANIMAL FOOD
STUFFS WITH AND WITHOUT CONSIDERATION OF THE TRANSFER INTO 
VITAMIN В 12 (RELATIVE UNITS, ROUNDED)

Exposure pathway Inorg. Co s8Co considering 60Co considering
[1] vit. B12 vit. B12

Consumption of beef 1 5.4 -  77 22 -  480

Consumption of milk 1 67 -  370 280 -  2300

TABLE IX. DATA FOR RADIOECOLOGICAL MODEL CALCULATION

Parameter Value Ref.

Aerosol emission rate 1 Ci/a
(ti >  8 d, iodine excluded)

Percentage of nuclide spectr. 58Co: 25%; 60Co: 35% [1]
Average dispersion factor 1.4 X 10' 6 s/m3
Deposition velocity 1.1 X 10' 2 m/s [26]

Initial retention factor 0.5 [15]

Vegetation density 0.85 kg/m2 - [1]
Meteorological half-life 14 d [1]
Crop exposure time 30 d [1]
Soil ‘surface density’ 240 kg/m2 [1]
Transfer factor vegetation/soil 0.24 [П ]
Holdup time for half of the fodder 180 d

Consumption rate of contaminated . 55 kg/d [1]
feed by animal

TCo(Bi2) beef 1.1 X 10' 3
TCo(B12) milk 4.1 X 10~4

S8Co: 5.7 X 10' 4 mrem/pCi
Liver dose conversion factor

60Co: 1.2 X 10“2 mrem/pCi

Annual consumption of animal 150 kg meat [1]
products 330 1 milk



2 8 6 BRULAND et al.

TABLE X. RESULTS OF THE CONSERVATIVE MODEL CALCULATION OF 
LIVER DOSE TO ADULTS FROM 58Co AND 60Co

Pathway 58 Co
(mrem/a)

60Co
(mrem/a)

2

Consumption of beef 0.27 (3.5 X 1 0 '3)a 19 (3.9 X 1 0 '2)
34(4.8 X 1 0 '2)

Consumption of milk 0.22 (5.9 X 10~4) 15 (6.5 X 10“3)

a Bracketed values are for inorganic cobalt.

5. PREDICTION OF DOSE RATES BY EMISSION OF RADIOCOBALT
FROM NUCLEAR FACILITIES

5.1. Comparison with previous calculations

By neglecting the chemical form o f radiocobalt in the radioecological 
calculations one may incorporate a considerable amount o f  underestimation in the 
possible dose rates. The extent o f  this underestimation may be described by 
multiplying the transfer factors and dose conversion factors for both inorganic 
Co and vitamin B 12, while assuming a constant intake o f  radiocobalt as fodder.

- Table VIII shows the relative dose rates o f  58Co and 60Co by the fodder-meat 
and fodder-milk pathway with and without consideration o f  Co transfer into  
vitamin B 12. We calculated the possible range o f values by multiplying minimum  
and maximum values. According to our data, we found a considerable under
estimate o f  potential dose rates, for the 60Co-fodder-milk pathway in the range 
o f 2 8 0 —2300. Obviously, because o f  the uncertainty o f  the input data, these 
values should only be interpreted with caution. The above range could significantly 
change if  other input data were used. Vitamin B12 deficiency could lead to  
individually higher doses. In any case we conclude from our data base that 
radiation doses for the pathways we studied could be up to three orders o f  
magnitude higher than previous estimates.

5.2. Radioecological m odel calculation for a nuclear power plant site

As a basis we took the emission rate o f  1 Ci long-lived aerosols (iodine 
excluded) per year often permitted in the Federal Republic, assuming a ratio 
o f 25% 58Co and 35% 60Co. The parameters assumed are listed in Table IX.
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For a conservative estimate the maximum transfer factors o f  Table V and the 
calculated liver dose conversion factors were used. The results are shown in 
Table X. On these assumptions we calculated a liver dose o f 34  mrem/a, amounting 
to one third o f  the accepted dose limit (9 0  mrem/a) in the Federal Republic o f  
Germany. The contribution o f  58Co to the total dose is o f  minor importance.

A parallel calculation considering only inorganic com pounds o f  cobalt [ 1 ] 
led to liver doses o f  <  0.05 m rem/a for adults, which corresponds to  a calculated 
dose o f  700  times less. A sensivity analysis resulted in the reduction o f  the dose 
value by only 22% when using the plant/soil transfer factor o f  9.4 X 1 O'3 [ 1 ].
The resulting values could easily vary in either direction with different input 
parameters.

In summary, it may be concluded that according to the available data the 
potential liver dose arising from emission o f  radiocobalt from nuclear facilities 
may have been underestimated by up to several orders o f  magnitude. More 
detailed investigations in this field are therefore needed. The availability o f  
more site specific transfer factor data through measurements would be useful 
for the clarification o f  uncertainties in the currently proposed m odel calculation.
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DISCUSSION

Y.C. NG: Your paper raises an important point with regard to the difference 
in behaviour o f  the various chemical forms o f  the same element. This point has 
been alluded to already and it is dealt with in detail in our paper1. I should 
like to ask how the dose conversion factors for liver compare when one takes 
the latest ICRP data on uptake and retention in man into account?

B. FRANKE: Compared with the ICRP Committee II Report o f  1959,
ICRP’s revised m etabolic data (as yet unpublished) assume that a fraction o f  
1.5% o f  organically bound cobalt reaches the liver from the GI tract. Fractions 
o f 60%, 20% and 20% are assumed to be retained with biological half-lives o f
6, 60  and 800 days, respectively. Hence if  we follow  the revised ICRP 
recommendations, the liver dose conversion factors for cobalt-60 may be some 
20 times higher than those in the ICRP Comm ittee II Report. The special case 
o f  vitamin B12 does not seem to be adequately covered by the new recommendations.

K.J. VOGT: Your statement that the transfer factor for some 60Co in the 
form o f  vitamin B 12 is higher than originally thought may be true in principle, 
but I disagree com pletely with your conclusions that, first, 60Co may becom e a

1 Paper IAEA-SM-237/54, these Proceedings.
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critical nuclide in the waste air o f  nuclear power plants, and that, second, the 
radiation dose level from the ingestion o f  organically bound 60Co may approach 
the acceptable dose limit in the Federal Republic o f Germany. Your paper, in 
com m on with all other previous publications by the group, in my opinion  
highly overestimates the environmental effects. So I should like to make the 
following com m ents in order to clarify the situation:

Firstly, the maximum dispersion factor is overestimated by a factor o f  10; 
secondly, the deposition velocity for aerosols is also too high by an order o f  
magnitude; thirdly, the Co transfer factor for soil to grass is overestimated by 
a factor o f  30. It seems even higher than the highest value experim entally 
determined by Teufel for grass and clover under very questionable conditions, 
as my colleagues at the Jülich Nuclear Research Center have recently pointed out; 
fourthly, as only a small fraction o f  cobalt in cattle, and even less in grass, occurs 
in the form o f vitamin B 12 (your figure is 10%), the transfer factors grass to 
cattle and cattle to m ilk/beef are overestimated by 3 orders o f  magnitude; 
fifthly, for the same reason the dose conversion factor is overestimated. Moreover, 
it is not the normal practice to calculate the dose conversion factor using the 
highest biological half-life measurement (750  d), rather than an average value.

To sum up, the 60Co ingestion doses from the waste air o f  nuclear power 
plants are in fact some — if not many — orders o f  magnitude lower than those 
you have reported, and are also several orders o f  magnitude below the dose limit 
o f  90 mrem/a in force for the liver in the Federal Republic o f  Germany. Let me 
conclude by making it clear that the transfer factors specified in the German 
regulations are not meant for extreme soil conditions, for example, on the 
Enewetak A toll, for which the high reference value — No. 8 — may be valid.
The regulations explicitly state that under these conditions site-specific transfer 
factors have to be used.

B. FRANKE: The approach I adopted in the paper was to show the range
o f  possible liver doses from Co isotopes in the form o f  vitamin B I2, as compared 
with current calculations that disregard that fraction. The model calculation 
I showed was designed to give a conservative estimate.

The dispersion factor depends on local weather conditions. As Handge and 
Hoffmann point o u t2, values for the Federal Republic o f  Germany vary from
4 X 10~8 s/m 3 to 5 X 10~6 s/m 3 for stack heights o f  50—150 m. So our value 
o f 1.4 X 10-6 s/m 3, actually com puted for a plant site in the Federal Republic 
o f Germany, falls within this range.

The deposition velocity o f  aerosols varies by several orders o f  magnitude.
The value o f  1.1 X 10-2 m/s, taken from R ef.[27], is given for dry and wet

2 See Environmental Surveillance around Nuclear Installations (Proc. Symp. Warsaw,
1973) 1, IAEA, Vienna (1974) 65.
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deposition, whereas you may be referring to dry deposition only. Furthermore, 
R ef.[27] was also used by the authors o f  Ref.[ 16] for their computations.

It is our view that site-specific measurements o f  the transfer factor for 
vegetation to soil are preferable. In the absence o f  such measurements, the 
com m on default value may underestimate the transfer. Since compiling the 
paper, further studies we have made show that the range o f  possible values is 
even greater than given in Table II. Kirchmann and co-authors have found  
transfer factors for ryegrass and clover from different Belgian soils in the range 
o f 0 .08 to 1.9. So our value o f  0 .24, which is not only corroborated by the 
Enewetak Atoll measurements [8], but also by Grummit’s experiments [7], is 
not unreasonable.

Indeed, the calculation o f  T c0 (B i2) has nothing to do with the vitamin Bj2 
content in grass, since Co is com plexed into vitamin B 12 in the rumen o f cattle.
The transfer factor for vitamin B 12 (grass) to vitamin B 12 (milk or beef) may be 
3 orders o f  magnitude smaller than our factor. Our factor gives the transfer for 
total Co in fodder to Co in vitamin B 12 in milk and beef, since ~  5% o f Co in 
beef and ~  23% o f Co in milk is com plexed into vitamin B 12.

The dose conversion factor for vitamin B 12 has only been applied for that 
part o f  the Co occurring as vitamin B 12. When we calculated the possible range 
o f relative liver doses (Table VIII), we considered the range o f  available data 
for transfer factors for fodder to meat and fodder to milk and liver dose conversion 
factors. I refer you to Refs [21—24]. To provide a reasonable conservative 
estimate, we used the maximum values for the m odel calculation.

In short, we maintain that, first, our main conclusion that liver doses due to  
the ingestion o f  58Co and 60Co contaminated milk and beef have been under
estimated because the critics misunderstood the values o f  T co(B j2) is still valid, 
and we also believe that vitamin B 12 must be taken into account when calculating 
liver dose conversion factors. Second, in reply to the criticism o f the model 
calculation, we would point out that the values we used agree with normal 
scientific practice.

As I m entioned in the presentation, we recognize the uncertainty involved 
in the evaluation and have attempted to quantify the uncertainties by giving a 
possible range for each parameter o f  the model calculation.

V. VOLF: I have a com m ent I should like to make. You conclude that up 
till now the liver dose due to emission o f  radiocobalt from nuclear facilities has 
been underestimated by two to three orders o f  magnitude. This is because you  
assume consumption o f  beef and milk containing Co organically bound in 
vitamin B 12. If we estim ate the daily intake o f  organically bound Co using the 
data from your paper, then to cover the demand for vitamin B 12 in man it would  
be sufficient to drink about 1 litre o f  milk (containing on the average 6.5 /zg vitaminB12), 
or to eat about 250 g beef each day (containing up to 7.1 ¡ig vitamin B 12). This 
would correspond (assuming 4% Co in vitamin B 12) to a daily intake o f  the
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order o f  1 цg Co. However, the total daily intake o f  Co (inorganic plus organic) 
has been estimated to be 300 ¡ig (ICRP 23). In other words, the daily intake 
o f Co bound in vitamin B 12 is nearly 3 orders o f  magnitude lower than the total 
Co intake. So the total risk due to radiocobalt is not substantially underestimated 
when disregarding the very small fraction o f  it bound in vitamin B 12. Furthermore, 
in many cases milk does not seem to be a suitable source o f  Co for man at all, 
since vegetarians might develop the ‘milk anaemia’ ascribed to a deficient Co 
intake. Is is only your highest “risk underestimation factor” that is based on 
milk consum ption, the corresponding factor you give for beef being about
5 times lower. In your paper you stress that you are using very conservative 
parameters for the calculations. D on ’t you think you should perhaps be equally 
conservative as far as your conclusions on risk estimation and underestimation  
are concerned?

B. FRANKE: According to ICRP Publication 23, values for daily intakes 
o f Co (inorganic plus organic) vary from 5 to 440  /xg/d for adults, while the 
intake by infants is even smaller. Common estimates are given in the range o f  
5 - 1 0  Mg/d. The reference man may ingest 300 ptg Co/d, as quoted by you.
But in the frequently reported cases o f  low Co intake, consideration o f  vitamin B 12 
changes the dose calculations substantially.

In reply to your question, the conservative liver dose conversion factor for 
60Co in the form o f vitamin B 12 (1 .2  X 10~2 mrem/pCi), which we use in 
Table VII, is only 1.5 times the value given in R ef.[24]. Our results would not 
substantially change if another conversion factor were used.

We calculated our value for conservative reasons. Assuming the minimum  
content o f  vitamin B 12 in beef and milk (Table IV) and the daily consum ption  
rates given in Table IX, we get a daily intake o f  vitamin B 12 o f  4 .8  (ig. For this 
value the m etabolic data we obtain — a 70% transfer ratio for foodstuff to 
liver and a biological half-life o f 750 d — are not unreasonable. Reference [21] 
gives the daily requirement for vitamin B 12 as o f  the order o f  7 /xg.

V. VOLF: You say that factors should be used if available. In that case 
why do you  use liver dose conversion factors for Co in vitamin B 12 (Table VII) 
that are higher than those available, as seen from your Table VI?

B. FRANKE: The factors in Table VII were calculated for conservative 
estimations.

Yu.I. MOSKALEV: Can you say something about the resorption levels for 
inorganic and organic com pounds o f  58>60Co in the gut, including 60Co-labelled 
vitamin B 12?

B. FRANKE: The resorption o f  different chemical com pounds o f  cobalt 
in the GI tract has been studied by a number o f  investigators who, generally 
speaking, stress the fact that these inorganic compounds are resorbed in the gut 
to a lesser degree than cobalt in the form vitamin B J2.
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The resorption rate depends on the absolute quantity o f  cobalt and B 12 
administered. For vitamin B 12 optimum resorption rates o f  up to 89% have 
been observed for quantities o f  ~  3 Mg per meal. In the case o f  inorganic 
com pounds, physiological abnormalities may also lead to increased uptake.

The most relevant difference for dose calculations, however, is the fact 
that the biological half-life o f  vitamin B 12 in different tissues is longer than that 
o f inorganic com pounds o f  cobalt.
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Abstract

TRANSFER FACTORS FOR ASSESSING THE DOSE FROM RADIONUCLIDES IN 
AGRICULTURAL PRODUCTS.

Transfer factors to predict the environmental transport of radionuclides through terrestrial 
foodchains to man were derived from the literature for radionuclides associated with the nuclear 
fuel cycle. We present updated transfer coefficients to predict the concentration of a radio
nuclide in cow’s milk and other animal products and concentration factors (CF) to predict the 
concentration in a food or feed crop from that in soil. Where possible we note the variation 
of the transfer factor with physical and chemical form of the radionuclide and environmental 
factors, and characterize the distribution and uncertainty in the estimate. The updated transfer 
factors are compared with those listed in regulatory guides such as Regulatory Guide 1.109 
of the US Nuclear Regulatory Commission. The new estimates lead to recommended changes 
(both increases and decreases) in the listed transfer coefficients for milk and meat and to the 
suggested practice of adopting multiple soil-to-plant CFs that vary with the type of crop and 
soil in the place of a single generic CF to predict the concentration of a radionuclide in a crop 
from that in soil. We anticipate that the updated transfer factors will be useful to assess the 
dose from radionuclides released from nuclear facilities and evaluating compliance with 
regulations governing the release of radionuclides.

1. INTRODUCTION

Radiological assessments of the dose to man from radio
nuclides released to the environment are generally made using 
mathematical models that require as input parameters transfer 
factors to predict the concentrations of radionuclides in 
foodstuffs. For guidance in evaluating compliance with 
federal regulations to limit the release of radionuclides from 
nuclear installations, the U.S. Nuclear Regulatory Commission 
has incorporated models in Regulatory Guide 1.109 [l] to 
predict concentrations of radionuclides in forage, food crops,

2 9 5
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milk, and meat, and has provided generic transfer factors (in 
Table E-l of Ref. 1) that may be used whenever site-specific 
information is not available. Similar models and tables of 
transfer factors are used for regulatory assessments in other 
countries.

The transfer factors in Table E-l of Regulatory Guide
1.109 are largely based on the handbook we published in 1968 
[2 ] and include the following:

о Fm (Cow), the transfer coefficient to cow's milk,
the fraction of the isotope ingested daily by a cow 
that is secreted in 1 liter of milk under 
steady-state or equilibrium conditions;

о Ff, the transfer coefficient to meat, the fraction
of an isotope ingested daily by an herbivore that is 
in 1 kg of meat from the animal in the steady-state 
or equilibrium condition (or at slaughter); and

о B-jv Veg/soil, the piant-to-soil concentration ratio
or concentration factor (CF), the ratio of the 
concentration in wet vegetation to that in dry soil 
in the steady state or equilibrium condition.

In this paper we examine the origin of these transfer 
factors, present updated values of Fm (Cow) and Ff, and 
compare the updated estimates with those of Table E-l in 
Regulatory Guide 1.109. In the case of the soil-to-plant 
concentration factor (CF), we discuss the variation of CF with 
the type of crop and soil and suggest the need for multiple CF 
estimates in the place of a single factor to assess the 
transfer of radionuclides into edible crops from soil.
Finally, we point out where we feel the updated transfer 
factors are well substantiated, and we recommend changes in 
the listed values.

2. TRANSFER COEFFICIENTS TO MILK

2.1 Origin of values in Regulatory Guide 1.109

The transfer coefficients to cow's milk Fm (Cow) in Table 
E-l of Regulatory Guide 1.109 are largely those of Table 3 in 
Ref. 2.
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OBSERVATION

Integral of concn in milk(-Ê--1 ) 
vs time (d) curve

Total recovery in milk 
Milk secretion rate {Ий)

Plateau concn in milk (I-1) 

Daily dose (d'l)

Concn in milk (I-1 )____________

Concn in feed (kg"l) x feed 
ingested daily (kg/d) ,

REMARKS 

Single-dose experiment

Single-dose experiment

Repeated administration

Continuous feeding (radio
active or stable isotope)

FIG. 1. Approaches for estimating transfer coefficients to milk from isotope feeding 
experiments.

TABLE I. SYSTEMATICS OF ELEMENTAL FEED-TO-MILK TRANSFER COEFFICIENTS Fm (Cow), d/£a.

F /10'2 F/10'3 F/10*4 F /10'5 F /10'
m m  m m m

H 1.4 В 1.5 A1 2.0b Si 2.0 Be 0.91

с 1.5b F 1.1 Mn 3.3d V 2.0b Ru 0.61

N 2.3 Mg 3.9 Fe 2.7C As 6.2 Ta 2.8

Na 3.5 К 7.2 Sb 1.1 Zr 3.0e Ir 2.0

P 1.6 Cr 1.6b Te 2.0 Ce 2.0 Au 5.3

S 1.6 Co 1.8C Ba 3.5 Nd 2.0 Pu 0.10

Cl 1.7 Ni 1.0 U 2.9 Am 0.41f

Ca 1.1 Cu 1.7 Hg 4.7

Ti 1.0b Se 4.0 Pb 2.6

Zn 1.0 Sr 1.4 Po 3.4

Br 2.0 Mo 1.4 Ra 4.5

Rb 1.2 Cd 1.0b U 6.1

Ag 1.9b Sn

I

Cs

Re

Ti

1.2

9.9 

7.1 

1.3

1.9

aAdapted from Ref. 3. If F^ is based on a specific chemical form, the compound is 

listed in Table III.

'’Based on concentrations in milk and feed not actually consumed by animal.

cBased on concentrations in milk and associated feed. dBased on radioisotope tracer data [5].

eBased on radioisotope tracer data [6]. ^Based on radioisotope tracer data [7].



TABLE II. CHEMICAL FORM OF RADIOISOTOPE FOR WHICH Fm (Cow) IS LISTED IN TABLE I.a g
00

Element Chemical form Element Chemical form

H Tritiated water

Be Beryllium chloride

Mn Manganous chloride

As Sodium arsenate

Se Selenous acid

Mo Ammonium molybdate

Ru Ruthenium trichloride

Nitrosyl ruthenium trinitrate 

Sb Antimony trichloride

Ce Cerous chloride

Nd Neodymium chloride

Ta Tantalum oxalate

W Sodium tungstate

Potassium tungstate 

Re Sodium perrhenate

Ir Ammonium iridium hexachloride

Au Auric chloride

Hg Methyl mercury chloride

TI Thallous nitrate

Po Polonium tetrachloride

Pu Plutonium citrate

Am Americium chloride

aIf an Fm in Table I is based on a specific chemical form of a radioisotope tracer, the 

chemical form is listed in this table.

NG 
et al.
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PERIODIC TABLE OF ELEMENTAL TRANSFER COEFFICIENTS TO MILK

GROUP
IA VI11A

1.4
-2 IIA

Be
9.1
-7

Na
3.5
-2

Mg
3.9
-3

COEFFICIENT

Fm(Cow) -  
2.0 X 10~2 d/8

POWER OF 10

MIA IVA VA VIA VIIA

11 IB IVB VB BIV VIIB -VIII- IB MB

в
1.5
-3

AI
2.0

Si
2.0
-5

N
2.3
-2

О

Cl

Не

NE

Ar

Ca Sc V
2.0

Cr
1.6

Mn
3.3

Fe
2.7

Ni
1.0
-3

Cu
1.7

Zn
1.0
-2

Ga Ge As
6 2
-6

Se
4.0
-3

Kr

Rb
1.2

Sr
1.4
- 3

Zr
3.0
-5

Nb Mo
1.4
-3

Te Ru
6.1
-7

Rh Pd Ag
1.9
-2

Cd
1.0

Sn
1.2
-3

Sb
1.1

Te
2.0

Xe

Cs
7.1

Ba
3.5

La Hf Ta
2.8
-6

W
2.9

Re
1.3
-3

Os Pt Au
5.3

Pb Bi Po
3.4

At Rn

Ra
4.5

Ac
Ce
2.0
-5

Pr Nd
2.0
- 5

Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Th Pa u
6.1
—4

Np Pu
1.0
-7

Am
4.1
-7

Cm Bk Cf Es Fm Md No Lw

FIG.2. Secretion o f  elements in cow ’s milk.

2.2 Estimation of transfer coefficients

Transfer coefficients to cow's milk were recently updated 
and documented after extensive review of the worldwide 
literature [3]. Our estimates are based on isotope feeding 
experiments in which the lactating cow is given a single dose 
or repeated doses of a radioisotope. We also estimated Fm 
from the concentrations in milk and feed when a radioisotope 
or stable isotope that occurs naturally in forage is fed to the 
cow continuously in feed. Assumptions were frequently required 
regarding the milk secretion rate, the kg of feed ingested 
daily by the cow, and the total activity that would be secreted 
in milk beyond the duration of an experiment. The approaches 
were discussed elsewhere [4] and are summarized in Fig. 1.
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2.3 Estimates of the transfer coefficient to milk

Table I, which considers only experimentally based transfer 
coefficients, groups the elements according to magnitude of 
transfer coefficient. If an Fm is based on a specific 
chemical form, the name of the compound is listed in Table II, 
which thus serves as a footnote to Table I. Table I is based 
on Ref. 3 and takes into account data from reports obtained 
after its publication [5,6,7].

2.4 Elemental systematics

The regularities in the transfer coefficients of similar 
elements or members of the same chemical group (Fig. 2) were 
previously noted [3,41 and are mentioned only briefly here.
The alkali metal ions and related thallous ion, and the 
halides and related perrhenate ion are effectively transferred 
from feed to milk. The lighter members of the,alkaline earths 
and Group VI elements are efficiently transferred from feed to 
milk, and the transfer coefficients tend to decrease with 
increasing atomic number. The lanthanides, actinides, and 
ruthenium are poorly transferred to milk.

2.5 Effect of chemical form

The transfer coefficient of an isotope can vary with physi
cal or chemical form. In the case of iodine, the transfer 
coefficient of various chemical forms, e.g., elemental iodine, 
methyl iodide, sodium iodide, and sodium iodate are comparable
[8 ]. In the case of ruthenium, which is encountered in several 
species and oxidation states, both the trichloride and nitrosyl 
trinitrate are poorly transferred to milk with comparable 
transfer coefficients. On the other hand, organic mercury is 
transferred to milk much more efficiently than inorganic 
mercury. The Fm of mercuric chloride is about 10“5 d/I, 
and those of methylmercuric chloride and phenylmercuric 
chloride are about 40 times greater. Both polonium tetra
chloride and plutonium citrate are transferred to milk more 
efficiently than their respective dioxides. The transfer 
coefficients of Po differ by about a factor of 2.5, those of 
Pu differ by more than a factor of 10. Both forms of Pu are 
very poorly transferred to milk.

Table III compares transfer coefficients based on radio
isotope tracer data with those based on concentrations of the 
naturally occurring stable isotope in milk and the feed con
sumed by the animal. The data suggest that for some elements 
the biological availability of the chemical form that naturally 
occurs in feed differs from that of the chemical form used in
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TABLE III. TRANSFER COEFFICIENTS TO COW'S MILK Fm (Cow), d/i.a

Estimated from 

Stable isotope
in milk and Radioisotope

Element associated feed tracer Chemical form

Na 3.1(-2)b 3 .2 ( - 2 ) NaCl

P 1.5(-2) 1 .2 (-2 ) Na2 HP0 4

S 1.9(-2) 8.0(-3)

Ca 1 .2 (-2 ) 1 -0 ( - 2 ) С аС1 £, С аСО ̂

Cr 1-4 (-3) 1.0(-4)c СгС 1 з

Mn 3.4 (-5 ) 3.3(-4)C МпС 12

Fe 2.7(-4) 4.8(-5)C FeC 1 з

Co 1.8(-3) 1.0(-4)C О О о
го

Zn 1 .2 (-2 )

О

C
O1осо ZnC 12

Se 3.0 ( -2 ) 4.0(-3)С H^SeO^

Rb 4.7(-3) 1 .2 (-2 ) RbCl

Sr 2.2(-3) 1 * 4 (-3 ) SrC 12

Mo 1.4(-3) 1.3(-3) (NH4 )2Mo04

Ba 9.9(-4)d 3.5 ( - 4 ) BaCl^

Pb 2 . 6 ( - 4 ) 4.3(-5) Pb(N03 )2

aAdapted from Ref. 3.

^З.И-г) denotes 3.1 x 10”̂. 

cTakes into account data from Ref. 5.

^Based on concentrations in milk and feed not actually consumed 

by the animal.



TABLE IV. COMPARISON OF TRANSFER COEFFICIENTS TO MILK.a

Cow), d/i. Fm (Cow), d/S,

Element Ng et _al_. [3] USNRC[1] Ratio Element Ng et al_. [3] USNRC[1] Ratio

H 1.4 -2) 1.0 -2) -1.4 Rh 1.0 -2) 1.0 -2) 1.0

Be 9.1 -7) 1.0 -4) +110 Ag 1.9 -2) 5.0 -2) +2.6

С 1.5 -2) 1.2 -2) -1.3 Sn 1.2 -3) 2.5 -3) +2.1

Na 3.5 -2) 4.0 -2) +1.1 Sb 1.1 -4) 1.5 -3) +14

Mg 3.9 *3) 1.0 -2) +2.6 Te 2.0 -4) 1.0 -3) +5.0

. P 1.6 -2) 2.5 -2) +1.6 I 9.9 -3) 6.0 -3) -1.7

Cl 1.7 -2) 5.0 -2) +2.9 Cs 7.1 -3) 1.2 -2) +1.7

Cr 1.6 -3) 2.2 -3) +1.4 Ba 3.5 -4) 4.0 -4) +1.1

Mn 3.3 -3) 2.5 -4) -1.3 La 2.0 -5) 5.0 -6) -4.0

Fe 2.7 -4) 1.2 -3) -4.4 Ce 2.0 -5) 6.0 -4) +30

Co 1.8 -3) 1.0 -3) — 1,8 Pr 2.0 -5) 5.0 -6) -4.0

Ni 1.0 -3) 6.7 -3) +6.7 Nd 2.0 -5) 5.0 -6) -4.0

Cu 1.7 -3) 1.4 -2) +8.2 Ta 2.8 -6) 2.5 -2) +8900

Zn 1.0 -2) 3.9 -2) +3.9 W 2.9 -4) 5.0 -4) +1.7

Se 4.0 -3) 4.5 -2) +11 Re 1.3 -3) 2.5 -2) +19

Br 2.0 -2) 5.0 -2) +2.5 Au 5.3 -6) 5.0 -3) -940

Rb 1.2 -2) 3.0 -2) +2.5 Hg 4.7 -4) 3.8 -2) +81

Sr 1.4 -3) 8.0 -4) -1.8 TI 1.9 -3) 2.2 -2) +12

Y 2.0 -5) 1.0 -5) -2.0 Pb 2.6 -4) 6.2 -4) +2.4

Zr 3.0 -5) 5.0 -6) -6.0 Po 3.4 -4) 3.0 -4) -1.1

Nb 2.0 -2) 2.5 -3) -8.0 U 6.1 -4) 5.0 -4) -1.2

Mo 1.4 -3) 7.5 -3) +5.4 Np 5.0 -6) 5.0 -6) 1.0

Tc 9.9 -3) 2.5 -2) +2.5 Pu 1.0 -7) 2.0 -6) +20

Ru 6.1 -7) 1.0 -6) +1.6 Am 4.1 -7) 5.0 -6) +12

aBased on Ref. 3 and Table I. If the new data support a change in the Regulatory Guide Fm and the 
Fm is not overly dependent on chemical form, the ratio is underlined. If the Regulatory Guide value 
is greater, the sign is plus (+), if the Regulatory Guide value is less, the sign is minus (-).

302 
NG 

et 
al.
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the tracer experiment. The Fm (Cow) of Na, P, Ca, Zn, and Mo 
naturally occurring in feed are comparable to those of the 
elements in the chemical forms used in tracer experiments.
For S, Cr, Fe, Co, Se, Sr, and Pb the transfer coefficient of 
the stable isotope in feed exceeds that of the radioisotope 
tracer. In the case of Cr, Fe, and Co, the transfer coeffi
cients differ by more than a factor of five. On the other 
hand, the Fm of Mn as MnCl2 is four times greater than that 
of the Mn naturally occurring in feed. The biological avail
abilities of Rb and Ba naturally occurring in feed seem to 
differ from those of the radioisotopes in the chloride form, 
but these data must be interpreted with caution because of the 
sparsity of stable element data.

2.6 Effect of physical form

The biological availability of radtonuclides to dairy 
cattle may depend on physical as well as chemical form 13].
The Fm of 22|\ja, 89,90$^ and l ^ B a  in fallout from weapons 
tests were comparable to those of the radioisotopes used in 
tracer studies. The Fm of 99|</|0j 132je anc| 131 j -¡n fan 0ut were 

somewhat lower than those of the radioisotope tracers. The Fm of 
5^Mn in fallout was only 2% that of tracer ^ M n  in the manganous 
chloride form. In this case the difference in availability to 
the dairy cow could very well be attributed to difference in 
chemical form. We have not evaluated the biological avail
ability of radionuclides released from nuclear installations 
to dairy cattle, but Hoffman [9] reported Fm estimates of 
1311 emissions from nuclear power stations that are 
comparable to those of tracer 1311#

2.7 Comparison with Regulatory Guide values

Only rarely are the available data so numerous that one 
can perform statistical analysis to characterize the 
distribution of the transfer coefficient of an element.
Hoffman et al_., [10] examined the Fm of Sr, I, and Ce, and 
concluded that it was reasonable to assume that the transfer 
coefficients were lognormally distributed. They calculated 
the mean (и) and standard deviation (<r) of the logtransformed 
data and estimated the mean, median, most probable, and 99th 
percentile values of Fm and compared them with the default 
value of Fm in Table E-I of Regulatory Guide 1.109 as a 
basis for evaluating the uncertainties in dose assessments. 
Besides Sr, I, and Cs, Fm data sufficient for meaningful 
statistical analysis to characterize the distribution of Fm 
are limited to Ca, Zn, and perhaps Rb. Nevertheless, our 
present knowledge of transfer coefficients is adequate for 
valid comparisons with the Fm (Cow) values listed in 
Regulatory Guide 1.109.
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OBSERVATION REMARKS

Transfer coefficient:
Concn in food (kq~l)

Daily dose (d~l)

Integral of concn in flesh (kg_l)
vs Time (d) curve

Total recovery in eggs

Egg production rate (kg/d)

Accumulation factor:
Content in flesh ■ mass of muscle (kg) 

Daily dose (d'l)

Concentration factor:
Concn in flesh (kg~M j_ feed ingested 
Concn in feed (kg 1) daily (kg/d)

Repeated, continuous 
feeding

Single dose fed to 
chickens

Single dose fed to 

hens

Repeated, continuous 
feeding

Continuous feeding 
(radioactive or stable 
isotope)

FIG.3. Approaches for estimating transfer coefficients to animal products.

Table IV compares our recent estimates of the average Fm 
according to Ref. 3 and Table I with those in Table E-l of 
Regulatory Guide 1.109 Ш . The ratios in Table IV are the 
ratios of the higher to lower estimates. If the Regulatory 
Guide estimate is greater than ours, the sign is plus (+); if 
it is less than ours, the sign is minus (-). In cases where 
we feel our estimate is well substantiated, not overly depend
ent on chemical form, and differs from the Regulatory Guide 
estimate by a factor of two or more, the ratio is underlined 
to indicate that we recommend a change. This comparison 
updates and extends the comparison reported in Ref. 4. To 
make Table IV more concise, we have considered just the 
abbreviated list of elements considered in Ref. 1 and addi
tional elements for which the new estimates differ substan
tially from those in Regulatory Guide 1.109. It is straight
forward to extend the comparison to the remaining elements, if 
it is of interest, by consulting Refs. 1 and 3.

The more recent data overwhelmingly support downward 
revisions that range from 2.5 for Br and Rb to 80 for Hg. The 
results of this comparison are not surprising because the 
Regulatory Guide estimates of Fm were obtained from our 
Handbook [2], in which we intentionally listed maximum or 
near-maximum transfer coefficients.
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3. TRANSFER COEFFICIENTS TO OTHER ANIMAL PRODUCTS

3.1 Origin of Ff values in Regulatory Guide 1.109

Most of the transfer coefficients to meat Ff in Table 
E-l of Regulatory Guide 1.109 were calculated from data in the 
handbook assembled by Ng et _al_. [21. They were estimated as 
the average concentration in meat divided by 50 times the 
average concentration in food (wet wt) derived from plants.
The concentrations in meat and food derived from plants are 
tabulated in the handbook. Because 50 kg corresponds to the 
wet weight of forage ingested daily by cattle, Ff implicitly 
is the transfer coefficient to beef.

3.2 Estimation of transfer coefficients to animal products

We are deriving updated transfer coefficients to beef and 
other products from livestock including pork, chicken, lamb, 
and eggs in response to assessment needs. Baker et _al_. Ill] 
previously estimated elemental transfer coefficients to beef, 
pork, poultry, and eggs.

Some of our estimates are based on experiments that 
involved repeated or continuous feeding of radioisotopes to 
animals. We also estimated Ff by the USNRC approach from 
the stable element concentration in meat and feed. Because 
meat is obtained from an animal only after it is slaughtered, 
experiments involving single administration of a tracer have 
been used to estimate transfer coefficients only to chicken 
(studied in numbers) and eggs. The approaches, discussed 
previously [4] are summarized in Fig. 3.

3.3 Estimates of transfer coefficients to meat and eggs

We recently derived transfer coefficients of selected 
fission products and transuranic elements to beef, pork, lamb, 
chicken, and eggs to serve as input parameters for regional 
assessments of terrestrial food contamination by the emissions 
from a nuclear facility [4,12]? The estimates are based on 
experimental data from tracer experiments as summarized in 
Table V [13]. If data could not be found from which to derive 
the transfer coefficient in a food product, we estimated the 
parameter using collateral information and data. Such esti
mates required certain assumptions regarding similarity in the 
meat-to-feed concentration ratio in meat from different 
animals, feed consumption rates and total body and muscle 
mass, biological turnover rates in muscle, or similarity in 
the uptake and retention pattern of chemically related 
elements. To aid us in our efforts to derive transfer



TABLE V. ESTIMATES OF TRANSFER COEFFICIENTS TO ANIMAL PRODUCTS 
FROM RADIOISOTOPE DATA [13].

Ff, d/kg
Animal No. of ob- Transfer

Element product servations coefficient Range

Sr Beef 5 3.0(-4)a 6.4(-5)-5.7(-4)

Pork 3 2.9 ( - 3 ) 1.2(-3)-4.0(-3)

Lamb 9 1 * 9 ( - 3 ) 1.1(—3)-3.7(-3)

Chi cken 8 3 .2 ( - 2 ) 1 .8 (-2 )-8 .0 (—2 )

Egg(contents) 3 0 . 2 2 0.15 -0.26

Ru Beef 1 2 .0 (-3)

Egg(contents) 1 4.0(-3)

Sb Beefb 1 1.2(-3)

I Beef 2 7.2(-3) 7.2(-3)-2.0(-2)

Pork 1 2 .7(-2) 1.0(-3)-2.7(-2)

Chicken*3 2 0.2 8.0(-3)-0.20

Egg (contents)*3 5 4.4 3.7 -5.2

Cs Beef 22 2 .0 (—2 ) 7.2(-3)-9.3(-2)

Pork 2 0.30 0.26 -0.38

Lamb 7 0 . 1 2 6.1(-2)-0.25

Chicken 2 4.4 4.3 -4.5

Egg(contents) 3 0.43 0.34 -0.53

Ce Beef 1 7•5(-4) 6(-4) -1.8(-3)

Pu Beef 2 1 .0 (-6 ) 1.3(-7)-5.8(-6)

Chicken0 1 2 .0 (-5)
/■»

Egg(contents) 1 3.3(—5)

Au Chicken 1 7.2(-5)

Egg(contents) 1 3.9(—3)

a3.0(-

^Based

4) signifies 3.0 x 
131

on data. The

1 0 -4.

transfer coefficients for 129I and

elemental iodine were assumed to be two times the respective
131

transfer coefficient for I. 

cBased on Pu as PuO^.
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coefficients to animal products, we maintain data files on 
transfer coefficients, accumulation factors, and concentration 
factors to animal products.

Values in Table V indicate that I and Cs are effectively 
transferred to meat and eggs. Strontium /is effectively trans
ferred to eggs (Ff to whole egg = 9.1 d/kg), but most of the 
Sr in egg is in the shell. The transfer coefficients of Pu and 
Am to animal products are low. The tranfer coefficients of Sr 
to lamb and chicken, and of Cs to beef and lamb are sufficient 
in number for a statistical analysis of distribution to assess 
the uncertainties associated with dose assessment [1 0 ].

3.4 Estimates of transfer coefficients to beef

Transfer coefficients to beef were estimated following the 
USNRC approach from the stable element concentrations in beef 
and feed (Sect. 3.1). We assumed that feed for cattle is 
composed of grasses, legumes, and concentrates in proportions 
of 2 :1 :1 and that the consumption rate of feed by beef cattle 
is 12 kg dry wt/d [14].

To evaluate the uncertainty associated with the estimates 
of transfer coefficient, we applied the method of Hoffman 
_et ^ 1_. [1 0 ] and assumed that the concentrations in beef, feed, 
and its constituents were lognormally distributed and statis
tically independent. We computed means (m), and standard 
deviations (s), means (ц) and standard deviations (tr) of the 
1 ogtransformed concentrations, and the median concentrations 
where the median concentration Xm of a variable X is given by

We calculated the median concentrations in cattle feed 
from those in grasses, legumes, and concentrates by

Xm = ехр(м-). (1)

exp(hi-p) =
2 exp(M-G ) + exp(nL-) + exp(yc ) ^

4

where the subscripts P, G, L, and С denote cattle feed, 
grasses, legumes, and concentrates, respectively.
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The standard geometric deviation of the concentrations in 
cattle feed exp(a ) was estimated from the standard deviation 
s r .  p

4 s2 + s2 + 2
„2 _ G L С 
SP ' 16 (3)

exp(op) = exp In
0.5

+ 1 (4)

Equation (4) relates the standard deviation s and a for 
lognormal distributions [15].

The median transfer coefficient to beef Ff is then given

by

_ e>p(W ) ...

f 12 exp(yp) ’

where the subscript "Beef" denotes beef. The standard 
geometric deviation associated with the median Ff, exp (aj) is 
given [1 0 ] by

2 2O + 0 е-
Beef P

(6)

By assuming a constant rather than variable consumption rate 
we are underestimating aj; on the other hand we are over
estimating оj because the concentration of an element in 
tissues can be expected to be positively correlated with that 
in the diet.

In Table VI we present median transfer coefficients to 
beef Ff estimated as described above. Besides the median, 
we list a, the logarithm of the standard geometric deviation,
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TABLE VI. ESTIMATION OF TRANSFER COEFFICIENTS TO BEEF FROM 
STABLE ELEMENT CONCENTRATIONS IN BEEF AND FEED.

Ff , d/kg
Element Median a 95-percent range USNRCL1]

Na 8. 3  ( -  2 ) a 0 . 35 -c* ro 1 ro -  1 . 7 ( - l ) CO 0 1 ro

P 5 . 7 ( - 2 ) 0 . 32 3 . 0 ( - 2 ) -  l . l ( - l )

CM1

К 1 . 8 ( - 2 ) 0 . 28 1 * 0 ( -  2 ) -  3 . 0 ( - 2 ) 1 . 2 ( - 2 )

Ca 7 . 2 ( - 4 ) 0 . 84 1 . 4 ( - 4 ) -  3 . 7 ( - 3 ) 4 . 0 ( - 3 )

Cr 9 . 2 ( - 3 ) 2 . 5 6 . 3 ( - 5 ) -  1 . 4 ( 0 ) 2 . 4 ( - 3  )

Mn 3. 9  ( - 4  ) 1 .2 3 . 4 ( - 5 ) -  4 . 3 ( - 3 ) 1ОCO

Fe 1 . 9 ( - 2 ) 0 . 69 5 . 1 ( - 3 ) -  7 . 5 ( - 2 ) 4 . 0 ( - 2 )

Co 9 . 7 ( - 3 ) 1.2 9 . 0 ( - 4 ) -  l . l ( - l ) 1 • 3 ( - 2 )

Ni 2 . 0 ( - 3 ) 1 . 9 4 . 4 ( - 5 ) 1 CO 00 1 ro 5 . 3 ( - 2 )

Cu 1 . 3 ( - 2 ) 0 . 66 3 . 5 ( - 3 ) -  4 . 6 ( - 2 )

ro1о00

Zn 1 . 2 ( - 1 ) 0 . 49 4 . 7 ( - 2 ) -  3 . 2  ( - 1  ) 3 . 0  ( -  2 )

Rb l - K - 2 ) 1.1 1 . 3 ( - 3 ) -  9 . 9 ( —2) 3 - 1 ( - 2 )

Sr 5 . 9 ( - 4 ) 1 . 7 2 . K - 5 ) -  1 . 7 ( - 2 ) 6 . 0 ( - 4 )

Zrb 2 . 1 Í - 2 ) 3 . 4 ( - 2 )

Nbb 2 . 5 ( - 1 ) 2 . 8 ( - l )

Mo 6 . 8 ( - 3 ) 1.2 5 . 9 ( - 4 ) -  7 . 9 ( - 2 ) 8 . 0 ( - 3 )

a g 1 . 9 ( - 3 ) 1 . 6 8 . 6 ( - 5 ) - 4 . 3 ( - 2 ) 1 * 7 ( -  2 )

Ba 9 . 7 ( - 5 ) 1.3 8 . 0 ( - 6 ) -  1 . 2 ( - 3 ) 3 . 2  ( -  3 )

w 3 . 7 ( - 2 ) 3 . 5 i - K - 3 ) -  1 - 2 ( 0 ) 1 . 3 ( - 3 )

a8 .3(-2) denotes 8.3 x 10"2 .

^Insufficient data for statistical analysis.



3 1 0 NG et al.

TABLE VII. COMPARISON OF TRANSFER COEFFICIENTS TO BEEF3

Ff(d/kg) Ff(d/kg)

Element Ng et al. [13] USNRC [l] Rati о Element Ng £t al.[13] USNRC [1] Ratio

Na 8.3(-2)b 3.0(-2) -2.8 Tc 8.7(-3) 4.0(-l) + 46

P 5.7(-2) 4.6(-2) -1.2 Ru 2.0(-3)c 4.0 ( -1 ) +200

К 1-8(—2) 1.2(-2) -1.5 Rh 2.0(-3) 1.5(-3) -1.3

Ca 7.2(-4) 4.0(-3) +5.6 Ag 1.9(-3) 1.7(-2) +8.9

Cr 9.2(-3) 2.4(-3) -3.8 Sb 1.2(-3)c 4.0(-3) +3.3

Mn 3.8(-4) 8.0(-4) +2.1 Te 1.5(-2) 7.7(-2) +5.1

Fe 1.9(-2) 4.0(-2) +2.1 I 7.2(-3)C 2.9(-3) -2.5

Co 9.7(-3) 1.3(-2) +1.3 Cs 2.0(-2)C 4.0(-3) -5.0

Ni 2.0(-3) 5.3(-2) + 27 Ba 9.7(-5) 3.2(-3) + 33

Cu 1.3(-2) 8.0(-3) -1.6 La 2.9(-4) 2.0(-4) -1.5

Zn 1.2(-1) 3.0(-2) -4.0 Ce 7.5(-4)c 1.2(-3) +1.6

Rb l.K-2) 3.1(-2) +2.8 Pr 2.9(-4) 4.7(-3) + 16

Sr 5.9(-4) 6.0(-4) +1.0 Nd 2.9(-4) 3.3(-3) + 11

Y 2.9(-4) 4.6(-3) + 16 W 3.7(-2) 1.3(-3) - 28

Zr 2.K-2) 3.4 {-2 ) +1.6 Pu 1.0(-6)c 1.4(—5) + 14

Nb 2.5(-l) 2.8(-l) +1.1 Am 3.6(-6)c 2.0(-4) + 56

Mo 6.8(-3) 8.0(-3) +1.2

aAdapted from Ref. 4 with estimates from Tables V and VI. If the new data 

support a change .in the Regulatory Guide F^, the ratio is underlined. If 

the Regulatory Guide value is greater, the sign is plus (+), if the Regulatory 

Guide value is less, the sign is (-). 

b8.3(-2) denotes 8.3 x 10-2.

cBased on tracer data (Table V).
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and 95% range where the minimum X2 . 5 and maximum Xg7 #5 of 
the range are given by

^  5 = exp( p - 2.0 a) (7a)

and

Xg7 5 = exp( p  + 2 . 0 a) . (7b)

To make comparisons (see Section 3.4), we list Ff from Table 
E-l of Regulatory Guide 1.109 [1] in the last column.

3.5 Comparison with Regulatory Guide values

In Table VII we compare our recent estimates of the 
average transfer coefficient to beef [13] with those of the 

Regulatory Guide [1]. Our estimates, which include those of 
Tables V and VI, and are meant to include mainly the abbre
viated list of radionuclides in Table E-I of Ref. 1. In the 
comparison we list the ratio of the higher to lower estimate. 
If the Regulatory Guide estimate exceeds ours, the sign is 
plus (+); if it is less than ours, the sign is minus (-). As 
in Table IV, where our estimates are substantiated by 
sufficient data and we recommend a change, the ratio is 
underlined. In evaluating the estimates of Tables V and VI, 
we adopted the criteria of recommending a change whenever the 
maximum is less than the Regulatory Guide value or whenever 
the minimum is greater than the Regulatory Guide value.

Note particularly the Regulatory Guide value of the Ff 
of Cs, which is too low according to our estimate by a factor 
of five. The Regulatory Guide values of the Ff of Na and Zn 
also seem to be too low; those of Ca, Ru, and Ba seem to be 
too high by a factor that ranges from 6 for Ca to 200 for Ru.

4. PLANT UPTAKE FROM SOIL

4.1 Origin of soil-to-plant transfer factors in Regulatory 
Guide 1.109

Concentration ratios B-¡v Veg/soil in Regulatory Guide
1.109 were calculated from the handbook assembled by Ng et al.
[2]. They were calculated as the ratio of the average concen
tration in food derived from plants to that in dry soil. The 
concentrations in soil and food derived from plants are 
tabulated in the handbook.
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TABLE VIII. CONCENTRATION FACTORS IN FORAGE, PRODUCE, AND 
GRAINS GROWN IN COARSE-, MEDIUM-, AND FINE-TEXTURED SOILS.a

Range of CF, pCi/kg wet plant matter * pCi/kg dry soil

Soil Texture Sr Cs

Coarse 0.02 - 1.7 9.5(-4)b - 0.031
Medium 1.6(-3) - 0.43 5(-5) - 2.6(-3)
Fine 7.8(-3) - 0.38 9(-4) - 0.013
Biv Veg/soilc 0.017 0.01

aBased on Refs. 17, 18, 19, 20, 21, 22.

*э9 .5 (-4 ) denotes 9.5 x 10"^.

cFrom Table E-l of Regulatory Guide 1.109 [1].

4.2 Estimation of concentration factors

PIant-to-soil concentration factors (CF) were estimated 
from experimental data reported in the literature of crops 
grown in the laboratory or in the field. They were also 
estimated from the statistical correlation between the 
concentration in a crop and the cumulative ground deposition. 
We compiled a data file of concentration factors, expressed in 
terms of the dry weight concentration in plant matter, in 
edible parts of grains, vegetables, fruits, and forage plants 
cultivated under different conditions in laboratory or field 
experiments. We used this data file to estimate CF of 
selected fission products and transuranics for regional 
assessments of crop contamination via the soil-root pathway.
In this study, we derived CF for individual food and feed 
crops grown in sandy loams and similar coarse-textured soils, 

which we assumed typified the agricultural soils in the 
coastal plains of the southeastern United States [4,12]. We 
also extended Aarkrog's analysis of the uptake of Sr and Cs 
from Danish soils, which exemplified clay loam, by deriving 
additional "soil factors" that relate the concentration of the 
nuclide in a crop to the cumulative ground deposition alone 
[12,16].

We recently reexamined our data file, reevaluated the CF 
of Sr and Cs for coarse-textured soils, and derived additional 
CF for medium- and fine-textured soils. Loamy sands and sandy
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loams were regarded as representative of coarse-textured 
soils; loam, sandy clay loam, and clay loam as representative 
of medium-textured soils; and silty clay and clay as 
representative of fine-textured soils.

4.3 Estimates of concentration factors

The CF (wet plant/dry soil) of Sr for coarse soils varied 
from 0.02 in tomato to 1.7 in corn leaves and barley; for 
medium-textured soils they varied from about 0 . 0 0 2 in bean and 
tomato to 0.43 in clover; for fine soils, they varied from 
about 0.008 in tomato to 0.35 in forage. The CF of Cs for 
coarse soils varied from about 0.001 in peas to 0.03 in wheat; 
for medium-textured soils, they varied from 5 x 10“5 in 
timothy grass to 2 . 6 x 10~3 in clover; for fine soils, they 
varied from about 9 x lO-^ in carrot to 0.012 in corn leaves 
and clover. These estimates, based on data for North American 
soils [17,18,19,20,21,22] are summarized in Table VIII.

4.4 Comparison of concentration factors with B-jv Veg/soi 1
of Regulatory Guide 1.109

The concentration factor of an isotope in a crop varies in 
a very complex manner with soil texture and other soil 
properties such as cation exchange capacity, exchangeable 
calcium, exchangeable potassium, pH, and organic matter 
content [23]. In addition, the CF varies with crop variety, 
stage of growth, and plant part as well as with experimental 
conditions such as the manner in which the isotope was 
introduced into soil. This variation of the CF of a crop in 
different soils and of the CF of various crops in the same 
soil severely limits the usefulness of a single CF to predict 
the concentration of a radionuclide in crops from that in 
soil. In selecting a single CF to assess the transfer of a 
radionuclide from soil to plants, one must be certain that the 
value selected does not underestimate the concentration in 
crops in soils likely to be encountered.

Accepting this criterion as the guiding principle, 
inspection of the Sr data discussed in Section 4.3 leads to 
the conclusion that the current Regulatory Guide estimate 
B-¡v = 0.017 for Sr should be raised. This value is below 
the concentration factors of all the crops studied in 
coarse-textured soils and is below those of forages, lettuce, 
carrot, potato, barley, and wheat in medium- and fine- 
textured soils. B-¡v = 0.2 for Sr, as suggested by Baker 
et aj_. [1 1 ], is more appropriate as a default value, although 
its use would still underestimate the concentration of Sr in 
some crops and some soils.
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The Regulatory Guide estimate B-¡v = 0.01 for Cs does not 
seem unreasonable, but it is below the CF in forages, lettuce, 
potato, and wheat in coarse-textured soils. The CF of Cs for 
medium-textured and fine-textured soils are less than the 
Regulatory Guide value except in forages. The Regulatory 
Guide estimates B-¡v = 0.05 for Ru and B-¡v = 0.0025 for Ce 
exceed the CF of these elements in all the crops examined in 
coarse-textured soils except forages.

Although a single generalized CF for a radionuclide is 
severely limited in its applicability, it is not possible, at 
the other extreme, to adopt a single CF for each crop-soil 
combination. In applying the concentration-factor concept in 
the absence of site-specific data, a reasonable approach may 
be to adopt a CF for each main crop type that would be 
conservative for most agricultural soils. Alternatively, if 
sufficient data for a radionuclide were available, it may be 
possible to adopt a reasonable concentration factor for each 
main crop type and each main soil type.

5. SUMMARY

The transfer factors presented in this paper were derived 
and updated over an extended period to enhance our nuclear 
assessment capabilities. We are continuing this effort in 
response to assessment needs. Our understanding of transfer 
coefficients to terrestrial foods has advanced considerably 
since the drafting of Regulatory Guide 1.109. We anticipate 
that regulatory agencies, planners, operators of nuclear 
facilities, and other concerned parties will find the 
updated transfer factors useful to assess the dose from 
radionuclides released to the environment and to evaluate 
compliance with regulations governing the release of 
radionuclides from nuclear installations.
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DISCUSSION

R.G. CUDDIHY: I gather that you  would recommend changes in the 
environmental transfer factors used by regulatory agencies only when the factors 
currently in use differ from your average parameter values by more than 1 or 2 
standard deviations o f  the parameter distributions. But why should we not use 
the average or median values o f  these distributions whenever they are available?
I know that the parameter values differ widely and that the choice between them  
is som etim es difficult to make, but that is surely why so many different studies 
are being carried out. I think we should make the best judgements on the basis 
o f their results. After all, we do not always have to be so conservative.

Y.C.NG: The transfer factors reported in the paper are our m ost recent 
estim ates and we regard them as more appropriate values than those currently 
listed in Regulatory Guide 1.109 [1]. Many o f  the estimates, however, involve 
considerable uncertainty and in reporting the updated estimates we have tried 
to single out those values that seem better supported by experimental data. For 
example, by adopting a 2a range o f  uncertainty for evaluating the transfer co
efficient to beef, we are indicating those elem ents for which we can say with 
greater confidence that the regulatory estimate is too high or too low by a certain 
factor. If we were less restrictive and adopted a la  range o f  uncertainty, the F f 
values for Ni and Ag would both be regarded as too high. Except in the case o f  
a few elements, the new estimates o f  transfer coefficients to milk are too  
incom plete for a proper characterization o f  distribution and uncertainty, but we 
would still recommend the new estimates over the previous values.

M.N. KHALANSKI: A change in the iodine transfer coefficient to milk 
would have a considerable effect on the present calculations o f  doses delivered to  
the population. Can you explain why you propose an increase in the transfer 
coefficient o f  1.7 over the values adopted earlier?

Y.C. NG: The transfer coefficients to milk are elemental transfer coefficients. 
The Fm =  9.9 X 10-3 d/1 for iodine, which is the mean value appropriate for 
elemental iodine and 129I, is 1.7 times the regulatory value o f  6 X 10-3 d/1. On 
the basis o f  a large number o f  measurements, the median Fm for 131I is
8.1 X 10-3 d/1 (in this connection see Refs [3, 9 and 10] o f  the paper). The Fm 
o f  9 .9 X 10-3 d/1 for 129I and 8.1 X 10"3 d/1 for 131I are the values we recommend 
when site-specific information is unavailable. When the transfer coefficient
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appropriate to a site is known, then that value should obviously be used. Thus, 
for assessments o f  131I transfer to milk in the United Kingdom one should use 
Fm =  5.5 X 10-3 d/1, which is the value mentioned by Miss Bryant in the review 
paper at this Sym posium .1

Y. NISHIWAKI {Chairman): There are a number o f  different chemical forms o f  
ruthenium and these may change with time when this nuclide is released into  
the environment. In your Table II you  m ention two forms o f  ruthenium — 
ruthenium trichloride and nitrosyl ruthenium trinitrate. Are these the two main 
forms o f  ruthenium found in your laboratory waste?

Y.C. NG: The chemical forms listed in Table II were those used in our 
radioisotope tracer experiments for determining Fm .

B.W. EMMERSON: Table VIII o f  your paper shows a significant decrease 
in the concentration o f  strontium, and more particularly, o f  caesium for medium  
soil texture, compared with coarse and fine textures. Do you have any 
explanation for this?

Y.C. NG: I am aware o f  the fact but cannot explain it.
F. van DORP: The variations in soil-plant concentration factors for caesium  

referred to in Table VIII might well be correlated with the mineral com position o f  
the soil. Illites, for example, fix caesium quite strongly.

Y.C. NG: Thank you for the comment.

1 Paper IAEA-SM-237/75, these Proceedings.
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ENVIRONMENTAL PROCESSES LEADING TO THE 
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IN PLANT TISSUES CONSUMED BY ANIMALS*
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Abstract

ENVIRONMENTAL PROCESSES LEADING TO THE PRESENCE OF ORGANICALLY 
BOUND PLUTONIUM IN PLANT TISSUES CONSUMED BY ANIMALS.

Using a proposed model for Pu behaviour to  integrate, current knowledge, information is 
presented on the chemical/biochemical processes governing the form of Pu in soils and plants 
and the relationship of these phenomena to gut absorption in animals. Regardless of the 
source term, Pu behaviour in the soil will be governed by the chemistry of Pu(IV), which 
predominates over Pu(VI) due to reductive reactions in the soil and at the plant root surface. 
The soil behaviour of Pu(IV) is governed by (1) hydrolysis, which results in insolubilization and 
sorption on solid phases, and (2) complexation with inorganic and organic ligands, which 
stabilize Pu(IV) against hydrolysis and increase solubility. These competing processes likely 
represent the rate-limiting step in the ingestion pathway because plants do not effectively dis
criminate against the soluble Pu(IV) ion. Following dissociation of soil Pu(IV) complexes at 
the outer root surface, Pu is transported across the plant root membrane as the Pu(IV) ion and 
translocated as Pu(IV) complexes with plant organic ligands. Redistribution of Pu occurs as the 
plant grows, with initial increases in stem tissues followed by accumulation in roots as the plant 
matures. The Pu concentration decreases up the plant and seeds contain the lowest Pu con
centrations. The gastro-intestinal absorption of Pu requires the presence of soluble Pu forms 
and hydrolysis/complexation reactions in the gut likely govern solubility. The acidity of the 
gut is not sufficient to retard hydrolysis of Pu(IV). Therefore, the gastro-intestinal absorption 
of Pu organically bound in plant tissues is increased relative to Pu administered in hydrolysable 
solutions.

1. INTRODUCTION

The long half-life of plutonium (Pu) and its possible entry 
into the environment as a result of the nuclear fuel cycle 
necessitate estimation of its availability to animals over 
thousands of years. A major uncertainty in this evaluation 
arises from the effects of physical and biogeochemical processes

* Work performed for the US Department of Energy under Contract EY-76-C-06-1830.
** Operated by Battelle Memorial Institute.
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FIG.l. A model for plutonium chemistry in the ingestion pathway.

on Pu form and biological availability. However, a general 
understanding of the principal mechanisms governing Pu behavior 
in the terrestrial ingestion pathway is developing which can 
serve as a framework for estimation of long-term availability 

to animals.

The objective of this review is to integrate and to synthe
size present information on the chemical/biochemical processes 
governing the form of Pu in soils and plants and the relation
ship of these phenomena to gut absorption in animals. A 
proposed model for Pu behavior is used as a framework for 
integration of current knowledge.

2. SOURCES AND BEHAVIOR OF PLUTONIUM IN SOILS

Soils represent the major repository for Pu in the ter
restrial environment over geologic time. Thus, the chemistry 
of Pu in these systems governs long-term Pu solubility which is 
related to plant, and subsequently animal availability. The 
primary sources of Pu to the soil may be generally classed as 
particulate oxides (Pu IV), complexes (Pu IV), and salts 
(Pu IV, VI). A model of the chemical mechanisms whereby Pu 
entering soils in these forms is solubilized in soils and 
sediments and transported across biological membranes is 
illustrated in Figure 1.

Under aerobic conditions, the ultimate behavior of Pu on 
entrance into soils and sediments, regardless of the chemical 
form or oxidation state of the source term, will be governed by
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INCUBATIO N TIM E. D A Y S

FIG.2. Solubility o f  plutonium with time after addition to soil (10 \iCi¡g) as the nitrate 
and the DTPA complex [4].

processes that influence the chemistry of Pu(IV) which is 
rapidly formed from Pu(V.I) and undergoes insolubilization; 

i.e., hydrolysis and sorption on the solid phase, or solubil
ization; i.e., formation of complexes with organic or inorganic 
ligands which stabilize Pu(IV) against hydrolysis (Fig. 1).
The overall direction and rate of these competing processes 
will be a function of the source, soil properties and environ
mental conditions.

2.1 Insolubilization

Plutonium is largely insoluble in soils and sediments 
tl, 2, 3]. Initially, sorption and precipitation processes 
predominate when Pu(IV) is added as the soluble nitrate [4] 
with <2% of Pu nitrate remaining soluble a few hours after 
addition to a neutral silt loam soil (Fig. 2). Addition of 
Pu(IV) as the soluble organic complex results in nearly 100% 
solubility initially but a gradual reduction in solubility 
occurs as the ligand decomposes, likely through microbial 
action, and Pu is subject to hydrolysis reactions (Fig. 2). 

Oxides arising from fallout or the nuclear fuel cycle may be 
expected to undergo similar reactions. From a thermodynamic
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TABLE I. Solubility and Valence State of Plutonium on 
Equilibration with Complexing Ligands.a >b

L i g a n d s 0

Pu(IV)

Initial

Concentration

After Equilibration
Pu(VI)

Initial

C oncentration

After Equilibration
Total

Soluble

Plutonium

Soluble

Pu(IV)

Total

Soluble

P lutonium

Soluble

Pu(IV)
- - - - - - - - - - - - - - - - - -pg/ml- - - - - - -

H 20 2.95 0.55 0.12 5.51 3.82 0.038
DTPA 34 27 27 7.5 5.7 3.7

EDTA 34 27 27 7.5 4.5 4.4

Gentisic Acid 34 20 20 7.5 5.3 5.2

P rotoc a t e c h u i c  Acid 34 25 25 7.5 5.5 5.5

Glutamic Acid - 34 4.1 1.7 7.5 5.1 0.9

a Equilibrated 11 days.

^Soluble plutonium defined as <0.01 u. 

cOrganic ligands, 10 mmol/ml.

standpoint, the formation of Pu(V)-Pu(VI), which would be less 
subject to insolubilization through hydrolysis, is theoretically 
possible; however, studies of the interaction of Pu(VI) with 
organic' ligands representing soil metabolites (Table I) , humic 
substances and reducing sugars [5] suggest that Pu(VI) will be 
readily reduced to Pu(III-IV) in aerobic surface soils, where 

these materials are normally present. The effect of synthetic 
(DTPA, EDTA) and microbial metabolic complexing agents on 
conversion of Pu(VI) to Pu(IV) and stabilization of Pu(lV) 
against hydrolysis is shown in Table I. When Pu(IV) is added 
to solution as an inorganic salt, it is rapidly hydrolyzed 
unless complexed and the quantity remaining in solution is 
directly related to the strength of the complex formed.
Similarly when Pu(VI) is added to solution in the absence of 
complexing agents, hydrolysis proceeds at a much reduced rate 
because Pu(VI) is not subject to hydrolysis unless converted to 
Pu(IV). In the presence of compliexing agents, the proportions 
of total Pu and Pu(IV) in solution after addition as Pu(VI) are 
approximately equivalent to additions as Pu(IV) due to the 
reductive effect of the organic ligands.

The formation of Fe(II), a reductant, may further insure 
the formation of Pu(IV) under conditions of reduced oxygen in 
soils. Reductive processes at the plant root surface are also 
operational as discussed in section 3.

Considering the dominance of Pu(IV) and its tendency to 
form insoluble hydrolysis products, it may be expected that 
interaction of hydrolyzed species with mineral and organic 
surfaces results in the relative immobility of Pu in soils and 
sediments. Hydrolysis products would sorb on the solid phase
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Table II. Fractionation of Plutonium in a 100:1 (solution to 
soil) Water Extract of Muscatine Silty Clay Loam 

[Ю].

Equivalent3 
Molecular Weight

Fraction of 
Soluble Plutonium 5̂

Concentrâtionc 
in Soil

% Pg/g

>10,000 91.4 4,800

1,000 to 10,000 4.8 327

500 to 1,000 3.1 95

<500 0.7 48

aCalculated for a hypothetical globular protein or peptide. 
^Soluble plutonium defined as <0.01y. 
cInitial plutonium concentration, 0.62 )Jg/g.

by mechanisms other than ion exchange and attempts to extract 
exchangeable Pu from soils using MgCl2 16] and resins [5] 
resulted in removal of relatively small quantities (<13%) of 
the total Pu. The major portion of the Pu associated with the 
solid phase in soils and sediments [6 , 3] was extractable with 
citrate-dithionite suggesting the association of Pu with 
reductant-soluble oxidic Fe on the surfaces of soil/sediment 
particles [7] or with Fe in the fallout and stack-derived 
particles which were the original Pu sources.

2.2 Solubilization

Diffusion coefficients for Pu in soil range from 2.3 x 10“̂ 
to 5.0 x 10-6 cm^/sec [7, 8 ] indicating little mobility by 
this mechanism. However, in the field, Pu has been shown to pene
trate up to 30 cm in arid soil over a period of years [9] and it 
is more mobile, through biological (e.g., root uptake and 
transport) and/or physicochemical mechanisms than would be 
predicted on the basis of diffusion alone. The mechanisms 
accounting for this mobility must be known in order to accur
ately predict the behavior of Pu over the long-term. How is Pu 
solubilized in soil? At least over the short-term (months), 
hydrolysis markedly influences the form of Pu in the soluble 
fraction. Even Pu which might normally be considered soluble,
i.e., water extractable and passing a 0.01 y membrane filter, 
exists principally in a continuum of colloidal particles of Pu 
hydroxide and/or hydrous oxides [2, 10]. The major portion 
(>90%) of the fract ion defined as soluble was larger than 
10,000 equivalent molecular weight (Table II). Even the small
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Tablé III. Influence of Fungal Growth on the Solubility and 
Soil Sorption of Plutonium.

Solution/Culture3
Fraction of Soluble Plutonium 3̂ > c > ̂  

After Incubation After Soil Elution

Sterile Controls
%

Pu(0H)n in H 20 75 0.004
Growth Medium 18 0 .1 1

Fungal Isolates

510 37 0.14
369 2.8 0.20
352 2.6 0.96
527 2.1 0.053
326 1.5 0.013
412 1.0 0.0098
Other 52 Isolates 0.1 - 0.58 0.004 - 0.10

aWater ánd growth medium incubated under sterile conditions. 
bPu initially added to solution as PUNO3 forming Pu(OH)n . 
cPercentage after soil elution based on soluble plutonium 
after incubation.

^Soluble plutonium defined as <0.01 )j.

quantity of Pu ( ^ 8  x 10“̂% of total soil Pu) in the <500 
equivalent molecular weight fraction may have been present 
largely as particles. Assuming a minimum density of 4, a 
hydrated PuC>2 sphere with the dimensions equivalent to a 

peptide of molecular weight 500 g/mol would have a minimum 
molecular weight of 10,000 g/mol. This approximates the 
molecular weight of the most mobile Pu species in soils 
determined from diffusion studies [2]. Particles of the size 
are probably not transported by plant root membranes. Yet, Pu 
in soil is available for plant uptake and, in the case of 
perennials, may continue to be available for several croppings 
as demonstrated for clover [ll] and alfalfa (D. A. Cataldo, 
1978, Battelle, Pacific Northwest Laboratory, unpublished 
data). It follows that plant-available Pu in soil solutions 
will be present as extremely small quantities (not detectable 
by available physicochemical methods) of the ¡?u^+ ion. The 
ion is likely replenished from the solid phase when taken up by 
plants and stabilized by interaction with a predominant anion 
(ОН- , СОз̂ , HCO3- , depending upon pH and ionic 

composition) and/or organic ligands (Fig. l).



IAEA-SM-237/37 3 2 5

Organic ligands form the most stable complexes with Pu and 
have been shown to maintain soil solubility of Pu (Fig. 2).

Both low-molecular-weight, organic ligands and HCO3- , СОз̂- 

levels are directly related to microbial metabolism and the 
decomposition of organic materials. When Pu, present in 
aqueous solutions as a hydrolysis product (Pu(OH)n ), was 
eluted through a column of soil, the Pu was essentially removed 
from solution (Table III). A sterile microbial growth medium 
(which contained several organic acids) and growth of most soil 
fungal isolates initially reduced Pu solubility, but resulted 
in the formation of Pu complexes which increased Pu solubility 
on elution through soil - - in several cases by many orders of 
magnitude. As would be expected of most metabolic products, 
presumptive evidence suggests that the stabilizing ligands are 
present in limited concentration in soil [12]. The larger 
percentage solubility of ^38pu £n soü  compared to ^39pu 

(Fig. 2), present on an equal activity basis, may have been due 
to saturation of available soluble ligands by 239pu which 
greatly exceeded 238pu concentration on a mass basis.

3. UPTAKE AND BEHAVIOR OF PLUTONIUM IN PLANTS AS INFLUENCED
BY SOIL PROCESSES

In the terrestrial environment, Pu may enter plants by 
foliar interception and root uptake. The principal route of 
entry into plants will likely be dependent upon the nature of 

the source term; climatic conditions affecting deposition, 
retention, and chemistry of particles on leaf surfaces; the 
foliar surface area exposed, and soil conditions affecting 
resuspension and the solubility of Pu entering soil. Processes 
influencing foliar absorption of Pu have been reviewed [13, 14], 
and this discussion will emphasize root uptake mechanisms. 
Plutonium translocation and form within the plant may be 
expected to be quite similar regardless of the initial route of 
entry.

3.1 Root Uptake

The complex soil processes leading to the delivery of a 
soluble Pu species to the root membrane likely represent the 
rate-limiting step in the ingestion pathway. However, the 
plant root represents the first barrier in the selective 
accumulation of ions present in the soil solution and it is 
critical to determine if Pu discrimination occurs at the root 
membrane level which would limit Pu uptake by the plant. Of 
equal importance are the physiological and metabolic processes 
governing translocation in the plant and the form in edible 
tissues as these influence gastrointestinal absorption in 
animals.
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It is generally accepted that ion uptake by plant roots is 
a metabolically-mediated process in which the ion is trans
ported across the cell membrane. The process is concentration- 
dependent over a broad range (10“8 to lCP^M), exhibits a 
degree of ion selectivity and, in certain cases, may allow for 
accumulation of ions against a concentration gradient [15]. 
Nonnutrient elements have been shown to compete with nutrient 
elements for transport across the root membrane likely 
utilizing membrane carrier systems in place to satisfy plant 
requirements [16, 17]. This is consistent with the view that 
physical-chemical phenomena govern carrier function, i.e., that 
selectivity is a function of ionic radius, ionic charge, and 
carrier conformation. Detailed kinetic studies of the affinity 
of carrier systems for Pu and of specific interactions with 
other elements have not been conducted because of the complexity 
of Pu chemistry in aqueous solutions. However, because of the 
relatively low uptake of Pu from soil by plants (reported soil 
to plant concentration ratios [18] range from 10“̂ to 10“®), 
it has been generally assumed that marked discrimination 
occurs. Evidence is increasing that this is not the case and 
solubility in soil rather than plant discrimination at the 
membrane level limits Pu uptake by plants.

Plant root discrimination may be distinguished from soil 
sorption by comparison of Pu uptake in plants grown in 
hydroponic solutions with plants grown in soils. When 
hydroponically-grown soybeans (Glyoine max) were placed in 
уМ 238ри_рТрд solutions and permitted to accumulate Pu, 
solution to plant concentration ratios for shoot tissues were
found to be 0.3 after 24 hr [19]. Similarly, bush beans

(Phaseolus vulgaris) exhibited concentration ratios (leaves) 
from nutrient solutions of 0.8 and 5.1 for Pu(IV) and Pu(VI), 
respectively [20]. Thus, plants do possess the ability to 

effectively accumulate soluble Pu with much of the apparent 
discrimination reported in soil-plant studies resulting from 
the effect of soil sorption in reducing the quantity of soluble 
Pu available to the plant.

It is probable that Pu is transported across the biological 
membrane in the Pu^+ state, particularly in the case of plant
roots (Fig. 1). As discussed in section 2, Pu is likely present
in soil solution as Pu(IV). Furthermore, Pu(IV) has been 
identified [20] in the plant xylem after growth of plants in 
solutions initially containing predominantly Pu(VI). In soil, 
the presence of organic matter and reducing ions, such as 
Fe2+ , likely leads to reduction potentials in the vicinity of 
the root membrane sufficient to reduce Pu(V)-(VI), if present, 
to Pu(IV). Soluble organic С which serves as a reducing agent 
(Table I), may be expected to increase in the vicinity of the
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FIG.3. Characterization o f  plutonium form in xylem exudate o f  soybean plants grown in 
hydroponic solutions containing plutonium DTPA. Plutonium visualized by autoradiography; 
intensity is directly related to plutonium concentration [9].

root during growth due to exudates, sloughing of root cells, and 
increased microbial growth. An analogous situation occurs in 
the case of Fe uptake by plants which occurs through the 
conversion of Fe3+ to Fe2+ in the vicinity of the root, 
transport across the root membrane as Fe^* and reoxidation to 
Fe3+ in the plant [21 ].

3.2 Translocation and Form

Once in the root (Fig. 1), Pu is probably translocated 
downward in the roots and upward in the xylem stream to shoot 
tissues as complexed Pu(IV). The insolubililty of Pu(IV) would 
limit translocation in plants unless complexed, and several 
unique anionic and cationic complexes of Pu (Fig. 3) have been 
identified [19] in the xylem stream of plants supplied Pu(IV). 
During translocation, some Pu becomes associated with stem 
tissues resulting in a gradient of decreasing Pu concentration 
up the plant. Redistribution of Pu occurs as the plant grows,
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with initial increases in stem tissues followed by accumulation 
in roots as the plant matures [22, 23]. During growth, a 
fraction of the Pu is lost from the root with other inorganic 
and organic materials in exudates and in sloughed cells 
(Fig. 1). The Pu associated with this material in the 
rhizosphere may be subject to recycling into the plant, 
subsequent modification, and/or leaching and diffusion.

Trans location processes in the plant may also serve as a 
primary factor governing Pu entrance into foodstuffs. Although 
Pu, once taken up by barley and soybeans, was mobile, it was not 
uniformly distributed in the plant [22]. In general, the leaf 
tissue of soybeans contained 5 to 10 times higher concentrations 
of Pu than stem tissue. There was a gradient in the stem 
tissues with Pu decreasing up the stem and lowest concentrations 
were observed in the barley and soybean seeds, minimizing the 
possibilities of Pu ingestion by consumption of these edible 
t issues.

4. GASTROINTESTINAL ABSORPTION OF PLUTONIUM IN PLANT TISSUES

The gut absorption of Pu by animals also requires the 
presence of soluble forms of Pu and chemical reactions similar 
to those previously discussed (hydrolysis, complexation) likely 
govern solubility. The pH of the gut (^1.5) is insufficient to 
retard hydrolysis of Pu(lV) to Pu(0H)n but acidity is sufficient 
to dissociate weakly-bound Pu complexes. Extensive hydrolysis 
to insoluble forms of Pu may occur on passage to the intestinal 
environment (pH values approximating 7). When Pu is introduced 
into the gut as Pu(V)-Pu(Vl) in high mass concentrations 
(>1 mg), in the absence of foodstuffs (starved animals) and in 
the presence of large excesses of a holding oxidant, absorption 
of Pu is considerably greater (500 times) than Pu(lV) adminis
tered as the inorganic salt [24]. Recent evidence [25] 
indicates that Pu is present largely as Pu(Vl) in chlorinated 
Chicago drinking water. If the Pu(Vl) state is maintained in 
the gut on ingestion, increased uptake by the animal might be 
expected. However, the reducing potential in the gut is likely 
sufficient to reduce very low concentrations of Pu(V)-Pu(Vl) to 
Pu(lV) which would limit uptake in the absence of the holding 
oxidant. This conversion would be particularly pronounced if 
reducing substances such as food residuals were present. In 
contrast, when Pu is present in plant tissues, gut absorption of 
Pu is increased relative to administration in hydrolyzable 
solutions [26, 27] regardless of the form administered to soil 
(Table IV). This likely resulted from increased solubility of 
plant-incorporated Pu which was maintained for some period in
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TABLE IV . Gastrointestinal Absorption of Plutonium
Administered in Different Chemical Forms and 
in Plant Tissues [26, 28].

Fraction of Administered Dose 

Deposited in Bone and Liver3
Form of Plutonium 

Administered to 
Animals and Soil

Gavaged
in

Solution

After Addition to Soil 
and Incorporation 
in Plant Tissues

(x 10“5 ) (x 10~4)

Pu (IV)(0H)n 
Pu (VI)(0H)n 
Pu-DTPA

1 2 + 8  (14) 
1 3 + 5  (4) 
66 + 10 (4)

8.4 + 1.8 (3)
8.4 + 1.8 (3) b 
13.8 + 1.1 (8 )

aValues + S.E.M.; values in parentheses are number 
of animals.

bpu(VI) reduced to Pu(IV) in plant; gastrointestinal 
absorption equivalent to Pu(IV).

the gut, facilitating transport across the gut as Pu(IV) ion or 
as a low molecular weight Pu complex. Supporting this 
hypothesis, gut absorption was shown to be highest in alfalfa 
plant tissues (stems) exhibiting highest Pu solubility Г29]. 
Soluble Pu was present principally (>90%) as complexed Pu(IV)in 
both stems and leaves.

REFERENCES

[1] TAMURA,T., "Physical and chemical characteristics of 
plutonium in existing contaminated soils and sediments," 
Transuranium Nuclides in the Environment, STI/PUB/410 
(1976) 213.

[2] GARLAND,T .R ., WILDUNG,R.E., "Physiochemical character

ization of mobile plutonium species in soils," Biological 
Implications of Metals in the Environment, (DRUCKER,H., 
WILDUNG,R.E., ed.) CONF-750929 (1977) 254.

[ 3 ]  EDGINGTON, D. N . ,  ALBERTS, J . J . , WAHLGREN, M. A. ,
KARTTUNEN,J .0., REEVE,C.A., "Plutonium and americium in 
Lake Michigan sediments," Transuranium Nuclides in the 
Environment, STI/PUB/410 (1976) 493.



[4] WILDUNG,R.E., GARLAND,T.R'., "Relative solubility of 
inorganic and complexed forms of plutonium-238 and 
plutonium-239 in soil," Pacific Northwest Laboratory 
Annual Report for 1974, BNWL-1950, pt. 2, NTIS (1974) 23.

[5] BONDIETTI,E.A . , REYNOLDS,S .A ., SHANKS,M.H., "Interaction 
of plutonium with complexing substances in soils and 
natural waters," Transuranium Nuclides in the Environment, 
STI/PUB/410 (1976) 273.

[6 ] MULLER,R.N., Chemical characterization of local and 
stratospheric plutonium in Ohio soils, Soil Sci. 125 3 
(1978) 131.

[7] WILDUNG,R.E., SCHMIDT,R.L., ROUTSON,R .С., Phosphorus 

status of eutrophic lake sediments as related to changes 
in liminological conditions - phosphorus mineral 
components, J. Environ. Qual. 6 ̂ (1977) 100.

[8 ] RELYEA,J.F., BROWN,D.A., The diffusion of plutonium-238 in 
aqueous solutions and soil systems, Agronomy Abstracts, 
American Society of Agronomy, Madison, Wisconsin (1975) 
124.

[9] NYHAN,J.W., MIERA,F.R . ,JR., NEHER,R .E ., Distribution of 

plutonium in trinity soils after 28 years, J. Environ. 
Qual. 5 4 (1976) 431.

[10] GARLAND,T .R ., WILDUNG,R.E., ROUTSON,R.С., "The Chemistry 
of plutonium in soils. I. Plutonium solubility," Pacific 
Northwest Laboratory Annual Report for 1975, BNWL-2000, pt
2, NTIS (1976) 23.

[11] ROMNEY,E .M ., MORK,H.M., LARSON,K.H., Persistence of 
plutonium in soil, plants, and small mammals, Health Phys. 
18 (1970) 487.

[12] WILDUNG,R .E ., DRUCKER,H ., AU.F.H.F., "The relationship of 
microbial processes to the fate of transuranic elements in 
soil," Transuranics in Natural Environments (WHITE,M.G., 
DUNAWAY,P.B., ed.) NVO-178, NTIS (1976).

[13] CATALDO,D .A ., VAUGHAN,В.E ., "Interaction of airborne 

plutonium with plant foliage," Transuranic Elements in the 
Environment (HANSON,W.C., ed . ), TID-22800 (1979).

[14] CATALDO,D.A., GARLAND,T .R ., WILDUNG,R.E., Foliar
absorption of transuranic elements: Effects of chemical
form and environmental factors, submitted to J. of 
Environ. Qual. (1979).

3 3 0  WILDUNG et al.



IAEA-SM-237/37 331

NISSEN,P., "Multiphasic ion uptake in roots," Ion 
Transport in Plants (ANDERSON,W.P . , ed.), Academic Press 
(1973) 539.

VANGE,M.S., HOLMERN,K., NISSEN,P., Multiphasic uptake of 
sulfate by barley roots. I. Effects of analogues, 
phosphate, and pH, Physiol. Plant 3JL (1974) 292.

CATALDO.D.A., GARLAND,T .R ., WILDUNG,R .E ., Nickel in 
plants. I. Uptake kinetics using intact soybean 
seedlings, Plant Physiol. 62̂  (1978) 563.

ERDA, "Environmental research for transuranic elements," 
Proc. Workshop Environmental Research Transuranic 
Elements, November 12-14, Seattle, WA, NTIS (1975).

WILDUNGjR.E., GARLAND,T .R ., MCFADDEN,К.M ., CATALDO,D.A., 

DRUCKER,H., SULLIVAN,M., "Transuranic complexation in soil 
and uptake by plants," Pacific Northwest Laboratory Annual 
Report for 1976, BNWL-2100, pt. 2, NTIS (1977) 4.6.

DELANEY,M.S., FRANCIS,C.W., The relative uptake of 237Pu 
(IV) and Pu (VI) oxidation states from water by bushbeans, 
Health Phys. 34 (1978) 492.

TIFFIN,L.O., "The form and distribution of metals in 
plants, an overview," Biological Implications of Metals in 
the Environment (DRUCKER,H., WILDUNG,R.E . , ed.),
CONF-750929 (1977) 315.

GARLAND,T.R . , WILDUNG,R .E ., SCOTT,A.J., ROBINSON,A . V ., 

"Sampling and characterization of surface soils for 
plutonium studies," Pacific Northwest Laboratory Annual 
Report for 1974. BNWL-1950, pt. 2, NTIS, (1974) 23.

WILDUNG,R.E . , GARLAND,T.R . , Influence of soil plutonium 
concentration on plutonium uptake and distribution in 
shoots and roots of barley, J. Agr. Food Chem. 22 (1974) 
836.

WEEKS,M.H., KATZ,J ., OAKLEY,W.O., BALLOU,J.E., GEORGE,L.A., 
BUSTAD,L.0., THOMPSON,R.C . , KORNBERG.H.A., Further studies 
on the gastrointestinal absorption of plutonium, Radiation 
Research 4 (1956) 339.

LARSEN,R.P., OLDHAM,R.D., Plutonium in drinking water: 
Effects of chlorination on its maximum permissible 
concentration, Science 201 (1978) 1008.



[26] SULLIVAN,M.F., GARLAND,T .R ., Gastrointestinal absorption 

of alfalfa-bound plutonium-238 by rats and guinea pigs, 
Pacific Northwest Laboratory Annual Report for 1976. 
BNWL-2100, pt. 1, NTIS (1977).

[27] BALLOU,J.E., PRICE,K.R., GIES.R.A., DOCTOR.P.G., The 
influence of DTPA on the biological availability of 
transuranics, Health Phys. (1978) 445.

[28] SULLIVAN,M.F., RYAN,J .R ., GORHAM,L .S ., McFADDEN,K.M., The 

influence of oxidation state on the maximium permissible 
concentration of plutonium in drinking water, accepted for 
publication by Radiation Research (1979).

[29] WILDUNG,R.E., GARLAND,T.R . , The relationship of microbial 
processes to the fate and behavior of transuranic elements 
in soils, plants and animals, PNL-2416, NTIS (1977).

3 3 2  WILDUNG et al.

DISCUSSION

G.S. LINSLEY: The evaluation o f  the collective dose com m itment to man 
from the transuranics in the foodchain requires information on their long-term  
availability for uptake by plant roots from soils. Are you able to predict, on the 
basis o f  your studies, whether the availability o f  plutonium for root uptake in 
natural soils will change with time?

R.E. WILDUNG: As part o f  a Department o f  Energy effort to  collate 
information on the transuranics in the environment, Dr. David Edginton o f  
Argonne National Laboratory and I have been reviewing the chemistry o f  these 
elem ents in sediments and soils. We are in agreement that, regardless o f  the form 
o f  plutonium  entering soils, it will ultim ately becom e associated to a large extent 
with oxidic iron/aluminium/manganese coatings on particulate surfaces. In this 
way all the plutonium  exhibits some potential for release to solution. However, 
as I pointed out in my presentation, the plutonium associated with the solid phase 
is likely to approach som e sort o f  equilibrium state with solution. The small 
quantity o f  Pu(IV) ion in solution will be stabilized by interaction with liquids 
and will be replaced from the solid phase if  removed, for example by biological 
uptake. Within this context it appears that plutonium would not increase in soil 
solution or show increased availability with time unless the conditions are 
drastically changed.

F. van DORP: I should like to com m ent on the plutonium bound to  the 
soil organic matter. As far as I can see, the organic matter can be divided roughly 
into two fractions: (1) stable organic com ponents o f  high molecular weight, 
which may chelate metals, especially plutonium , and are highly immobile in the
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soil, and (2) organic com pounds o f  low  molecular weight exuded by micro
organisms and plant roots. These com ponents are decom posed very rapidly in 
the soil, since the amount o f  food available for the soil microorganisms is 
relatively small, compared with the number o f  organisms in the soil.

Hence the first o f  these processes may lead to the im mobilization o f  
plutonium  and the second to its m obilization over a short period.

R.E. WILDUNG: Yes, that is a very good point. While it is not possible 
to separate or classify soil organic matter as fully as one would like, the húm ate/ 
fulvate fraction seems to have a high affinity for metals and generally results 
in their im mobilization. This fraction is quite stable and constitutes the bulk 
o f the soil organic matter. Hence one would expect an increase in the overall 
sorption o f  Pu with an increased soil organic carbon content. However, a second 
fraction includes those com ponents o f  low molecular weight and recent biological 
origin that are present in much higher concentrations in soil, but which are more 
soluble. It is this fraction that we have discussed today. While the concentration  
o f these substances is a function o f  rapidly changing microbial activity, we 
expect the concentration to be maintained at levels sufficient to chelate the 
small quantities o f  plutonium in soil since, even though transient, they are 
continuously produced as a result o f  natural metabolism.

B. FRANKE: With reference to  the plant/soil transfer factors, since a transfer 
factor o f  0.1 wet weight was used in dose calculations for WASH-1535 on account 
o f the uncertainty o f  the long-term behaviour o f  plutonium , what would you  
consider to be the long-term transfer factors for plutonium?

R.E. WILDUNG: The studies I have described in my paper were designed 
to elucidate the mechanism governing plutonium solubilization in soil and uptake 
by plants. Although this information should prove useful as a framework for 
improving dose assessment models — and the indications are that the incorporation  
o f  plutonium  into plants would increase animal availability by as much as an 
order o f  magnitude — our study is not suitable as a basis for any regulatory 
decisions.

We have investigated alfalfa and shoot tissues o f  soya beans only. We have 
not yet fed soya beans or grain to animals and we know that the levels, and 
perhaps forms, o f  the plutonium are different in these tissues. Furthermore, soil 
solubility appears to govern uptake, although as a function o f  soil properties 
and so far we have only investigated one soil. Other studies are under way, 
however, in which these phenom ena are being investigated in 32 soils o f  widely 
different properties. The results should markedly improve our confidence in the 
prediction o f  concentration ratios over longer periods.

V. VOLF: How probable is it that the plutonium oxide is solubilized when  
present in the soil?

R.E. WILDUNG: Work on plutonium  oxide microspheres by Dr. E. Bondietti 
at Oak Ridge National Laboratory indicates that the oxides are soluble, though
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only slightly. The presence o f  com plexing agents may increase their solubility 
but I imagine that it is largely conditioned by the physico-chemical properties o f  
the particle.

Yu.I. MOSKALEV: When chelating agents, for example DTPA, enter the 
gut o f  rats with plutonium , a large part o f  the nuclide is resorbed from the gut, 
though it is not then retained by the organism, but rather excreted with the 
urine. As a result, the levels o f  plutonium deposition in the critical organs, such 
as bone and liver, do not give an exact indication o f  the amount o f  the radio
nuclide resorbed.

Did you therefore try to estimate the plutonium excreted with the urine 
in cases where the nuclide enters the organism via plants, including those grown 
with the DTPA additive?

R.E. WILDUNG: No, we did not, but Mr. Sullivan, who has dealt with this 
matter, may have som e data.1

M.F. SULLIVAN: Unfortunately, when you administer Pu-DTPA to  rats, 
their faeces tend to soften, so that it becom es very difficult to obtain good 
separation. I am not able to give you any figures since we had to  discard both  
the rat and guinea pig urine data obtained in our studies on account o f  cross
contamination.

1 Paper IAEA-SM-237/58, these Proceedings.
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Abstract

BIOLOGICAL RESPONSES OF A TROPICAL COASTAL ECOSYSTEM TO RELEASES 
FROM ELECTRO-NUCLEAR INSTALLATIONS.

The implications of low-level radioactive waste discharges from electronuclear installations 
on the biological responses of the arcid clam Anadara granosa have been studied. The rate of 
feeding, measured in terms of clearance of dye suspension, was not affected by exposure to 
acute doses of up to 5 R. Exposure to higher doses (up to 40 R) increased the rate by 70%.
On further irradiation (100-700  R), however, it dropped significantly. The changes in the 
feeding rates following bioaccumulation of the fission product nuclides have also been studied. 
The effect of ionizing radiations at the cellular level was evaluated by studying the electro
phoretic mobility of clam erythrocytes. The electrokinetic behaviour of erythrocytes was not 
affected following irradiation at low doses (0.1 kR), but on exposure to higher doses (1—8 kR) 
the EPM showed oscillatory behaviour. The paper also discusses the biological half-life of 
caesium-137, its localization in subcellular fractions of various tissues of A. granosa and the 
effects of low-level discharges on the intertidal ecosystem.

INTRODUCTION

The biological responses — both som atic and genetic — in the aquatic 
biosphere to  ionizing radiations can only be detected upon exposure to extrem ely  
high doses in the kR range under laboratory or simulated conditions [1 ,2 ]. 
Furthermore, the degree o f  tolerance to such high doses has been found to vary 
significantly with the species and with its phylogenetic developm ent. Exposures 
to small doses, however, are found to  stimulate the physiological processes 
including growth w ithout inflicting permanent lesions. Therefore, in order to  
understand the mechanism o f  the action o f  ionizing radiations and to evaluate the 
subsequent effects or m odifications, if  any, on the organism, a knowledge o f  the 
changes brought about in its vital biochemical and physiological systems, 
especially at the cellular level, is essential.

3 3 5
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It is very unlikely that aquatic environments would ever be exposed to  such 
high levels o f  radiations except after weapon tests or an accident. The present- 
day major source o f  ionizing radiations to ecosystem s is through the release o f  
controlled ‘low-level radioactive wastes’ (radwaste), which began in 1943 with the 
commissioning o f  the Hanford Atom ic Plants. Since then the budget o f  the 
disposal o f  artificial radionuclides into the aquatic environment has steadily 
increased with the proliferation o f  electro-nuclear installations. In addition, a 
large number o f  anthropogenic pollutants are also being released, increasing the 
stress on the ecosystem .

An understanding o f  the interactions o f  various radionuclides contained in 
the controlled releases within the tropical nearshore ecosystem  o f  the West Coast 
o f India began about two decades ago with the establishment o f  the electro-nuclear 
com plex at Bombay-Tarapur. In continuation o f  our studies on the radioecology 
o f the intertidal ecosystem  [3—5], the present paper discusses the possible 
implications o f  radwaste discharges on the biological responses in benthic 
com m unities, especially the arcid clam Anadara granosa, which constitutes a major 
shellfish catch o f  the region [4 ,6 ] .

EXPERIMENTAL TECHNIQUE

The topography, hydrology and ecology — including fisheries o f  the 
regions — have been discussed elsewhere [ 3 -6 ] .  The major experimental 
techniques adopted in the present studies are essentially the same as those followed  
and referred to  earlier.

Rate o f  clearance o f  water

To understand the impact o f  radwastes on the feeding rates in the benthic 
species, especially on Anadara granosa, a large population o f  clams o f  the same 
age group (1000  animals) were transferred to a series o f  1 m X 1 m X 25 cm 
sediment beds prepared from surface-deposited sediment (0.5 cm) scraped o ff  the 
seabed near the discharge point. The sediment contained m ostly caesium-137 
and to a lesser extent other fission product nuclides [ 4 ,5 ,7 ] .  A control population 
was maintained in identical beds free o f  these radionuclides. To simulate semi
diurnal tidal effects the water was drained o ff  and the experimental animals kept 
dry for 5—6 hours daily. After specific periods o f  exposure (3 0 —60 d) the 
animals were washed free o f  extraneous matter and transferred to filtered seawater 
aquaria for about 24 hours for acclimation to  facilitate the release o f  undigested 
particles. The water was then replaced by fresh filtered seawater containing 
0.001% neutral red dye (pH 6 .8 —8.0). At intervals o f  30 minutes over a period o f  
6—8 hours about 10 ml aliquot was siphoned o ff  w ithout disturbing the animals
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and the absorption coefficient o f  the aliquot measured at 530 nm. On com plete 
removal o f  the dye, the water was changed and once again the rates o f  clearance 
measured after 24 , 48 and 72 hours.

In a second experim ent freshly collected batches o f  clams were exposed  
after 24  hours o f  acclimation to  X-rays from a 250 kVp source with a 0 .2  mm Cu 
filter at a dose rate o f  25 R/min. The rates o f  clearance o f  both the control and 
the experimental populations were calculated using the formula:

(log Co — log Ct) X M 

0 .434  X t X wt o f  tissue

where V is the volume cleared in m l-m in -_1 g-1 , Co and Ct are the initial and final 
concentrations o f  neutral red dye, t is the tim e in m inutes and M is the total volume 
o f  suspension in ml [8 ,9 ] .

To avoid the possible effects o f  certain abiotic (salinity, temperature, etc.) 
and biotic (age, size etc.) variables on the clearance rates, the experiments were 
carried out during the winter m onths on animals o f  the' same age and size group, 
maintaining salinity and temperature as in the field.

Cell-electrophoresis

For electrophoretic m obility (EPM) studies erythrocyte suspensions were 
prepared by withdrawing blood from freshly collected animals and centrifuging at 
3000 rev/min for 10 minutes. The cells were resuspended in a sorbitol-seawater 
medium (1 9 :1  vol. ratio) and washed twice. The suspension was then divided into  
aliquots, each o f  which was placed in a 5 cm diameter glass Petri dish in a thin  
layer and X-irradiated. Once again the cells were washed after exposure and 
resuspended. A  cylindrical glass chamber (15 cm in length X 2 mm internal 
diameter) was filled with 6 —7 ml o f  the suspension, with a concentration o f  about 
106 cells/m l, sealed with platinum electrodes and m ounted in a temperature- 
controlled water bath (30°C) o f  a ‘cell-microelectrophoresis’ apparatus [1 0 ,1 1 ]. 
After focussing the m icroscope an electric potential was applied with a current 
not exceeding 2 mA. The tim e taken by the individual cells to travel a known  
distance on a checker board graticule was then measured. The m ovem ent o f  cells 
in the opposite direction was measured by reversing the polarity. A minimum o f  
25 observations were made on each sample and the electrophoretic m obility o f  
the population obtained and expressed as distance travelled per unit time per 
unit field gradient (jum/s per V /cm ).

Loss o f  radioactivity

To measure the biological half-life o f  the radionuclides, after 3 0 —40 days o f  
exposure a part o f  the population was transferred to radioactivity-free sediment



TABLE I. RATE OF CLEARANCE OF WATER BY ARCID CLAM Anadara granosa ON EXPOSURE TO 
CONTAMINATED SEDIMENT

No. of
experiments3

Av. weight 
of animalb 
(g)

Internal exposure 
dose0 

(mrad/h)
7 P

Volume
cleared
(ml/min-g ± SD)

Increase (+) 
or decrease (—) 
in the rate of 
filtration 
(%)

EPM ± 2SE 
of
erythrocytes

10 1.50 2.55 8.52 1.53 ±0.11 + 75.9 1.278 ±0.073

10 1.55 0.85 2.94 1.13 ±0.12 + 29.9 1.100 ±0.070
10 1.55 0.21 0.71 0.55 ±0.05 -36 .8 -

10 1.60 0.04 0.13 0.72 ± 0.08 -17 .2 1.090 ±0.070

10 1.60 Control - 0.87 ± 0.04 0 1.099 ±0.065

a Batches of 10 animals. 
b Dry weight of soft tissues.
c Calculated from the concentration of caesium-137 and strontium-90 in the tissues.
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beds and maintained for 6 0 —90 days. During this period each o f  the experimental 
clams was whole-body counted at specific intervals o f  time using a Nal(Tl) 
scintillation crystal coupled to a 1024 pulse-height analyser.

Subcellular localization o f  radioactivity

To obtain the subcellular distributions o f  radioactivity various organs, e.g. 
gill filam ents, mantle folds including labial palps, adductor muscles and viscera 
with foot etc., were separated, pooled and hom ogenized using 0.25M  sucrose 
and M /100 phosphate buffer pH 7.5 at 3 —4°C. The subcellular com ponents were 
separated following differential centrifugation, collecting fractions sedim ented at 
600 X g, 6000  X g and 54 000  X g. Prior to tissue separation the blood was 
withdrawn from the palliai sinus and centrifuged to separate the plasma and 
corpuscles. The cells were haem olysed by adding a drop or two o f  toluene and 
haemoglobin and stroma were then separated. Haemin was isolated by acid- 
acetone treatment. All the fractions were counted using a well-type Nal(Tl) 
crystal and the concentration o f  radioactivity was calculated as a percentage o f  
the total activity in the tissue hom ogenate or w hole blood.

RESULTS

Effect o f  ionizing radiations on the rate o f  clearance o f  water

In suspension feeders the rates o f  clearance o f  suspended particles, both  
inorganic and organic, are important. Under various environmental conditions 
these rates are m odified so that large volumes o f  ambient water can be filtered to  
obtain enough nutrients for m aintenance, growth and reproduction. In addition  
to these, anthropogenic pollutants are also found to  excite or inhibit physiological 
processes [9], especially through serotonergic or dopaminergic nerve fibres, 
respectively [8]. In view o f  this, the feeding rate o f  the arcid clam Anadara 
granosa was studied to  elucidate possible changes in this basic physiological process 
brought about by external and internal contamination originating from radwaste 
releases. The results are given in Table I in terms o f  the volume o f  suspension 
cleared in unit tim e per unit dry weight along with the dose received through the 
bioaccum ulation o f  radionuclides in tissues. It will be evident from the pattern 
o f  the rates o f  clearance that the branchial activity in the experimental animals, 
compared with the controls, was reduced by 17—37% when exposed to lower 
tissue concentrations (caesium -137 in the range o f  4 X 10-4 to  20  X 10-4 ;uCi/g 
dry). On exposure to still higher internal concentrations (24  X 10~2 juCi/g), 
however, the rate was practically doubled, suggesting a significant increase in the 
gill activity. Despite the build-up o f  radioactivity in the tissues, the experimental
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FIG.l. E ffect o f  ionizing radiation on the rate o f  clearance o f  water at 23 ± 1°С in arcid 
clams, Anadara granosa, expressed in terms o f  percentage increase or decrease over that o f  
the control (& exposed to X-rays at 25 R/min; о exposed to contaminated sediment).

clams survived for more than 90 days exhibiting normal biological behaviour, 
including shell m ovement and feeding rates etc.

Figure 1 shows the per cent increase or decrease in the rate o f  feeding upon  
acute exposure to X-rays at a dose rate o f  25 R/m in delivering total doses o f  
between 2.5 and 700 R. It will be evident from the feeding pattern that towards 
the lower limit o f  exposure (2.5 R) the branchial activity was found to be within  
the range o f  the non-irradiated controls. On exposure to 5 to  10 R, however, 
the rate was increased by 10-13% . A maximum increase, about 70%, was recorded 
upon exposure to  about 4 0  R, but on further irradiation the activity gradually 
declined, leading to  a significant reduction in the volume cleared within the range 
o f  300  to 700  R. Furthermore, after exposure to 200  R at varying doses in the 
range o f 2 5 —200 R -m in-1 the branchial activity was found to decrease exponentially 
with the dose rate. The per cent decrease in the rate o f  volume cleared (F) can be 
expressed by the relationship:

F = 33 X * ^ose rate
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FIG.2. E ffect o f  X-irradiation on the electrophoretic mobility o f  erythrocytes o f  a marine 
lamellibranch, Anadara granosa; о normalized EFM. The bars indicate the 95% confidence 
limits o f  individual variation.

The changes in the gill activity recorded towards the lower limit (50  R) were 
found to be only temporary, the normal ciliary activity being restored after 
2 - 4  days o f  exposure. Towards the upper limit o f  tolerance (5 0 0 -7 0 0  R) many 
o f the experimental clams bled, suggesting that the radiation damage to  the gill 
filaments and associated tissues was acute and irreparable, the LDs0/30d being 
1000 R for this species [12]. Considering the inherent physiological differences 
in the experimental populations due to  simulated conditions, percentage increases 
or decreases in the rate o f  water filtration o f  up to  about 10—15%, which is within  
the variation occurring in the controls, cannot therefore be considered significant. 
The effects observed beyond these lim its are only considered as ‘exciting or 
inhibiting’ branchial activities.

It is interesting to  note that upon acute exposure to external X-irradiation 
the pattern o f  feeding/clearance rates was quite the opposite o f  that observed upon 
exposure through the internal deposition o f  radionuclides. The minimum internal
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DAYS

FIG.3. Loss o f  137Cs in two populations o f  A. granosa: о, а .  denotes biological half- 
life in compartments a , a 1.8 d, b ,b \~  6.6 d, c,c¡~ 15 d and d ,d i~ 5 0  d.

exposure required for bioaccumulation o f  radionuclides to  change the physio
logical rates was seven times higher (400 pCi/g 137Cs, Table I) than that observed 
in the field population (60 pCi/g) as a result o f  controlled discharges o f  rad- 
wastes [3—5 ,7 ].

Electrophoretic m obility o f  cells

Electrophoretic m obility (EPM) is found to be a characteristic o f  cells, which 
is dependent upon surface charge and which controls the permeability o f  the 
membrane to large and small molecules and ions; it thus plays a significant 
role when one considers the interaction o f  a cell w ith its environment. This 
technique — currently in vogue in biomedical researches involved in the identifi
cation o f  different cell types (normal and tumour) and in studying their behaviour 
following treatment with chemicals, enzymes, drugs and ionizing radiations — opens 
up a new approach in the field o f  aquatic physio-ecology to  understand and 
evaluate m odifications brought about by a variety o f  pollutants including radiation 
on the biological behaviour at the cellular level. The EPM o f  A. granosa blood  
cells was therefore studied. Figure 2 shows the EPM o f erythrocytes upon exposure
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TABLE II. DISTRIBUTION OF CAESIUM-137 IN 
VARIOUS FRACTIONS OF A. granosa BLOOD ON 
EXPOSURE TO CONTAMINATED SEDIMENT 
FOR 40 DAYS (a) AND AFTER TRANSFER TO 
NON-RADIOACTIVE ENVIRONMENT FOR  
10 DAYS (b)

Fraction
Caesium-137 

(%)
a b

Plasma 29.0 4.0

Corpuscles

1

71.0 96.0

Stroma 9.0 10.0
Pigment (Hb) 62.0 86.0

Globin 35.0 62.0

Haemin 27.0 25.0

to X-rays, along with that o f  non-irradiated controls. The observed EPM is subject 
to a possible error o f  about 5—10% as revealed by the controls. The dose response 
relationship, as evident from the EPM pattern in general, showed ?n oscillating 
behaviour in the range 0.1 to 24 kR. On exposure to doses below 0.1 kR no 
significant change in the EPM was observed; the variations were found to be 
within the range o f  experimental errors, as indicated by the controls. It will also 
be seen that the EPM increased linearly with dose from 0.1 kR, reaching a 
maximum value on exposure to  0.3 kR. Upon irradiation to  still higher doses the 
EPM dropped sharply, but showed a rhythm ic pattern with peaks at 0 .6 , 1.0, 2.0 , 
5.0 and 6 .0  kR (Fig.2). Beyond this limit up to 24  kR haem olysis frequently 
occurred and the EPM o f  live cells remained practically the same (8 —24 kR, Fig.2), 
suggesting that the changes caused were permanent in nature and even lethal.
The EPM o f  clam erythrocytes thus clearly indicates that the electrokinetic 
behaviour o f  cells was not affected following exposure to  fairly low doses 
( < 0 .1  kR). This was also borne out by measuring the EPM o f  cells from the 
natural population exposed to  radwaste discharges (Table I). The clam erythro
cytes, like those o f  m ice and humans, showed changes in EPM only upon exposure 
to extrem ely high doses [1 3 ,1 4 ].



TABLE III. LOCALIZATION OF RADIOACTIVITY IN SUBCELLULAR FRACTIONS OF Anudara granosa 
TISSUES, EXPRESSED AS PERCENTAGE OF TOTAL CONCENTRATION IN THE TISSUE HOMOGENATE

Tissue Radionuclide
Nuclei, Fraction 
cel! debris mitochondria 
(600 X g) (6000 X g)

(% radioactivity)

Microsomes 
(54 000 X g)

Supernatant

Adductor muscles 137Cs 23.2 6.9 4.5 65.4
239pu 96.0 - - -

Visceral mass 137Cs 11.4 4.2 3.1 81.1
and foot 239 Pu 98.0 - - -

Gills 137Cs 14.2 3.6 2.0 80.0
239pu 95.0 - - 5.0

Mantle folds and 137Cs 30.3 3.4 2.1 64.1
labial palps 239Pu 98.0 ~ —

344 
PATEL 

et 
al.



IAEA-SM-237/12 3 4 5

Bioaccum ulation and loss o f  radioactivity

The bioaccum ulation o f  radionuclides — especially a  and ¡5 -emitters — in 
internal tissues could be a major source responsible for m odifying biological 
responses. The degree o f  ionization, however, would depend upon their concen
tration and residence time (biological half-life) in various organs. A  knowledge 
o f their localization in the subcellular com ponents could also help in revealing 
the pathways leading to elem ental metabolism  and, more im portantly, aid in 
computing better dosim etry m odels for ionization effects. The residence time 
o f caesium-137 and its subcellular localization in various organs o f  A. granosa was 
investigated since this was the major nuclide present in the radwaste discharges. 
Figure 3 shows the loss curve in two populations o f  clams. It can be seen that the 
loss o f  caesium was multiphasic, comprising four compartments. The first 
compartment contained about 46% o f  the initial radioactivity and was lost rather 
rapidly, yielding a half-life o f  about 1.8 days. Each o f  the second and third 
compartments contained about 20% o f  the activity with half-lives o f  about 6.6  
and 15.0 days respectively. The remaining 15% o f  the radioactivity had a fairly 
long half-life o f  about 50 days. The observed short half-life o f  the first compart
ment was found to  be due to  the release o f  undigested and extraneous detritus 
im m ediately on transfer to  the contamination-free environment. The analyses 
o f blood and associated body fluids showed that about 6 5 —80% o f  the radioactivity 
associated with the body fluids was lost in about 10 days (Table II). The 
biological half-life o f  radiocaesium in marine species has been found to vary from  
1 — 180 days [5]. In lamellibranchs — clams and oysters — a caesium-137 loss 
similar to  that observed in blood clams has also been found to be multiphasic, 
with half-times o f  1, 8 and 70 days [15].

Subcellular localization o f  caesium-137

Table III gives the distribution o f  239Pu and 137Cs in various subcellular 
fractions o f  adductor muscles, visceral mass including foot, gills and mantle folds 
with labial palps. It will be seen that almost all the 239Pu activity ( >  95%) was 
associated with the m etabolically less important cell-debris and nuclei fractions 
o f all the tissues. In contrast, the caesium activity, 6 5 —81% o f  the total concen
tration in the respective organs, was associated with the supernatant fraction. In 
the nuclei and cell-debris fractions it varied from 11 to  30%, being at a maximum  
in the mantle folds and associated tissues followed by adductor muscles, gill 
filaments and visceral organs in decreasing order. The remaining two fractions 
had relatively insignificant radioactivity (2 -7% , Table III). This then indicates 
that the major portion o f  radiocaesium remained in a soluble form in tissues. In 
similar tissues o f  oysters, on the other hand, although the distribution o f  cations 
— zinc-65, manganese-54, iron-59 and cobalt-58 — was at a maximum (4 0 —60%)



TABLE IV. MAXIMUM POSSIBLE RADIATION DOSE3 RECEIVED BY BENTHIC COMMUNITIES DISTRIBUTED  
OVER 1 km RADIUS FROM THE EFFLUENT POINT

Radionuclide

7

External dose 
(through sediment) 

(mrad/h)
0 a

Internal dose 
(through bioaccumulation) 

(mrad/h)
У P a

Caesium-137 2.6 X 101 3.0 X 1 O '2 6.4 X 10‘ 3 19.2 X 10“3 —

Cerium-144 1.1 X 10’ 1 6.2 X 10' 3 - 1.5 X 10' 3 63.0 X 10’ 3 -

Ruthenium-106 3.5 X 10' 1 1.9 X 10' 1 - 7.1 X 10' 3 30.0 X 10-2 -

Strontium-90 - Negligible - - Nil -

Plutonium-239 — — Negligible — — Nil

a Derived from concentrations in the sediment and in the tissues [20].
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in the cell-debris and nuclei fractions [1 6 ,1 7 ] , hardly any information exists on a 
similar distribution o f  caesium, plutonium  and other fission products and 
«-emitters. It may, however, be m entioned that the distribution o f  caesium-137 
in various cell fractions o f  the pigeon, Columbia livia, was similar to that observed 
during the present studies, a maximum being in the supernatant fraction followed  
by the nuclear debris [18].

In the case o f  blood, it will be seen from Table II, which records caesium-137 
distribution in various com ponents, that the maximum activity was associated with 
corpuscles (71-96% ). Further, only about 9 —10% o f  the total activity in the cells 
was associated with nuclei and cell debris, whereas 90% o f  the caesium was in the 
supernatant pigment. In the pigment fraction the maximum was in the protein  
com ponent.

Effect o f  radwaste discharges on benthos

Although the nearshore environment o ff  the West coast o f  India has been 
receiving radioactive and thermal wastes for the last decade and half, the 
detectable build-up o f  radioactivity in the environment has been limited to within 
a 1 - 2  km radius o f  the effluent points. In coastal sediments from the Bombay 
harbour the maximum concentration o f  caesium-137, cerium -144, ruthenium-106, 
strontium-90 and plutonium -239 was limited to about 500, 300 , 240, 15 and 
1 pCi/g dry sediment, respectively. Similarly in the benthic species the b io
accumulation o f  the first three radionuclides was in the range o f  50—65 pCi/g dry 
tissues, whereas for the other tw o it was below the detection limits. Furthermore, 
the tissue levels o f  these radionuclides were maintained in equilibrium with the 
environmental concentrations, which were found to follow  release patterns and 
thus deplete with tim e [4, 5, 7]. The maximum possible radiation dose that could 
be received by both epi- and in-faunal com m unities through external and internal 
exposures, originating from radwaste releases in the Bombay harbour, is given in 
Table IV. However, so far no detectable changes in the distribution density, 
breeding/fruiting habits, growth etc. o f  many intertidal benthic communities 
comprising macroalgae — chlorophyceae, phaeophyceae and rhodophyceae — 
sponges, coelenterates, clams, oysters, gastropods, crabs, prawns, mudskippers 
and gobiids fish etc. from the waste disposal zones have been observed. Moreover, 
the average annual fish catch from Bombay harbour has remained practically the 
same, about 2 —3 thousand tonnes, over the last three decades. Similarly, the 
discharges from the Windscale nuclear operations in the northeastern Irish Sea over 
the last two decades have also not been found to affect the fish population  
adversely [1 ]. In the experimentally contaminated water bodies, with strontium-90 
and caesium-137 in the range o f  10 -8— 10-9 Ci/1, Russian radioecologists, however, 
have reported many physiological and biochemical changes — including m orpholo
gical characteristics, spawning habits, phagocytic activity o f  leucocytes, rates o f  
mutagenesis etc. in many fish species [19].
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In view o f  the minimum dose resulting from radwastes that is required to  
manifest detectable biological responses in the benthic ecosystem , it is concluded  
that the present-day levels o f  radwaste discharged into the fishery zones, maintained 
within the annual maximum permissible dose set by ICRP (10~10 — 1СГ11 Ci/1 o f  
various radionuclides), would never be responsible for causing any detectable 
biological changes.
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Abstract

VALIDATION OF A MODEL TO PREDICT AEROSOL INTERCEPTION BY VEGETATION.
Chamberlain found that the fraction of a depositing aerosol which is initially 

intercepted by vegetation, r, is related to the dry weight density of the vegetation, Yv, 
by the empirical relationship r = 1 -  exp(_ juYv). Predictions based on this relationship 
using a value of the coefficient, ¡i, equal to 2.8 have been compared with measured 
values of r reported in the literature. It was found that Chamberlain’s model works very well 
for grassland vegetation similar to that from which the model was originally derived. The model 
works less well for the non-grassland agricultural vegetation for which comparisons were made 
in this study. These results support the use of Chamberlain’s model in the absence of site-specific 
information to  estimate r for use in environmental assessments involving pasture grasslands.

1. INTRODUCTION

Materials emitted to the atmosphere are brought down to 
the surface of the earth by wet and dry deposition processes.
A portion of the total material deposited by the atmosphere is 
intercepted by vegetation and retained for a period of time.
If the depositing material is radioactive, the fraction of the 
aerosol which is initially retained on vegetation can eventually '
result in a dose to man via up to three pathways: (1 ) direct
ingestion of the contaminated vegetation; (2 ) ingestion of 
food products produced from the contaminated vegetation, such 
as cow's milk produced from consumption of contaminated pasture 
grass; and (3) external exposure to the contaminated vegeta
tion. As a result, the proper value for this interception 
fraction, r, must be used when assessing the dose to man as a 
result of radioactive aerosol deposition [1]. Proper values of 
r must also be used when assessing the terrestrial food chain

* Research sponsored by the Division of Reactor Research and Technology, US Department 
of Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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TABLE I. SUMMARY OF THE EXPERIMENTS REVIEWED BY CHAMBERLAIN TO DEVELOP 
HIS MODEL FOR r

Reference
Depositing
material

Depositing
surface

Absorption 2 

coefficient, y(m /kg)

[5]

[6]

[7]

[8]

Fine spray of water droplets 
containing 89Sr in solution

Spray of droplets containing 
85Sr, 51Cr, and 210Pb in 
solution; suspension of 1-um- 
dia. polystyrene particles 
tagged with 51Cr

30-ym-dia. Lycopodium spores 
tagged with 1 3 1 1

Elemental•1311 vapor

Variety of pasture species, 3.33+0.56
including both grasses and
clover

Mixture of grasses, including 2.30+0.08
a little clover and many weeds

Long established grassland 3.08+0.15

Mixture of grasses and broad 2.78j^0.14
leafs such as dandelion, clover, 
and vetch

s
rr*M
7>
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transport of other toxic substances initially released to the 
atmosphere.

Chamberlain [2] has developed a model for predicting r as 
a function of vegetation density. Garten [3] has suggested 
that Chamberlain's model might be used to estimate r for assess
ing the transport of selected actinides in terrestrial food 
chains when site-specific measured values of r are not avail
able. This model has also been used by Ng et al. [4] in the 
assessment of dose commitment from a nuclear fuel reprocessing 
plant. The purpose of this paper is to compare predictions 
from Chamberlain's model with measurements of r reported in the 
literature to further delineate the applicability of the model 
for assessment purposes.

2. CHAMBERLAIN'S MODEL

Chamberlain [2] reviewed four sets of experimental measure
ments of r. These experiments are summarized in Table I.
The depositing material in these experiments included both a 
gas and particulates. Both dry and wet deposition processes 
were involved in the experimental methodologies.

For the experiments summarized in Table I, Chamberlain 
found that r was related to the dry weight density of the vege
tation, Y , by the formula

r = 1 - exp (-yYv ) (1)

The proportionality constant, y, effectively an absorption co
efficient, was found to range between 2.3 and 3.3 m^/kg (Table 
I) when Yv has the units of kg/m^. While one might suspect the 
existence of a relationship between y and the physical form of 
the depositing material, Chamberlain found no such relationship. 
Garten [3] has suggested that Eq. (1) with y equal to the 
arithmetic mean value of 2 . 8 be used to estimate r in radio
logical assessments. Ng et al. [4] use a value of y equal to 
3.0 in their calculations.

Equation (1) may be expanded using a Maclaurin's series [9]
into
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TABLE II. A COMPARISON OF 
DIFFERENT VALUES OF

EQUATIONS (1) AND (3) 
Yv USING y = 2.8

FOR

Yv
r] = 1 - exp (-yYv ) r2 = pYv

r 2

rl

0.01 0.028 0.028 1

0.05 0.131 0.140 1 .07

0 . 1 0 0.244 0.280 1.15

0.15 0.343 0.420 1 .22

0 . 2 0 0.429 0.560 1 .31

0.25 0.503 0.700 1 .39

0.30 0.568 0.840 1 .48

0.35 0.625 0.980 1 .57

0.40 0.674 1 . 1 2 0 1 .66

о
Chamberlain suggests that for Yv less than about 0.3 kg/m no large 
error is introduced by using only the first order term in Eq. (2), 
resulting in

r = (3)

Such a direct relationship between r and Yv has been used for 
both wet and dry deposition estimates in assessment studies [1 0 ]. 
Also, the rate of transfer of " ^ l ^  gas from air to pasture 
grass is directly proportional to Yv for values of Y less than 
0.30 kg/m2 [11]. v

Table II shows a comparison between the results from Eq.
(1) and Eq. (3) for different values of Yv using p equal to 2.8.
As Yv increases, Eq. (3) increasingly overestimates r as com
pared to Eq. (1). If Yv is large enough, Eq. (3) predicts 
values of r greater than 1. Such values have no physical mean
ing as r is defined. In this study, Eq. (1) is used to calcu
late all predicted r's for comparison with measured values.
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3. SOME EXPERIMENTAL DATA REPORTED IN THE LITERATURE

Since Chamberlain's review, a series of field measurements 
of r made at Oak Ridge National Laboratory have been reported 
in the 1iterature [12-14]. These experiments involved the appli
cation of simulated fallout particles of various sizes on grasses 
and agricultural plants. More specifics on these determinations 
are given below.

3.1. Witherspoon and Taylor, 1970

Five species of agricultural plants [squash, soybeans, 
grain sorghum, peanuts, and Korean clover (Lespedeza)] were 
contaminated with a simulated fallout [12]. Two simulants 
consisting of quartz particles 44- to 88-ym dia. and 88- to
1 75-pm dia. and containing °°Rb sorbed at high temperature 
were used in this study. The particles were applied to 10 x 
10-m plots by running a modified fertilizer spreader con
taining the simulant over the plots on a moveable track 
located 1.5 m above the soil surface.

One interesting result of this set of experiments is that 
values of r > 1 were obtained for squash and soybean plants. 
Values of r > 1 have no physical meaning under the definition 
of r given earlier. However, in these studies such values were 
measured because of the bush-like form of the plants in combin
ation with the methods used to apply and measure the deposition 
on these plants.

3.2. Witherspoon and Taylor, 1971

In this study, soybean and sorghum plants were contaminated 
with 1- to 44-ym-dia. siliceous fly ash containing ^ 4 q s so^ed 
at high temperatures [13]. The particles were applied to 
individual plants, using a plastic cylindrical deposition chamber 
150 cm high and 45 cm dia. at the bottom. An 88-pm mesh screen 
over the top of the cylinder and a slight current of compressed 
air piped into the cylinder below the mesh screen served to 
evenly distribute particles falling into the chamber. Values 
of r were determined for the foliage and stem portions of the 
plants as well as for the total plant.

3.3. Peters and Witherspoon, 1972

A quartz fallout simulant consisting of 44- to 88-ym-dia. 
particles containing 134cs was deposited on four common species
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TABLE III. COMPARISON OF OBSERVED AND PREDICTED VALUES OF r FOR PASTURE GRASSES AND LESPEDEZA

Reference

Diameter of 
depositing 
particles (um) Vegetation (kg/m2j (dry) observed predicted (

predicted r\ 
observed r J

[12]
[12]

[14]

[14]

[14]

[14]

44-88

88-175

44-88

44-88

44-88

44-88

Lespedeza

Lespedeza

Fescue

Bluegrass

Bermuda

Zoysia

2.0x10

2.0x10

4.4x10

5.7x10

5.2x10

- 2

-2

-1

-1

-1

7.5x10
-1

0.02

0.08

0.69

0.79

0.82

0.77

0.05

0.05

0.70

0.80

0.77

0.88

2.50 

0.63 

1.02 

1.01 

0.94 

1.14

r
rtn
'P



TABLE IV. COMPARISON OF OBSERVED AND PREDICTED VALUES OF r FOR NONGRASSLAND 
TYPES OF VEGETATION

Diameter of Y r /
depositing v ____________________  [predicted r

Reference particles (ym) Vegetation (kg/m2) (dry) observed predicted yobserved r

[12] 44-88 Squash
Soybean
Sorghum
Peanuts

6.9x10"? 
1.2x10'! 
5.8x10", 
4.8x10

0.89 
1.2 
0.11 
0.06

0.17
0.29
0.15
0.13

0.19 
0.24 
1.36 
2.17

>
m
>

[12] 88-175 Squash
Soybean
Sorghum
Peanuts

6.9x10"? 
1.2x10", 
5.8x10 , 
4.8x10

1.2 
1.0 
0.49 
0.10

0.17
0.29
0.15
0.13

0.14 
0.29 
0.31 
1.30

£
K)
sj
(Л

[13] 1-44 Soybean
Leaves
Stem
Total

Sorghum
Leaves
Stem
Axil
Total

1.4x10"] 
1.0x10 "i 
2.5x10"'

6.0x10"?
7.0xl0'o
4.2x10':?
1.4x10"'

0.32
0.07
0.40

0.09
0.004
0.29
0.38

0.32
0.24
0.50

0.15
0.18
0.01
0.31

1.00 
3.43 
1.25

1.67 
45.0 
0.04 
0.82

LOLTi
-J
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of grasses used for pasture or turf purposes: Zoysia (Zoysia
japónica), Bluegrass (Poa pratensis), Fescue (Festuca elation), 
and Bermuda (Cynodon dactylon) [14]. The particles were applied 
using the fertilizer spreader method described above.

4. COMPARISON OF MEASUREMENTS AND PREDICTIONS

Measured values of r from the experiments described above 
have been compared to predicted values of r from Chamberlain's 
model [Eq. (1)]. The results for pasture grasses and Lespedeza 
are shown in Table III. The agreement between measurement and 
prediction is generally quite good, especially for the grasses. 
Only the Lespedeza values approach or exceed a factor of 2 
difference. The following linear regression equation was fit 
to these data:

Predicted r = (1.02)•(observed r) + 0.0024 (4)

with a correlation coefficient of 0.99.

Chamberlain [2] points out that Eq. (1) was derived from 
data measured on grassland vegetation, and is not necessarily 
applicable to other types of vegetation. Table IV shows a com
parison between measured and predicted values of r for agricul
tural crops other than grassland vegetation. While some 
individual comparisons are quite good, such as that for soybean 
leaves, the overall comparison is not as good as that shown in 
Table III. Using the total r values for soybean and sorghum, 
the linear regression equation for these nongrassland vegetation 
results is

Predicted r = (0.047)•(observed r) + 0.20 (5)

with a correlation coefficient of 0.18. These results also 
indicate that r may be dependent on particle size as well as 
on vegetation density.

5. DISCUSSION

More measured values of r for grassland vegetation are 
needed to fully validate Chamberlain's model. The results shown 
in Table III, however, do indicate that Eq. (1) with p equal to 
2.8 does provide a reasonable estimate of r for pastures. The 
results shown in Table IV, though, indicate that this same 
relationship is not universally applicable to other types of
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vegetation. More measurements of r for nongrassland vegeta
tion are needed to determine the correct predictive relation
ship for r. For example, Miller [15] reports numerous values 
of foliar contamination by fallout particles, but these 
measurements are not generally related to the particle flux 
in the air passing over the plants. Measurements are needed 
that include an examination of the relationship between r and 
the particle size or physiochemical form of the depositing 
material as well as the vegetation density.

The model used in this study was derived from data involv
ing both dry and wet deposition processes. As a result, one 
might reasonably expect it to be applicable to light rain and 
irrigation conditions as well as purely dry deposition situations. 
However, this expectation should be verified with more experi
mental data before being accepted without question. In this 
study, only experiments involving dry deposition have been com
pared to model predictions. Also, there are no data available 
to suggest that Chamberlain's model is applicable under heavy 
rainfall conditions.

The use of r in estimating the radiation dose to man assumes 
that the total amount of material deposited within a specified 
area of ground has been determined. However, the values of 
deposition velocity often used in radiological assessments are 
representative of deposition onto grass above a specified area 
of ground and not of the total deposition onto that ground 
area [16-17]. When deposition velocities specific for each 
depositing substance and vegetative surface (grass, leafy 
vegetables, etc.) are used, the value of r used should be 
set equal to 1. Only when deposition velocities are used 
which are appropriate for the calculation of a total deposition 
rate from a given air concentration should values of r f 1, 
such as those predicted by Eq. (1), be used.

6. CONCLUSIONS

The results of this study indicate that, in the absence 
of site-specific information, Chamberlain's model may be used 
to estimate r for use in environmental assessments involving 
pasture grasslands. These results also indicate that Chamber
lain's model may not be appropriate for estimating r for non
grassland types of vegetation. The use of this model for the 
latter types of vegetation should be considered only on a 
case-by-case basis. Inappropriate use of Chamberlain's model 
could result in serious overestimates or underestimates of the 
vegetation contamination and subsequent exposure to man.
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DISCUSSION

G.S. LINSLEY: It is reassuring to hear that Chamberlain’s model, which is 
based on data obtained for grassland in the United Kingdom, has been validated 
for other types o f  grasses.

Intuitively, however, it does not seem reasonable to  expect a m odel for 
interception by grasses to  be applicable to cultivated vegetation. One would 
expect considerable variation between cultivated crop types, making the process 
difficult to generalize with a single model.

Again intuitively, I would expect any model for interception by cultivated 
crops to contain a term taking into account the fact that individual plants in the 
field are separated from each other, i.e. some sort o f  ratio o f  the surface area 
occupied by plants to the total land surface exposed.

Laura M. McDOWELL-BOYER: The paper points out that one model alone 
may not be sufficient to describe the interception o f  aerosols by different types 
o f cultivated crops. This seems to be supported by the validation results.

The ratio o f  the surface area occupied by plants to the total land surface 
exposed may be represented by an interception fraction such as that described 
in the paper. However, as was pointed out, caution must be exercised in 
interpreting the relationship between r and Yv, since Yv does not represent the 
surface area o f  the crop, but rather the productivity in kg/m 2 .

R.E. WILDUNG: Although the studies described deal strictly with radio
nuclide interception, I would like to m ention that Dr. D. Cataldo, a colleague of 
mine, has been conducting studies on the foliar absorption and translocation o f  
transuranic aerosols. He has found increased translocation to the seed o f  the 
plant, relative to the soil uptake route, when aerosols are deposited on the leaf in 
the presence o f  a solution vector.

Laura M. McDOWELL-BOYER: Thank you for the information.
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Abstract

BIOLOGICAL AVAILABILITY OF AMERICIUM-241 IN OLIGOTROPHIC AND 
MESOTROPHIC SURFACE WATERS: COMBINED EFFECTS OF ACIDITY 
AND PHOSPHATE.

The influence of pH (between pH 5 to 8) and PO4 " (0.2 mg/1) in three oligo to 
mesotrophic surface waters on the biological availability of the transuranic element 241 Am 
for the freshwater snail Lymnaea stagnalis L. was investigated. Concentration factors (CF) 
were determined in the whole animal, the shell, the shell margin and three internal organs 
after a short-time experiment of 5 days. The results show that the uptake of 241 Am by 
L. stagnalis could occur by separate processes, namely by adsorption on the external 
structures (CF between 180 and 7800) and by direct uptake of 241 Am from the water or 
with the food. Compared with the CF in the hepatopancreas (37—580) the CF in the blood 
remain at relatively low values (0.4—15). Moreover, the biological availability of 241 Am for 
L. stagnalis is influenced by external parameters. The presence of algae, the indirect effect 
of the presence of PO4 ~, has a pronounced effect on the accumulation of 241 Am by 
L. stagnalis and yields higher CF. This could mean that the biological fixation of americium 
is strongly enhanced by its presence in the foodchain. The uptake of 241 Am is most 
significantly affected by the physico-chemical composition of the water. Small differences 
in the characteristics of fresh waters may thus cause differences of an order of magnitude 
in the biological availability of 241 Am for aquatic organisms.

1. INTRODUCTION

The present-day concentrations o f  241 Am (Ti. = 433 a) in freshwater and 
marine environments are, in general, extrem ely low [ 1 ]; in the immediate future 
the radiological impact o f  this isotope on natural ecosystem s and on man through 
the consum ption o f  food is therefore held to  be minimal. Nevertheless, a better 
understanding o f  the behaviour o f  americium in freshwater and in seawater is

3 6 3
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necessary because in the coming years more radiotoxic waste could be released 
in the aquatic environment through the further development o f  fast breeder 
reactors and fuel reprocessing facilities. The а -activity o f  fast breeder waste for 
the first thousand years is essentially due to  241 Am (84%) [2], which is produced 
by (3-decay o f 241 Pu [3, 4] and which could form a danger for the environment 
by its persistency. Thus long-term prediction for radiological safety needs more 
information on the behaviour o f 241 Am in the aquatic environment.

Although data about the ecological fixation o f 241 Am in water organisms 
are essential to predict the effect o f  radiation on such ecosystem s, only a 
limited number o f  publications can be found concerning the uptake o f 241 Am 
by plants and animals. This information is generally based on observaions on 
very limited numbers o f  individuals o f  some species [5 —7]. Yet these data point 
out that americium is concentrated with factors ranging between 5 and 40  000  
for som e biota com ponents. This variation in concentration factors is among 
other things caused by the level that the organisms occupy in their ecosystem  [8]: 
detritus feeders and bottom  dwellers exhibit higher concentration factors than 
organisms that are found higher in the foodchain: At the same time differences 
in physiology and/or behaviour may affect the accumulation o f  americium [5].

As a first approach to study the effects o f  environmental factors on the 
fixation o f  americium in freshwater organisms, the influence o f  acidity and 
phosphate content o f  water were investigated in relation to the uptake o f 241 Am 
by the freshwater snail Lym naea stagnalis L. (Gastropoda: Pulmonata). Murray 
et al. [9] report that slight changes o f  the pH (± 0.3 pH units) may affect the 
biological availability o f  243Am for some marine invertebrates. Such pH changes 
actually occur in freshwater systems due to S 0 2 fallout [1 0 ,1 1 ] and could 
therefore have an effect on the uptake o f  americium by freshwater organisms. 
Phosphate was chosen as the second factor because it is one o f  the most important 
parameters to induce eutrophication [11 — 14] and is thus o f  direct interest for 
the oligo to m esotrophic surface waters studied here.

For our experim ents L. stagnalis was selected, since Lym naea sp. is reported 
to  concentrate 241 Am up to 40  000 times [5]. The pond snail can be easily 
bred in the laboratory and its broad ecological range allows comparative studies 
in different environmental conditions to be made. Moreover, it tolerates chemical 
pollutants [15] and a food shortage o f  several weeks [ 16] rather well. This species 
is thus well adapted for studies on the uptake o f  transuranic elem ents directly 
from the water or via a foodchain.

2. MATERIALS AND METHODS

To define the influence o f  the pH and o f  phosphates on the biological 
availability o f  241 Am for L. stagnalis, three natural surface waters with different
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TABLE I. CONCENTRATION OF CATIONS AND ANIONS (mg/1) 
MEASURED IN THE SURFACE WATERS STUDIED ON 1978-04-20

Water3 pH K" Na+ Ca2+ Mg2+ c o ^ - HC0 3 - c r SO3 - О 1

R.V. 5.0 1.0 5.5 17.9 6.2 0.0 1.2 9.6 85.2 0.00

R.P. 6.5 2.9 8.1 8.3 2.7 0.0 4.9 17.9 29.2 0.00

P.P. 8.0 4.7 27.8 39.7 7.1 0.0 145.0 52.9 50.3 0.07

3 R.V. = Reivennen, R.P. = Ronde Put, P.P. = Prinsenpark.

physico-chem ical com positions were chosen (Table I). The variability o f  these 
parameters with time is generally well below 30% [17].

The tw o acid waters are typical for the closed surface waters o f  the sandy 
North o f  Middle Belgium, which often  rests upon a clay layer, the Reivennen  
being one o f  the least acid fens (peat bogs) o f  the Kempen county. The 
Prinsenpark pond is derived from the River Meuse by means o f  navigation and 
irrigation channels over a distance o f  about 80 km. The three waters are 
situated approximately 15 km from each other.

2.1. Manipulation of the three surface waters

Each water was first passed through filters with different pore sizes: a coarse 
paper filter, 5.0 jum, 0.45 ¿um and 0.10 (im (Millipore). According to Murray and 
Fukai [1 ], under the conditions o f  their experiment the particle form ation o f  
Am(III) tends to increase with decreasing pore size o f  the initial filtration and 
there is an appreciable size distribution o f  the particles formed. In a preliminary 
experim ent we could not induce such a difference in particle formation by 
shaking the three tested filtered (0 .45 jum) surface waters. Therefore shaking 
was not applied in our experiment.

Two litres o f  each filtered sample were stored in a refrigerator (4°C) for 
one week. Afterwards 0.5 ml A m (N 0 3)3, dissolved in 3M H N 0 3, was added 
to each filtrate, the 241 Am radioactivity ranging between 40 and 130 juCi/1. The 
pH, measured with a glass-electrode coupled to a pH meter (Ionalyzer Orion 
Research, m odel 407 A; accuracy = 0.1 pH units), was im mediately readjusted 
to its initial value with 0.1N  NaOH. Next one litre o f  each filtrate was divided 
equally among 10 polyethylene beakers. To the remaining 1 litre 0 .2 mg/1 PO | " 
as KH2P 0 4 was added and this solution was then also equally divided among a 
further 10 beakers.
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At the end o f  the experim ent, i.e. after 5 days, the amount o f 241 Am 
particulate material was determined in the following way. From each beaker 
10 ml o f  the water was sampled; 9 ml was filtered through a 0.45 цт  filter, 
while the remaining 1 ml was used to determine the radioactivity o f  the water. 
This latter sample and the filters were measured with a double Nal(Tl) crystal o f  
ЗХ З^ - inches coupled to  a 500-channel analyser (Packard Autogamma Scintil
lation Spectrometer, model 5986) at 59 keV so that the percentage o f 241 Am  
retained by the filters could be calculated.

The walls o f  the beakers were also checked for their adsorbed 241 Am content 
by a 6 X 7 inch Nal(Tl) crystal coupled to a 400-channel analyser (Intertechnique 
SA 40 В).

2.2. Treatment o f  the animals

One week before the start o f  the experiment the snails were transported 
from the breeding room to the laboratory and placed in tapwater at laboratory 
temperature (2 0 —22°C) without food. This adaptation allows the elimination  
o f unhealthy animals and prevents formation o f  excessive faeces during the 
experiment. After this tim e the animals were put singly into 100 ml beakers.
For each filtrate series one beaker with 100 ml Am solution but without a 
snail was left to act as control o f  evaporation and adsorption o f  americium on  
the beaker walls. Each day a sample o f  the water ( 1 ml) was taken to follow  the 
decrease in 241 Am radioactivity.

The use o f  buffers such as citrate to maintain a constant pH was not 
practical because o f  the possible formation o f  com plexes with 241 Am, which 
could result in its becoming less available for adsorption and assimilation [18].
The pH was thus adjusted daily with 0.1N  HC1 or 0.1 N NaOH. This was necessary 
because the snails, when placed in a small water volume, changed the pH o f  the 
surrounding water. An extreme example is the change from pH 8.0 to 6.5 induced 
by the living snails.

After five days the experim ent on the uptake o f 241 Am was ended and blood  
was im mediately taken from each snail by stimulating the foot with a sharp 
object [19]. The activity o f  241 Am in the water, the mucous secretions and the 
blood were then measured. The whole animals were frozen (— 15°C), measured 
for their 241 Am content and dissected afterwards. Next the 241 Am content was 
measured in:

The shell
The shell margin, consisting o f  the thin young shell (± 1 mm broad) against 

which the mantle edge is applied
The top o f  the hepatopancreas without any part o f  the intestine
The remaining soft tissues without the top o f  the hepatopancreas.



IAEA-SM-237/25 3 6 7

TABLE II. THE CALCULATED PARAMETERS a  AND j3 WITH THEIR 
STANDARD ERRORS FOR THE CURVE y = (1 00-/3)-ea t  + 0 FOR EACH 
SURFACE WATER WITHOUT AND WITH ADDED PHOSPHATES 
(0.2 mg/1 РОГ)

Surface water without
р о Г

a  X 10-3
with
PO?‘

0
without
PO?- ’

with
P O l-

Reivennen (pH = 5.0) 41 + 3 52 ± 4 10± 1 lO ± 4

Ronde Put (pH = 6.5) 34 ± 8 33 ± 4 27 ± 5 27 ± 3

Prinsenpark (pH = 8.0) 
Millipore filtered 29 ± 3 25 ± 2 26 ± 3 25 ± 2

Paper filtered 32 ± 7 132 ± 54 17 + 6 22 ± 6

The concentration factors (CF) after five days were then calculated for the various 
organs according to the formula:

^  _  juCi/g wet weight o f  animal or organ
CF —-----------------------------------------------------

MCi/g water after 5 days

3. RESULTS

3.1. The decrease o f 241 Am in the three surface waters

The decrease o f the radioactivity o f  241 Am with time in the different waters 
caused by the presence o f  the snails can be described by the following formula [20]:

у = (100  -  /3) e_a t + /3

where у is the 241 Am content in per cent o f  the initial value, a  is the first-order 
rate constant and /3 is the asym ptotic value o f the curve at t = °°.

Both parameters, a  and /3, were calculated for each filtrate series by iteration 
(non-linear regression analysis). Filtering through various pore sizes did not 
cause significant differences, except for the beakers in which an algal growth 
occurred towards the end o f  the experiment (water o f  the Prinsenpark, filtered 
through a coarse paper filter). Therefore all the results were pooled, as described 
in Table II.
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241 A m  IN TH E SU RR O U N DING  W ATER

TIM E  (HOURS)

FIG.l. Experimental points with their standard errors and calculated curves
(y = [100-Q] - e~a t + p) for the decrease in the 241Am  content with time for the three surface
waters with added phosphates (0.2 mg/l PO\ ~j.

The presence o f  phosphates results in a slightly faster decrease in the 241 Am  
content in the most acid water (Reivennen, pH = 5.0) and in a more pronounced 
difference in the alkaline water with algae (paper-filtered series o f  the Prinsen- 
park, pH = 8.0) (Table II). Figure 1 illustrates the calculated curves for the 
decrease with time in the 241 Am content in the three different waters with  
added phosphates, but without the paper-filtered series o f  the Prinsenpark and 
indicates the fitting o f  the theoretical curves to the experimental points.

During the first 24 hours o f  the experiment the decrease in the 241 Am content 
is faster in the water o f  the Reivennen (pH = 5.0), resulting finally in a 241 Am 
content o f  only 1/3 o f  that in the tw o more alkaline waters (F ig .l).

3.2. The particle form ation o f 241 Am in the three surface waters

The per cent particle formation o f 241 Am determined in the three surface 
waters at the end o f  the experiment differs significantly: (63 ± 3 S.E.)% in
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the Reivennen (pH = 5.0), (36 ± 2 S.E.)% in the Ronde Put (pH = 6.5) and 
(23 ± 2 S.E.)% in the Prinsenpark (pH = 8.0). The presence o f  phosphates did 
not apparently influence the particle formation. Research in progress indicates 
that the m entioned differences in per cent particle formation are due to the 
physico-chemical com position o f  the waters.

The adsorption o f  241 Am on the mucous secretions and the faeces o f  the 
snails did not exceed 20% o f the t o ta l241 Am activity. The amount o f  241 Am on 
the beaker walls was also small (5 —10% after 14 days) and this for each o f  the 
filtrate series.

3.3. The content o f 241 Am in the different organs o f  L. stagnalis

Table III gives the mean CF with the 95% confidence limits for the entire 
snail, shell, shell margin, blood, hepatopancreas and the remaining soft tissues. 
Significant differences according to a Student’s t-test (one by one comparison 
o f the means) [21] are indicated.

A one-way analysis o f  variance [21 ] comparing the mean CF o f  each organ 
for the three types o f  water always gave significant differences at the probability 
level P <  0.01. The most acid water (pH = 5.0) gives rise to the highest CF, 
while the most alkaline one (pH = 8.0) exhibits the lowest CF. This could 
correspond fairly well with the per cent particle formation o f 241 Am found in the 
different waters. Moreover, the CF found in the analysed organs follow  the 
same pattern independently o f  the origin o f  the water, namely in the following 
order: shell margin >  shell >  entire snail >  hepatopancreas >  soft tissues >  
blood (Fig.2).

Addition o f  phosphates does not yield any significant differences in the 
fixation o f  241 Am by the pond snail in these three waters.

4. DISCUSSION

4.1 . The behaviour o f  241 Am in the three surface waters

The pH o f  the water, water turbulence, sediment load, concentration and 
ageing o f  radionuclides are important factors in determining the adsorption- 
desorption processes in freshwater [22—28].

Concerning the behaviour o f 241 Am only the data m entioned by Murray 
and Fukai [ 1 ] can be compared with ours. Under their experimental conditions 
o f fast shaking, the particle formation o f 241 Am in the water o f  the Var (pH «  8.1) 
filtered through 0.45 /лп occurs quickly: after 20 hours an equilibrium is 
reached and the quantity retained by 0.45 /im filters amounts to 85%. A similar 
behaviour o f  241 Am in the water o f  the Prinsenpark (pH = 8.0) was not observed.



TABLE III. MEAN CONCENTRATION FACTORS (CF + 95% P LIMITS) IN THE WHOLE ANIMAL, THE SHELL, 
THE SHELL MARGIN, THE BLOOD, THE TOP OF THE HEPATOPANCREAS AND THE REMAINING SOFT 
TISSUES AFTER 5 DAYS IN THE THREE TESTED SURFACE WATERS

Water type Whole animal 
CF

Shell
CF

Shell margin 
CF

Blood
CF

Hepatopancreas
CF

Soft tissues 
CF

/-Ч P.F. 7 2 0 ± 180 • 1650 ± 360 • 6100 ± 2700 11.4 ± 5.2 330 ± 120 360 ± 140 •

(p
H

-5
.0 5.0 jum 6 1 0 ± 200 • 1490± 490 • 6300 ± 4500 9.8 ± 2.1 • 430 + 160 • 310±  150

1ro*-
0

 
û-1 0.45 jum 330 ± 110 • • • 870 ± 200 •• • 4400 ± 1600 6.5 ± 2.0 • • 241 ± 84 • • 136 ± 53 • •

0.10 д т 820 ± 280 • 1530± 450 • 6400 ± 1800 12.0 ± 3.1 • 490 ± 150 • 470 ± 200 •

C P.F. 920 ± 320 • • 1500 ± 400 7300 ± 2900 •• 13.9 ± 4 .6 580 ± 300 480 ± 210
Сс 5.0 jum 520 ± 110 •• 1240± 190 • 4630 ± 730 •• 9.8 + 3.5 • 346 ± 94 263 ± 92
>
'S + P O |- 0.45 jum 7 6 0 ± 180 • 1870 ± 540 • 6500 ± 1200 •• 15.4 ± 4.2 •• 456 ± 93 370 ± 100

0.10 jum 550 ± 1 7 0 . 1240 ±360 3690 ± 760 •• 9.1 ± 4.3 • 510 ± 180 310 ± 170

m P.F. 203 ± 30 380 ± 190 •• • 1630 ± 190 •• 2.12 ± 0.45 164 ± 45 85 ± 22
40
X 5.0 lim 260 ± 71 670 ± 220 • 1980 ± 490 • 2.8 ± 1.2 166 + 27 90 ± 43
w 1 *0 О

1 0.45 цт 265 ± 59 940 ± 240 • • 3070 ± 870 •• 3.2 ± 1.3 176 ± 58 97 ± 26

0.10 iim 191 ± 45 600 ± 140 • • 2600 ± 750 • 3.22 ± 0.81 128 ± 44 53 ± 16

P.F. 245 ± 59 330 ± 270 • • • 2340 ± 360 2.47 ± 0.71 188 ± 67 98 ± 29

eu
0) 5.0 Aim 3 7 0 ±  150 1000 ± 470 • 3900 ± 2600 2.45 ± 0.65 270 ± 130 150 ±  79
G
О
OÍ

+ О
1 0.45 ium 277 ±  53 870+ 130» 4300 ±  2900 4.93 ± 0.56 21 7 ±  80 98 ±41

0.10 ¡um 276 ± 71 990 ± 250 • 3000 ± 1000 3.2 ± 1.1 188 ± 58 76 ± 45
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TABLE III (cont.)

Water type Whole animal 
CF

Shell
CF

Shell margin 
CF

Blood
CF

Hepatopancreas
CF

Soft tissues 
CF

P.F. 430 ± 200 •• • 940 ± 230 ••• 2280 ± 780 •• • 2.4 ± 1.1 ••• 420 ± 120 ••• 190± 1 7 0 .
0 5.0 flm 127 ± 28 • 270 ± 1 5 0 . 770 ± 1 5 0 . 0.78 ± 0.28 •• 44 ± 1 5 • 24 ± 1 5 •

X
a

1
"
d О 0.45 д т 94 ± 33 • 300 ± 170 • 740 ± 240 • 0.41 ± 0.19 • • • 37 ± 19 • 24 ± 15

0.10 цт 124± 29 • 140 ± 130 • 930 ± 300 • 0.62 ± 0.14 •• 62 ± 29 • 3 0 + 1 5

M P.F. 296 + 60 • • • 720 ± 260 • • • 2100 ± 1100 • • • 1.02 ± 0.30 •• 390 ± 240 •• • 115 ± 39 • • •
и
COo. 5.0 цт 117 ± 21 • • 349 ± 72 • • • 840 ± 260 • 0.54 ± 0.15 • 62 ± 23 • 29 + 16 •
4)
c/5
G

+ POf~ 0.45 цт 80 ± 20 • • 255 ± 67 • • 670 ± 180 • 0.76 ±0.35 40 ± 12 • • 20.6 ± 5.9 •
l-H
Û h 0.10 цт 100± 15 . 180 ± 150 • • 740 ± 190 • 0.62 ± 0.10 • 59 ± 8 • • 17.9 ± 2.9 •

— and + PO4  -  = without and with 0.2 ppm PO4  ” added.
P.F. = filtered through a coarse paper filter.
5,0, 0.45, 0.10 fim = water previously filtered through these pore sizes before Am addition.
• • •  = different from 3 other means at P <  0.05; • •  = different from 2 other means at P <  0.05 ; •  = different from 1 other mean 
at P <  0.05, tested by Student’s t-test [19].

u>-j
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MEAN CONCENTRATION FACTORS (LOG)

1.REIVENNEN ( pH = 5 . 0  )

2 .RONDE PUT ( p H  - 6 . 5  )

3  PRINSENPARK ( pH :  8 . 0 )

MARGIN

FIG. 2. Mean concentration factors (log) found in the three tested surface waters, 
standard errors amount at the most to 15% o f  the depicted values.

BLOOD

The
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The 241 Am particles were formed much slower (an equilibrium was reached 
after ± 100 hours) and the maximum percentage amounted only to 23%.

It has been shown that the particle formation o f  241 Am also depends on the 
H+ concentration o f  the water: below a pH o f 4.5 no hydrolysis occurs and 
thus no particles are formed [3, 18]. Above a pH o f  4.5 the per cent particle 
formation is proportional with rising pH [1 ]. However, in the present experiment 
a reverse effect o f  the pH on the particle formation was found. The highest 
per cent particle formation (62 ± 3 S.E.)% was observed in the most acid water 
(Reivennen, pH = 5.0), (36 ± 2 S.E.)% in the almost neutral water (Ronde Put, 
pH = 6.5) and (23 ± 2 S.E.)% in the alkaline water (Prinsenpark, pH = 8.0). 
Therefore it is suggested that the behaviour o f 241 Am is determined by the pH 
and/or some other aspects o f  the physico-chemical com position o f  the water. 
However, on the basis o f  data reported for the river Var (pH 8.1, 50 mg/1 Ca 
and 20 mg/1 Mg) it is not possible to identify the causes o f  these differences.

Murray and Fukai [ 1 ] report that initial filtration and shaking o f  Var river 
water had a pronounced effect on the amount o f  particles formed and on the 
size distribution o f  these particles. Such relation could not be confirmed in 
our experiment. Within each water the per cent particles formed was neither 
influenced by the preceding filtration nor by the presence o f  the snails with 
their mucous and faeces. Only an ungrazed algal growth increased the per cent 
particles formed in the alkaline water, filtered through a coarse paper filter, 
which apparently did not retain the algae originally present in this water.

The presence o f  the phosphates did not influence the behaviour o f 241 Am 
to a noteworthy extent: a comparison between the series o f  each water without 
and with phosphates did not yield any significant differences.

A phosphate concentration o f  0 .2 mg/1 can be found in polytrophic lakes - 
and in large fivers [14] and such concentrations can cause an algal growth [13, 14]. 
In the tested waters algae only appeared in the alkaline water o f  the Prinsenpark, 
filtered through a coarse paper filter. Moreover, the algal growth in this water 
occurred much faster in the series with PO4 ” than in that without PO4 ~ and was 
only observed in the control beakers without snails. Therefore these algae could  
have been eaten by the snails in the other beakers o f  those two series, which could 
explain the higher uptake o f 241 Am by the animals (Table III).

4.2. The content o f  241 Am in the different organs o f  L. stagnalis

Different mechanisms, such as adsorption to surfaces, diffusion through 
biological membranes and m etabolic processes, are responsible for the accumulation  
o f radioisotopes by aquatic organisms [29]. The uptake o f 241 Am by L. stagnalis 
can also be interpreted as occuring by separate processes (Table III):
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(1) External fixation o f 241 Am. The CF for the shell and the shell margin are 
very high (1 9 0 —7300). Livingston and Bowen [6] observed a similar 
phenom enon. They report that the shells o f  the marine invertebrate M ytilus  
contained a higher 241 Am content than the soft tissues and that this could 
be caused by organic material present on the outside o f  the shells. For 
other radioisotopes, such as I06Ru, similar high CF were attributed to  
adsorption [30]. Preliminary filtering o f  the water samples has an effect
on the accumulation o f 241 Am on the shell and in some cases in the other 
parts o f  the animals. Noteworthy is the com plete lack o f  filtering effects in 
the water o f  the Ronde Put (pH = 6.5) on the 241 Am fixation in the soft 
parts (Table III). The reason for these differences are still unknown.

(2) Internal fixation o f 241 Am. The CF in the blood, which are relatively low  
(0 .4 —15), could be caused by an absorption process reflecting a direct 
uptake from the water and/or an uptake via the foodchain and the drinking 
water [31]. On the other hand, rather high CF (4 0 —580) were found in 
the hepatopancreas. Intermediate levels. (1 8 —480) were observed in the 
remaining soft tissues. However, it must be emphasized that these data 
reflect adsorption on the external structures, such as the foot epithelium, 
but also the 241 Am content in internal organs, such as the heart and the 
kidney. Moreover, the intestinal tract could play an important role by 
extracting 241 Am from the food and possibly out o f  the drinking water. 
Indeed, there exists evidence that the pond snail takes up to five times its 
blood volume in water per 24 hours by drinking [31 ].

The most important factor, inducing radical differences in the uptake o f  
241 Am by L. stagnalis, is the physico-chemical com position o f  the wa.ter, although 
the tested waters have relatively similar characteristics (Table I). The highest CF 
are present in the series o f  the Reivennen (pH = 5 .0 );  intermediate CF are found  
in the series o f  the Ronde Put (pH = 6.5), while the lowest CF occur in the 
Millipore-filtered water o f  the Prinsenpark (pH = 8.0) (Fig.2). The series o f  the  
Prinsenpark filtered through a coarse paper filter yielded substantial amounts 
o f  algae. This resulted in much higher CF in all organs, when compared with 
the other filtrates o f  the same water (Table III). Moreover, the ratio o f 241 Am 
in the hepatopancreas versus blood changed from (66 ± 3 S.E.) to (300 ± 40  S.E.) 
when algae were present. The reason for this change in the distribution o f 241 Am 
is still under investigation. Nevertheless, these results suggest that through these 
algae the fixation o f 241 Am is markedly influenced and that the biological 
availability o f  241 Am for L. stagnalis depends on the way o f  uptake, namely 
through a foodchain or directly from the water when no food is available.

The results o f  this work illustrate once more that predictions and models 
about the behaviour o f 241 Am in the freshwater environment require extensive 
experimental evidence, since even small differences in the abiotic characteristics
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o f  freshwater can change the biological availability o f  241 Am for aquatic organisms 
by an order o f  magnitude.

5. SUMMARY

The results o f  this work show that the physico-chem ical com position o f  the 
surface waters used in the present work has a significant effect on the biological 
availability o f  241 Am for the freshwater snail L. stagnalis. The concentration  
factors found in the most acid water (pH = 5.0) are an order o f  magnitude 
higher than those found in the most alkaline water (pH = 8.0). The presence o f  
algae also increases the uptake o f 241 Am and influences the distribution o f  this 
transuranic element in the pond snail.
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DISCUSSION

A. A. SEIDEL: Do you consider that the uptake o f 241 Am by animal species 
other than snails would also be affected to  the same extent by the characteristics 
o f  the water?

Godelieve M. THIELS: No, I do not. The snails we used are the main 
feeders and accumulate 241 Am to a considerable extent, whereas other species 
occupying higher levels in the foodchain usually exhibit lower concentration  
factors. Hence differences due to external factors, such as the physico-chemical 
com position o f  the water, will probably not be so clearly reflected in the con
centration factors for other species.

A.A. SEIDEL: I should also like to  ask whether you  were able to  confirm  
by autoradiography that 241 Am from shells, especially in the margins, is really 
absorbed onto the surface. Might this not also be due to genuine binding in the 
shell, for example, by newly-formed glycoproteins?

Godelieve M. THIELS: We did not confirm this fact by autoradiography, 
but it is known that no shell growth occurs when the animals are not fed. 
Furthermore, it has been reported for other radionuclides, such as ruthenium  
and plutonium , that the high concentration factors for the shell are mainly 
due to adsorption o f  the radionuclide on the outside o f  the shell. Hence it is 
reasonable to assume that the same process is responsible for the high values 
we observed.

B.W. EMMERSON: I suspect that Lym naea stagnalis belongs to an edible 
species. It has a very high concentration capacity, as in the case o f  some o f
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the edible molluscs, for example oysters, which concentrate 65 Zn. Similarly, 
it appears that most o f  the radionuclide is deposited in the shell rather than 
in the flesh. Could you com m ent on the significance o f  the shell/flesh con
centration ratio with respect to its potential importance in the foodchain to man?

Godelieve M. THIELS: Although the soft parts o f  the snail accumulate 
241 Am to a far lesser extent than the shell, it is the flesh that contributes more 
to the human foodchain. Nevertheless, many other factors, such as the extent 
o f the foodchain and the absorption capacity o f  the intestinal tract o f the 
predators, will to a large extent determine the importance o f  L. stagnalis in 
the foodchain to man.

M.N. KHALANSKI: Is there a higher proportion o f  iron in the water 
filtered at pH 5 that could explain the presence o f  particulate americium and 
its fixation on the shell surface?

Godelieve M. THIELS: Tests at our laboratory have demonstrated that 
iron does not influence the formation o f  241 Am particles in the waters we used, 
so I am sure that it must be some other aspect o f  the physico-chemical com 
position that accounts for the different uptake o f  americium by the snails in 
the three surface waters.

N.D. PRIEST: I would just add a com m ent on the mechanisms governing 
actinide accumulation by mollusc shells. Experiments conducted in the United 
Kingdom appear to have shown that actinide accumulation does not occur to  
any significant extent in the shell proper. The studies indicate that it is the 
periostracum, a proteinaceous layer covering the shell, that is responsible for the 
actinide accumulation.

Godelieve M. THIELS: Yes, I believe the organic shell coating is largely 
responsible for the fixation o f  241 Am on the shell and the shell margin.

Yu.I. MOSKALEV: In view o f  the interest in studying the rate o f  clearance 
o f 241 Am from different snail tissues, I am wondering whether you made any 
special tests on the excretion kinetics for this radionuclide by immersing the 
contaminated snails in clean water?

My second point is that the physico-chemical state o f  the 241 Am in water 
probably changes with time. So if  you place the snails in the water at different 
times after injection o f  the radionuclide, the accumulation coefficients will be 
different. Do you agree?

Godelieve M. THIELS: In reply to your first question, we did not measure 
the excretion kinetics for the snails, but are planning to do so in the near future.

As regards your second point, we know that the ageing o f  243Am solutions 
has an effect on the accumulation o f  this radionuclide by marine invertebrates.
So we can expect the ageing o f  241 Am solutions to affect fixation in L. stagnalis 
in similar fashion, although under our experimental conditions formation o f  
the americium particles does not change much with time, only 5 -10%  being 
lost through adsorption on the beaker walls. Nevertheless, further studies will
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clarify the extent to which the concentration factors are affected by the injection  
time for 241 Am in the fresh waters tested.

Y. NISHIWAKI ( Chairman): You state in the paper that you  were not able 
to confirm the report by Murray and Fukai (R ef.[8]) that initial filtration and 
shaking o f  the River Var water had an effect on the number o f  particles formed 
and on their size distribution. What was the reason for this discrepancy? Since 
this problem may relate to the initial sampling procedure, L think it important 
that the discrepancy be clarified in the interest o f  improved international 
intercomparability o f  the results o f  environmental sample analysis.

Godelieve M. THIELS: The pH, conductivity, 0 2 content and temperature 
were measured at the sampling site, while the inorganic parameters reported 
in the paper were determined im mediately after returning to the laboratory. 
Moreover, the americium particle formation in the tested waters was determined 
by the m ethod described by Murray and Fukai. Hence the discrepancy between  
their results and ours cannot be due to the initial sampling procedures but is most 
likely accounted for by the difference in the type o f  water.

However, we cannot identify the reason for the different behaviour o f  
241 Am in the various types o f  fresh water merely on the basis o f  data reported 
for the River Var. The wide variability in the properties o f  the various kinds 
o f  fresh water makes it risky to compare them. It might be more to the point 
to  study a whole range o f  fresh-water types so that the physico-chemical 
behaviour o f 241 Am can be better understood.
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Abstract

A STUDY OF ATMOSPHERIC RADIONUCLIDE TRANSPORT AND EXPOSURE USING 
TRAJECTORY ANALYSIS.

The trajectory analysis approach to prediction of short- and long-range distribution of 
atmospheric pollutants, particularly radionuclides, is examined and compared with the familiar 
Gaussian plume approach. The methods are largely equivalent for distances up to a few tens 
of kilometres. The trajectory analysis approach remains applicable for larger distances, at least 
to predict long-term average distributions of continuously released substances. Evidence from 
sensitivity analysis indicates that uncertainties in parameter values etc. are serious impediments 
to precise quantitative prediction but do not invalidate most conclusions drawn from a 
trajectory analysis study. Numerical results indicate (for example) that for the release of 85Kr 
16% of integrated ground-level concentrations occur within approximately 50 km. In terms of 
population dose, 58% occurs within 50 km of a postulated release point at Pickering, while 
13% is accounted for if one considers total dose out to the 1% concentration level. If one 
integrates to a point where radiation intensity is roughly equivalent to cosmic-ray-produced 
background, one accounts for 5% of all dose in this case, assuming a continuous release rate 
of 1 Ci/s.

1. GENERAL

The trajectory analysis approach consists o f  two aspects. First, one regards 
any continuous atmospheric emission o f  effluents as made up o f a series o f  point 
emissions or ‘puffs’. Secondly, one calculates the subsequent distribution o f  the 
effluent by using historic wind data to follow  the pathway, or ‘trajectory’, o f  
the centre point o f  each puff, simultaneously imagining it to spread out laterally 
under an assumed diffusion law. To measure the instantaneous concentration  
at any point, one then adds the contributions o f  all puffs, o f  different ages and 
distances from the observation point, according to  that law.

At first it might seem that the approach is com putationally clumsy; however, 
it can be clearly shown that, although the services o f  large-scale computing  
equipment are certainly required, the total numerical effort needed is lower than

381
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with any com petitive approach — at least any that can take into account the 
variations o f  wind over space and time, as one must in order to deal with problems 
o f a scale o f  one or more thousand kilometres.

The approach should be thought o f  as a generalization o f  the Gaussian plume 
analysis, rather than as an alternative approach.

The Gaussian approach, as applied to a wind velocity field that is constant 
in space and time, can be shown to be mathematically identical to the limiting 
case o f  considering puffs as being released with greater and greater frequency, 
and as a good numerical approximation when calculations are carried out on the 
basis o f  a p uff every 15 minutes or so.

The trajectory analysis approach is nothing more nor less than an extension  
o f  this to the case where the wind velocity is not constant in space or time, a 
case for which an analytical solution analogous to the Gaussian plume is not 
available.

There are several lim itations or shortcomings inherent in trajectory analysis: 
it assumes that atmospheric m otions are independent o f  height; it is based on 
assumed values for eddy diffusivity; and there is some doubt about how to handle 
inversion layers and the general question o f  upper lim its to  diffusion. These draw
backs are also characteristic o f  currently available competing m ethods and common  
to any variant o f  the Gaussian plume analysis as based on a wind rose or other 
such forms o f  wind data. At present these difficulties must be met by the use o f  
various approximations.

There is one logical problem with the trajectory analysis approach that is 
not shared by Gaussian plume analysis, namely the assumption o f  radial diffusion. 
In reality, the puffs are subject to shear and distortion as they move, and radial 
symmetry is quickly lost. The error introduced by this assumption, however, 
quickly becom es unimportant as time-averaged concentrations are considered and 
the plume is observed to wander sinuously across the map.

We deal first with the details o f  the com putation, then return to the three 
principal problems.

2. COMPUTATIONAL DETAILS: CONCENTRATIONS

Data on wind direction and velocity, as well as various other parameters 
(temperature, dew point etc.), are recorded, at several heights, at points on a 
5 1 X 5 5  grid covering the Northern Hemisphere. These data are not the record 
o f  direct observations, o f  course, but rather the results o f  computerized processing 
o f  information gathered at weather stations distributed unevenly across Canada 
and elsewhere. In the particular application described in what follows a segment 
o f this grid covering the northeastern part o f  North America was singled out for 
attention. It corresponded to  a grid o f  size 6 X 8 on the hemispheric scale, and
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FIG.I. A portion o f  the Canadian Meteorological Centre map covering Eastern Canada and 
Northeastern United States, which was chosen for the simulations in this paper. The basic 
grid was further subdivided by a factor o f  5 for computational purposes.

was subdivided to 26 X 36 for com putational accuracy. The distance between  
points on this fine grid is o f  the order o f  70 km (F ig .l) .

The velocity field is stored in integrated form (as stream-function values) 
and requires numerical differentiation to be converted into horizontal velocity  
com ponents.

Wind data are stored not at specific heights, but rather at specified pressures 
on isobaric surfaces. The particular pressures chosen are 1000, 850, 700, 500, 
300, 200 and 100 millibars1, corresponding respectively to  heights o f  roughly 
120, 1480, 3 0 6 0 ,5 7 0 0 , 9380, 12 100 and 16 400  metres over Eastern Canada and 
the USA.

Under typical conditions pollutants remain below  the tropopause, average 
height 11 km, with the bulk o f  the long-range transport taking place at less than 
half that height. Thus we take the wind at 850 mbar as representative for meso- 
scale pollutant transport.

The location o f  the centre o f  each puff is traced over time, moving at each 
time interval under the influence o f  velocities interpolated spatially from those 
at the nearest grid points, and interpolated over time from velocities recorded at 
12-hour intervals. The location o f  each puff is traced until it vanishes from the 
entire grid.

1 One millibar =  100 pascals. The data are stored in old cgs units, which we will use 
to avoid repeated interconversions.
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At certain intervals the pollutant level at each point on the grid due to each 
puff in the system is calculated, on the assumption that the puff has diffused  
laterally in a radially symmetric way, and has been bounded vertically by a 
reflecting surface below (see deposition, below) and a reflecting surface above 
(at the ‘mixing height’ discussed later). The resulting pollutant intensities are 
saved, as a record o f  instantaneous concentrations, added to a cumulative measure 
over a specified time period, or used to  calculate local deposition.

A good deal o f  experimental com putation has been done to establish the 
tim e intervals at which each o f  these steps must be carried out. Naturally, 
accuracy decreases if  any operation is done too infrequently; however, 
com putation costs are proportional to the frequency with which each is done, 
so there is a judgement to be made. We have adopted the traditionally reliable 
approach o f  repeating the calculation with various computation intervals and 
choosing the largest one for which further reduction produces no noticeable 
improvement. Numerical values used for the various calculation intervals depend 
on the distance scale o f  the com putation.

3. POPULATION DATA: EXPOSURES

The above procedures produce information about atmospheric concentration  
in C i/m 3 and deposition in Ci/m 2 ; which o f  these is o f  m ost concern depends on 
the nuclide involved.

The population figures themselves are relatively easy to handle; we have used 
data from 1972 Canadian electoral districts and converted them by direct 
examination o f  maps into total population within a grid o í squares measuring, 
roughly, 70 km on a side. For adjacent areas in the USA we have used census 
figures from 1960. The spatial detail o f  these numbers is adequate but it is 
difficult to keep them current.

Given the local ground-level concentration o f  the radionuclide and the local 
population size, a further parameter is necessary to produce a meaningful measure 
o f  exposure in units such as man - rems. We refer to this factor as the conversion  
factor, and o f  course it must ultim ately be based upon the study o f  radiation 
biology. We limit ourselves here to two examples o f  how the factor is determined.

3.1. Krypton-85

This is an inert gas and is dealt with in a simple way. We assume that people 
are surrounded by a semi-infinite cloud o f  the gas and that all exposure is external. 
A concentration o f  1 AtCi/cm3 in air will result in an exposure o f  50 rem/h for 
each person exposed [1].
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The treatment o f  this substance is much more complicated and subject to  
error. First o f  all, the exposure pathway is through fallout and the foodchain, 
which in this case means milk. The model uses a constant deposition velocity.
A surface concentration o f  320 pCi/m 2 will result in 120 pCi/1 in the milk o f  cows 
grazing on that land. Assuming that the average baby drinks 0.7 1/d and that an 
adult drinks 0.3 1/d, we deduce that a surface concentration o f  1 ¿tCi/m2 will 
result in a thyroid exposure o f  2.55 rem/d in an average person in the vicinity.
This is based on an exposure o f  17 rem//xCi ingested [2].

4. TIME-SCALE: CHRONIC VERSUS ACCIDENTAL EXPOSURE

Many o f the parameters used in the procedure are not known accurately or 
must be estimated from data that verge on the apocryphal. Such a parameter 
as the horizontal eddy diffusivity (see below) is so uncertain that the instantaneous 
concentration at a point some distance o ff  the centre-line o f  the plume must be 
regarded as highly suspect.

However, when calculations are made over a time-scale o f  many days, one 
observes that the dominant feature o f  the process is the change in plume location  
due to changes in the synoptic weather pattern. Lateral movement o f  the plume 
itself, which we can describe fairly accurately from recorded wind data, dominates 
lateral diffusion, which is highly uncertain. Thus, we need not be concerned 
about the errors in our estimates o f  lateral diffusivity on the condition that we 
are looking at an average over a time-scale longer than the duration o f  a given 
weather pattern. In practice, this means a time-scale much larger than a few days. 
We have chosen 100 days as the length o f  our standard run so that many cycles o f  
the weather patterns will be included.

For time-scales much shorter than this, and certainly for the tracking o f  a 
single accidental release, errors in diffusion parameters etc. will dominate. At 
the present level o f  certainty o f  these values we doubt that the approach would 
provide meaningful information (nor would any other approach currently 
available). We should m ention in passing, o f  course, that there is nothing in the 
computing or display part o f  the problem that hinders us from doing precisely 
this task with existing equipment.

5. ESTIMATION OF PARAMETERS

The main parameters about which there is uncertainty are the following:
Eddy diffusivity (lateral diffusion)
Vertical diffusion  
Mixing heights 
Deposition.

3.2. Iodine-131
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For each one we have examined values used in the literature and tried to assess 
appropriate values to use by whatever means were available. We present a 
summary o f  reference values and values chosen by us for each o f these.

5.1. Eddy diffusivity

The governing partial differential equations contain terms supposed to  
represent molecular diffusion, i.e. diffusion supposed not to  depend on any 
mixing or stirring o f  the gas involved. Such diffusion constants have been 
extensively measured in laboratories; a typical value is 1.2 X 10-6 km2/d for 
carbon dioxide in air.

Calculations based on such values were early realized to be quite unrealistic; 
the reason is that mixing over larger distance scales, caused by turbulence, large 
eddies and the synoptic weather pattern itself, totally dominates diffusion at 
the molecular level.

Various estim ates o f  more realistic values o f  K, the horizontal eddy diffusivity, 
are available. For example, we can use the Pasquill-Gifford curves o f  ay (horizontal 
dispersion) versus distance (see, for example, pp. 102—103 o f  R ef.[3]) and the 
fact that under the assumption o f  Fickian diffusion, it is possible to derive a 
theoretical relationship between a and K, namely К =  u a 2/2D , where u is the 
mean wind speed associated with a given Pasquill stability class and D is the 
distance from the source. We get six different values o f  K, one for each Pasquill 
stability class. The value D =  100 km (the largest on the graph) was chosen as 
the m ost appropriate for our simulation. The largest К value obtained was 
0.055 km 2/m in, corresponding to stability class C. We chose a value o f  
К =  0.5 km 2/m in because we fealt that the scale o f  our simulation, i.e. 1000 km 
or more, demanded a larger value o f  K. In fact, the difference between using 
К =  0.05 km2/m in and К =  0.5 km2/m in came out to a mere 3% based on 
comparing total man-rems o f  exposure over 100 days, showing how insensitive 
the m odel is to changes in K.

5.2. Vertical diffusion

Proceeding again from the Pasquill-Gifford curves, we obtain various estimates 
o f Kz (vertical diffusivity constant) corresponding to the different stability classes. 
Taking a geom etric mean o f  these numbers produces a value o f  Kz =  1200 m 2/min. 
This is many times smaller than the horizontal diffusivity, as is generally regarded 
appropriate [4]. The m odel is fairly sensitive to changes in Kz . Varying the value 
o f  Kz from 5000 to 500 m 2/m in produced a total change (increase) in resulting 
man-rems o f  300%.
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5.3. Mixing heights

For mesoscale or longer range transport a mixing height o f  perhaps 2000  m is 
appropriate. For shorter distances this figure is a good deal smaller: available 
data (e.g. Ref. [5]) suggest a height as low  as 200 m or even less under certain 
circumstances. The concentration o f  a pollutant in the atmosphere can be expected  
to be inversely proportional to the mixing height value used, at least after 
equilibrium is attained, and the m odel is quite sensitive to the number chosen.

In our study we have used a height o f  2000 m for the ‘outer’ or long-range 
solution and a value o f  200 m for the close-in situation. These are merged 
sm oothly together by the simple technique o f  scaling the exact solution (as 
calculated for a fixed mixing height) and varying the height with time according 
to the logistic formula

H , H 2

H(t) = -------------------- ^ T THj +  ( H 2 - H ] ) e "aH2  ‘

5.4. Deposition velocity2

Deposition occurs only with radionuclides such as 131I. In an Ontario Hydro 
report K.Y. Wong suggests a value o f  1 cm /s for 131I. Values as low  as 0.1 cm /s 
are also used [3]. For our work we have chosen 0.5 cm /s, or 0.3 m /m in, as a 
reasonable value. The possibility o f  resuspension has not been included.

6. FORMULAE USED

Subject to the above assumptions and parameter values, we must solve the 
differential equation:

ЭС Э2С / Э 2С Э2С \  ЭС ЭС

5Г■ + к( ^  + ) v’STv>arTC + Q6(x" 'м

2 This unit has the dimensions of a velocity and is so referred to here as a convenience; 
it is actually a derived unit, namely the rate of deposition per unit area (ML- 2T-1 ) divided by 
the atmospheric concentration (ML-3). These are experimentally observed to be proportional, 
so that only their ratio need be quoted.
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where ô (x 0, y 0, h) is a ‘delta function’ at (x 0, y 0, h) and the initial condition  
C(x, y, z, 0) =  0 as well as the boundary conditions 9C /0z|z = o =  9C /9z|z=H =  0 
hold. Our approach is to turn 5 (x 0, y 0, h) into a sequence o f  delta functions 
in time, so that ‘puffs’ o f  strength Q' are released at regular intervals. If we ignore 
wind shear on the ‘puffs’, we obtain the approximate solution

Ct (x, y, z, t)
Q e

- ( x — X i ) 2 +  (y—y Q 2 

v  4 K ( t - to )

8(7r(t-t0)) 3̂ K K '/2

I
k=-oo

-(z+ h + 2 k H )2 ~ (z-h+2kH )2

e 4 K z ( t - t 0) -)-e  4 K z(t“ to )

Q'e

- ( x - x , ) 2 + ( y - y i ) 2

4 K ( t - t 0 )
- T ( t - t o )

4H7r(t-t0)K

I /  n 7 r h \  (  nnz

(t ) c4iг

f o r  a  p u f f  r e le a s e d  a t  t im e  t 0 , w h e r e  X !  a n d  y j  a r e  s o lu t io n s  o f

x i ( t 0 )  =  x 0

dx!

d t
—  =  V x ( X i , y i , t )

d y t

d t
Vv (x ,,  y b  t) Ух (to) =  Уо

At ground level the concentration at any point is given by setting z =  0 
in the above formula. Deposition is handled by reducing the total amount o f  
pollutant in each puff by the factor 

DV

where DV is the deposition velocity in m/min.
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FIG. 2. 100-day average concentrations o f tsKr at ground level resulting from the release o f  
7.4 X 10* Ci/d. Contour levels show concentrations in Ci/m3 X 10n .

7. CALCULATIONS FOR LARGE DISTANCES

The procedure described has been used to com pute the distribution o f  
radioactivity resulting from chronic releases o f  the representative radionuclides 
85Kr and 131I. For illustrative purposes, releases were assumed to take place 
at Pickering, Ontario, and to continue uniform ly for 100 days. All parameter 
values were as described above.

Figure 2 shows the resulting 100-day average surface level air concentrations 
for 85Kr in C i/m 3. It should be noted that even at the 100-day level o f  averaging 
the distribution pattern is far from a collection o f  sm ooth contours. A greater 
assumed horizontal diffusivity would make it appear more even but, as discussed 
above, we do not feel a larger value is justified. The details o f  the contours thus 
depend strongly on weather conditions, and uneven distribution o f  population  
makes absolute predictions o f  exposure difficult.

Figure 3 shows a similar situation for the release o f  131I. Because o f  the 
importance o f  appearance o f  this radionuclide in the foodchain, ground deposition  
has been included and concentrations shown are cumulative average ground con
centrations in Ci/m 2 (after allowance has been made for radioactive decay). The 
same com m ents about dependence on weather conditions apply as applied to 85Kr.
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FIG.3. 100-day average ground concentrations o f  n il  resulting from a release o f  4 mCi/week. 
Contour levels show concentrations in Ci/m2 X 1012.

8. CALCULATION FOR SHORT DISTANCES

Where smaller (100 km or less) horizontal distances are involved, vertical 
diffusion is less thorough and a lower mixing height is generally observed. For 
some local situations mixing heights o f as low as 70 m are som etim es observed. 
The available data [5; Appendix B] indicate that a representative height o f  200 m 
is appropriate for the immediate neighbourhood o f  the source. We adopt this 
value and gradually increase it with the age o f  the p uff to the 2000 m o f  the 
outer solution.

There has been considerable discussion devoted to the observation that 
trajectory analysis may fail to predict high concentrations very near to  a source 
o f  radionuclides, and that the more traditional close-in calculation based on 
Pasquill stability conditions is more accurate. It is our contention that this has 
been due almost entirely to the fact that Pasquill-based calculations correspond 
to mixing heights o f  as little as 100 m. To a first approximation, o f  course, 
ground-level concentration will be inversely proportional to this height. The 
gradual increase o f  mixing height with horizontal distance is consistent with, 
indeed required by, atmospheric diffusion theory, and has not normally been 
incorporated in trajectory-analysis calculations.
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FIG.4. 100-day average ground-level air concentrations for 6SKr based on inner model and 
a chronic release o f  8.6 X 104 Ci/d. Contour levels show concentrations in Ci/m3 X 1 On . 
The “500” contour line is the 1% level referred to in the text.

For our calculations to be accurate below 100 km a refined grid had to be 
used; we further subdivided the com putational network by a factor o f  7, so 
that the distance between adjacent gridpoints was roughly 10 km. Wind data 
were based on interpolations from the original grid; population figures were 
gleaned from an Ontario Hydro docum ent which gave some information for 
annular regions about Pickering.

Figure 4 shows a typical result, namely 100-day average ground-level air 
concentrations for 85Kr.

9. COMBINED RESULTS

The prevailing long-term m ovement o f  air in the region studied is toward the 
east and north. It follow s that locations to the northeast, i.e. ‘downwind’ o f
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km

FIG.5. Rate o f  decrease o f  concentration o f S5Kr (averaged over annular ring around source) 
with distance. Results o f  combined models. Point marked © is outer solution approximation 
to average inner solution up to 100 km.

the source, will experience higher concentrations o f  the radionuclide than points 
an equal distance away from the source toward the south and west. Indeed, 
points more than 300  km or so southwest o f  the source would receive scarcely 
any exposure at all; although local winds may blow toward the southwest at 
times, a m ovem ent o f  air in that direction is virtually never sustained enough 
for long-range transport. Failure to account for this is the main feature making 
the wind-rose approach inadequate for distances larger than л few tens o f  
kilometres.

Nonetheless, it is desirable to describe the decrease in concentration with 
distance from the source using as few numbers as possible. For this purpose, one 
generally refers to average concentration within a circular ring a certain distance, 
r, from the source and calculates how this average concentration decreases as r 
increases. This is a perfectly reasonable approach as long as it is remembered that 
the circular average is a mathematical artifact.
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km

FIG. 6. Rate o f  decrease o f  concentration o f 131/  (averaged over annular ring around source) 
with distance. Results o f  combined models. Point marked 0 is outer solution approximation 
to average inner solution up to 100 km.

Figure 5 shows how concentration (Ci/m 3 in air at surface level) decreases 
with distance for the combined m odel, with mixing height changed over time as 
described earlier. It is interesting to note how accurately the results are fitted  
by a curve o f  the form

С =  ar'b

where С is the average concentration over an annular ring with outer radius r 
km and inner radius (r -1 0 ) km for the inner solution, and radii r km and 
(r—100) km for the outer solution.

The values o f  b obtained here are similar to those presented in the literature. 
For example, Bryant [6]shows a dilution factor proportional to r“14 for 
continuous release at 20 m, while the USAEC Regulatory Guide shows a



TABLE I. POPULATION, CONCENTRATION AND POPULATION EXPOSURE IN CIRCULAR AND ANNULAR  
REGIONS ABOUT PICKERING CORRESPONDING TO A CHRONIC RELEASE OF 1 Ci/s OF 85Kr

Region
(km)

Population 
(X 10“3)

Average 
concentration 
(Ci/m3 X 1010)

Exposure 
(man rem/a)

Region
(km)

Population 
(X 10~3)

Average 
concentration 
(Ci/m3 X 1010)

Exposure 
(man-rem/a)

0 -5 0 2 000 36. 3700 0 -5 0 2 000 36. 3700

0-100 3 820 14. 4040 50-100 1 820 6.7 344

0-200 7 860 4.8 4590 100-200 4 040 2.2 548

0 -3 0 0 11 300 2.7 4780 200-300 3 450 0.99 190

0 -4 0 0 24 900 1.7 5010 300-400 13 600 0.60 232

0 -5 0 0 37 500 1.2 5340 400-500 12 600 0.36 328

0 -6 0 0 67 200 0.95 6120 500-600 29 700 0.28 783

0 -7 0 0 78 700 0.78 6270 600-700 11 400 0.22 150

0 -8 0 0 93 300 0.66 6350 700-800 14 600 0.20 775

0 -9 0 0 95 600 0.58 6360 800-900 2 320 0.17 7

0-1000 96 200 0.53 6360 900-1000 548 0.20 4

394 
ZUKER 

et al.
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FIG. 7. Changes in concentration patterns caused by specified alterations in parameters:
1. reference run (using a 2000 m mixing height); 2. vertical diffusivity constant changed from  
1200 m 2/min to 5 m 2/min; 3. mixing height changed from 2000 m to 200 m; 4. release 
height increased from 20 m to 200 m.

dependence o f  r~13 within a range o f  10 to 100 km from a ground-level source 
[7; 3(B)]. If we examine our inner solution alone, we get b =  1.5. This larger 
value is due to the increasing effective mixing height with time in our formulation. 
The outer solution gives b =  1.8, which needs no justification since no published 
results go out that far.

Figure 6 shows similar results for 131I.
Given the population and the radionuclide concentration, one should be 

able to deduce the actual integrated dose, for example in m an-rem/a, delivered 
to the total exposed group. In order to do this, one would define a ‘dose 
conversion factor’ o f  the form

^ m an-rem /a
K r - 8 5  -  j

m an-C i/n r (air)
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or, in the case o f  a radionuclide for which ground deposition is critical, 

m an-rem/a
F i . 1 3 i  —

m an-Ci/m 2 (ground)

Unfortunately it is difficult to estimate these accurately or to obtain agreement 
between estimates from different sources. Our approach has been to use the 
values quoted in section 3, but to present the results in such a way that readers 
choosing to use a different factor can easily make the correction.

Table I shows results in terms o f  population within the annular rings described 
above, together with the integrated total dose by distance. The use o f  a different 
dose-conversion factor may be accommodated by multiplication o f  the fourth 
and final columns by a correction factor.

10. SENSITIVITY ANALYSIS

A great deal o f  discussion has been devoted here and elsewhere to the precise 
determination o f  the various parameters o f  dispersion, deposition, mixing height 
and so forth; many writers condemn any attempt at precise com putation as 
doomed because o f  the difficulty o f  determining such parameters by precise 
laboratory/field experiments. In the final analysis, however, the extent to which 
accuracy o f  a parameter limits the conclusions that may be drawn from an analysis 
depends on the effect o f  any inaccuracy upon the result. If the results are 
insensitive to errors in a particular parameter, then inaccuracies in that parameter 
do not invalidate such conclusions as may be drawn.

This question is investigated com putationally in a very simple way, namely 
by repeating the entire calculation with deliberate perturbations made to the 
parameters. This technique is called sensitivity analysis. It may be done one 
parameter at a time, but thorough investigation requires changing several 
simultaneously to check for possible interactions. The latter was carried out but 
results are not included here since no striking interactions were found.

Figure 7 presents the results o f  repeating the calculation (inner solution  
only) with a number o f  alternative choices for the various parameters involved.
The conclusion is that, although numerical levels are affected, the overall 
behaviour, certainly qualitative behaviour as well as rate o f  decay with distance, 
does not change.

11. CONCLUSIONS

It is observed that the major part o f  the dose, in this case 58% for the release 
o f  krypton-85, is accounted for within the first 50 km or so. This may not be
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true in general, since for the present calculation the source was assumed to be
V

near a major population centre. Naturally, strictly local exposure would be 
substantially lower if  the source were more isolated.

In this connection one might observe that total integrated concentration  
within concentric circles decreases rapidly with distance; thus, for example, a 
‘non-population’ zone o f  50 km around the plant would decrease exposure 
automatically by 60%.

Another observation concerns dose level beyond which exposure need not 
be considered. Specifically, we wish to  ask what fraction o f  the total population  
exposure takes place within a region the limit o f  which is defined as a concen
tration equal to 1% o f  the concentration ‘at the fence’, i.e. 1 km removed from  
the source itself.

The present calculations show that only 13% o f  the total population dose 
is delivered within such a region, which here turns out to be a circle o f  radius 
roughly 22 km, displaced east from Pickering by about 10 km (see Fig.4).

The general background level o f  cosmic-ray induced radiation (about 
30 mrem/a) is equivalent to a density o f  roughly 6.9 X 10~8 C i/m 3 o f  8sKr. For 
a chronic release o f  1 Ci/s o f  85Kr this density is achieved on the average only  
within 5 km or less o f  Pickering. Integrating over this region accounts for only  
5% o f the total population dose in man-rems.
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DISCUSSION

V.I. PAVLENKO: Did you take into account the effect o f  atmospheric 
precipitations on the deposition o f  radioiodine? If so, in what way?
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D.R. MILLER: Yes, we did so by means o f  a m odel developed by ICRP, 
which relates atmospheric concentration to human intake, incorporating dry 
and wet deposition, movement into the foodchain, and so forth. The work is 
described in detail in Ref.[2] o f  the paper.

R.H. CLARKE: I have three questions to ask you. First, how far would 
I be wrong in assessing the annual average concentration at long distances (hundreds 
o f kilometres) by using straight line trajectories and taking the frequency 
distributions for both wind direction and weather category for any given direction. 
Secondly, how did you deal with the source term? Did you follow  plumes every 
twelve hours or every three hours? And, lastly, when you say that 50% o f the 
85Kr collective dose lay within 50 km, do you mean the first pass dose, without 
making allowance for global dispersion?

D.R. MILLER: With regard to your first question, it would depend on the 
direction. If you moved upstream so to speak, against the prevailing wind, the 
error could be quite large within 100 or so kilometres. This is because the wind 
rarely moves in this direction long enough to transport a radionuclide very far.

Regarding your second question on time intervals, we use a m ethod popular 
in numerical com putation, namely repetition o f  the entire calculation with a 
short time interval for each updating, then again with a still shorter interval, 
continuing this process until the answers no longer change. This process is 
expensive, although quite effective.

Finally, I must confess that we made no attempt to extend the results to  
a global calculation, but considered only the exposures within 2000 km or so 
from the source. Perhaps I should have used the phrase “50% o f  the short-term  
dose” to clarify this point.

D.J. GORMAN: With reference to your Fig.7, if  you were to take the 
Gaussian plume m odel for the continuous release and use the Pasquill stability 
category approach as far as 80 km, where would the resultant curve be with 
respect to the ones you showed us?

D.R. MILLER: It would coincide with curve 1. We tried to make sure that 
the Gaussian plume analysis would be recovered as part o f  this procedure when 
applied close to the source.

D.J. GORMAN: You also stated that your model was extrem ely sensitive 
to the vertical diffusivity constant Kz . How did you justify the value, o f  
1200 m 2/m in, and what confidence do you have in it?

D.R. MILLER: We simply took a geometric mean without regard for the 
relative part o f  the tim e that each stability category persisted for. I really have 
little confidence in the number used; the error is probably 50% or more, and is 
m ost likely the major source o f  uncertainty in the model.
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Abstract

A NEW APPROACH FOR SOIL-PLANT TRANSFER CALCULATIONS.
Models to  calculate radiation doses to man caused by normal or accidental release of 

radionuclides from nuclear industries often include the transfer of these nuclides from soil to 
plant. This soil-piant transfer is mostly described with a black box approach by using 
concentration factors. This approach has several disadvantages, the most important being the 
lack of physical meaning of a concentration factor. We propose to  describe the soil-plant 
transfer of radionuclides as a function of plant and soil parameters all having a physical meaning. 
The separate parameters are open to experimental determination but a realistic estimation of 
the parameters is also possible, 01 the use of a combination of both. Depending on the purpose 
of the calculation, realistic or conservative values of the parameters can be used and the degree 
of conservatism can be indicated.

INTRODUCTION

Models to  calculate radiation doses to man caused by normal or accidental 
releases o f  radionuclides from nuclear industries often include the transfer o f  those 
nuclides from soil to plant. This soil-plant transfer is m ostly described as a kind 
o f black box approach by using concentration factors (CF). This approach has 
several disadvantages. One o f  the m ost important is the lack o f  physical meaning 
o f a concentration factor. This makes it difficult to predict the direction and the 
extent o f  changes if  circumstances vary (e.g. other soils, other plants, other 
climate). Another disadvantage is that different m ethods are used to determine 
concentration factors, for instance: (1) the ratio o f  corresponding non-radioactive 
nuclides in soils and plants, where soils and plants are often from different geo
graphical origin [1, 2]  and where no allowance is made for the frequently long 
period required for the establishment o f  an equilibrium between newly added 
radionuclides and the nuclides already present in the minerals; (2 ) by determining 
the uptake by plants o f  radionuclides added to the soil, w ithout making allowance 
for the corresponding inactive nuclides present in soil and plant; and (3) often  
higher concentrations o f  the radionuclides than will be encountered in reality.

3 9 9
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A third disadvantage is that where a concentration factor is used in legislative 
procedures, w ithout providing a description o f  the agricultural conditions (which 
is almost never done), it is relatively simple to set up an experiment to  prove that 
the concentration factors m entioned in the legislation are too low. For these 
reasons we propose a new approach to describe soil-plant transfer o f  radionuclides. 
This approach is, however, also still an oversimplification o f  the real processes.

METHOD

The following equations are used to calculate the transfer o f  radionuclides 
in the chain from soil to  plant. The concentration o f  a nuclide in the soil solution  
from the total am ount o f  the nuclide in the soil is calculated by

Cs = ------------------ (1)
s L ( 0 + p K d)

where Cs = concentration in the soil solution (B q-m l-1)
Q  = total amount o f  nuclides in the soil per unit surface area and 

depth L (B q-cnT 2)
L = depth o f  the profile (com plete rooting zone included) (cm) 
в = water content o f  the soil (ml cm -3 ) 
p = bulk density o f  the soil (g-cm -3)
Kd = Bq adsorbed per g soil/Bq solved per ml solution (ml g-1)

The total uptake by the plant is calculated by

U = ST C C s Pt (2)

where U = uptake (Bq per plant)
S = selectivity coefficient (—)
TC = transpiration coefficient (ml water transpired per g dry matter 

produced)
Pt = total production in g dry matter per cm 3 surface area per year 

The concentration in the edible parts o f  the plant is calculated by 

U
Cep = F —  (3)

“ ep
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where Cep = concentration o f  the nuclide in the edible parts o f  the plant 
(Bq per g dry matter)

F = fraction o f absorbed nuclide transported in the plant to the 
edible parts

Pep = production o f  edible plant material (g dry weight per cm2 per year) 

Combining Eqs (1),  (2) and (3) gives

Cep = F S - A .  TC -------9 -------- (4)
Pep L ( 0 + p K d) '

EXAMPLES

As already m entioned, our m odel is still an oversimplification o f  the reality 
(only linear relations are assumed), but if one tries to apply the m odel, the relative 
weakness o f  the existing literature soon becom es apparent. All the necessary 
parameters like root and shoot production, transpiration and adsorption properties 
o f the soil are almost never m entioned for one and the same experiment. Plants 
are very often not grown to  maturity in laboratory experiments. Furthermore, 
because the envirionment (light intensity, wind speed, hum idity o f  the air, soil 
temperature and temperature o f  the walls o f  the rooms) in laboratory experiments 
differs always from the environment in the field, it is impossible to estimate root 
and shoot production as well as transpiration.

Therefore we compared concentration factors mentioned in two compilations 
with the concentration in plants calculated with our m ethod. From other 
literature, m ostly describing plant physiology experiments (available from the 
authors), we estimated the fractions o f  different nuclides that are transported in 
the plant to the above-ground parts, e.g. vegetables, and which are transported 
to the edible parts o f  grain crops. From Burkholder et al. [1 ] we used data for the 
adsorption o f  the nuclides on soil. We estimated that the transpiration ratio o f  a 
normal crop would be 300 m l-g -1 , that the above-ground production for 
vegetables would be two thirds o f  the total (above-ground + roots) production  
and that the grain production would be one third o f  the total (grain + straw + 
roots) production. We took the values for the concentration o f nuclides in soil 
from Ng et al. [ 2]. The results o f  our calculations were compared with data given 
by Ng and by Burkholder (see Table I).

The data given by Ng et al. [2] are mean values o f  measured and estimated 
concentrations in soils and plants o f  various origins. Many o f  the data m entioned  
by Burkholder et al. were derived from the publication o f  Ng et al. So it is also to  
be expected that the values calculated with our m ethod will differ from their 
values. Still the differences are only about one order o f  magnitude except for 
Nb and Ru.
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TABLE I. DATA USED FOR THE CALCULATION OF NUCLIDE 
CONCENTRATIONS IN EDIBLE PLANT PARTS AND A COMPARISON OF 
THE RESULTS WITH SOME DATA FROM LITERATURE

Because o f  the comparison, the dimensions o f  som e param eters used here are 
different from  the dim ensions in the equations.

F
V F s Kd c< C-epv c epg ^ е р  A C epB

Sr 0.8 0.08 20 3 X 10"4 10-4 2 X 10"s 2 X 10' 5 2 X 10-4
Y 0.08 0.02 2000 5 X 10-s 2 X 10-8 1 X 10-8 5 X 10-7 5 X 10"7
Zr 0.04 0.004 2000 3 X 10-4 5 X 10-8 1 X 10-8 2 X 10-7 2 X 10-7
Nb 0.1 0.01 2000 5 X 10-6 2 X 10-9 5 X 10"10 2 X 10"7 2 X 10"7
Tc 0.98 0.98 0 10-19 4 X 10-18 8 X 10-18 10"19 10"19
Ru 0.01 0.003 10 10-9 1 X 10-11 5 X 10-12 2 X 10"8 4 X 10"9
Cs 0.6 0.2 250 5 X 10-6 1 X 10-7 7 X 10-8 2 X 10-7 6 X 10"8
Ce 0.08 0.02 2000 5 X 10-s 2 X 10-8 1 X 10-8 5 X 10-7 10"7
Pu 0.5 0.05 2000 10-19 2 X 10"“ 4 X 10"23 8 X 10"23 8 X 10"23
Am 0.5 0.03 2000 10-56 2 X 10"39 3 X 10"40 10-39 10-39

Fv = fraction of absorbed nuclide transported in the plant to  the above-ground part of 
vegetables

Fg = fraction of absorbed nuclide transported in the plant to the grain 
Kd = see Eq. (1) (ml-g-1)
Ct = see Eq. (1) (unit is here g-g-1 soil)
Cepv = concentration of the nuclide in the edible vegetable (g-g-1)
Cepg = concentration of the nuclide in the grain (g-g-1)
CepA = concentration in plants according to Ng et al. [2] (g-g-1)
CepB = concentration in plants calculated with the concentration factor given by 

Burkholder et al. [1] (g-g-1).

Other parameters from Eq. (4) used for the calculation:

S = 1 (no selectivity)
Pt/Pep = 3/2 for vegetables
Pt/Pep = 1/3 for vegetables
TC = 300 (m l-g '1)
L = 1 (cm) (because Ct is expressed in g-g-1 ; normally 30 cm)
в = 0.3 (expressed in ml-g-1 , because Ct is expressed in g-g-1)
p = 1  (because Ct is expressed in g-g"1, normally 1.3—1.6).
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Aa В A В

Barley 300-520 Watermelon 590

Wheat 240-470 515 Turnip 640

Spring wheat 340-490 Cucumber 720

Rye 680 Rape 740

Spring rye 355-635 Pumpkin 830

Oats 290-585 590 Cowpea 570

Rice 700 Soybean 660

Millet 190-280 315 Hairy vetch 680

Sorghum 330 Sweet clover 770

Corn 180-350 250-370 Red clover 510-700 790

Potato 260-575 625 Canada pea 790

Sugar beet 300-445 450 Crimson clover 810

Flax 785 Lucerne 585-845 830

Cabbage 535 Cotton 640

a A: values for different places in central and eastern Europe [3]; B: values for Colorado 
USA [4].

DISCUSSION

An advantage o f  our approach is that a physical meaning can be attributed to  
all parameters used in the calculations. Thus the values o f  the parameters, 
determined for one situation can be extrapolated to another, provided the 
characteristic differences between the two situations are known. In contrast, with 
the conventional black box approach it is difficult, if  not impossible, to adjust a 
concentration factor for a changed situation. In the discussion o f  the single para
meters the physical meaning o f  the parameters used in our approach will be shown.

Kd. Although what is in general called adsorption o f  nuclides on solid soil 
material is controlled by different processes (real adsorption, cation and anion 
exchange, precipitation versus dissolution, etc.) and although the real processes 
should be described as a function (which should also include the influences o f
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other elements, pH, total concentration etc.) rather than a linear relation, a linear 
relation often suffices when only small changes in concentrations are encountered. 
To determine the adsorption characteristics o f  a selected soil and nuclide is much 
easier and yields more reliable data than the determination o f  concentration  
factors, which are very sensitive to the environmental conditions around the plants.

L. The depth o f  the profile from which m ost nutrients and other elements 
are absorbed by plant roots may vary between 20 and 50 cm depending on plant 
species and on the m ethod o f  cultivation.

в and p. The variation o f  the moisture content o f  a soil в usually is between  
0.05 and 0.5 ml cm -3 , whereas the bulk density p can vary from about 1 to
1.7 g -cm -3.

S. The selectivity coefficient is larger than 1 for nutrients that are prefer
entially absorbed by plant roots. For m ost micronutrients and for elements not 
necessary for the plant, however, S will have a value equal to or smaller than 1.
A variation o f  S with a factor 10 can be considered as the largest possible variation. 
Over a large range o f  concentrations the relation between uptake and concentration  
will not be linear, but S will diminish at higher concentrations.

TC. The transpiration coefficient can vary from 200 to 800  ml -g_1. TC for 
well-growing crops is normally smaller than for crops growing under adverse 
conditions (too  much water, water shortage, nutrients deficiency). For a known 
crop in a known region a more precise value can be estimated or determined.
Table II gives some values m entioned in the literature.

Pt and Pep. The production o f  edible parts Pep and above-ground parts o f  
a crop is normally a well-known parameter. R oot production, however, is less 
well known, but as this is m ostly a fraction o f  the total production, the total 
production (above-ground parts + roots), Pt, can be estimated rather accurately.

F. The fraction o f  a nuclide that is transported in the plant to edible parts 
can be easily determined in laboratory experiments, as is already done for many 
nuclides and crops.

CONCLUSIONS

As already m entioned, our approach to the soil-plant transfer o f  nuclides is 
based on a (sim plified) mathematical description o f  the real processes. The 
separate parameters are open to experimental determination but a realistic estimate
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of the parameters is also possible, as is also a com bination o f  both. Depending on 
the purpose o f  the calculation, e.g. a realistic situation o f  radiation doses due to 
normal releases by nuclear industry or to fallout or a worst-case analysis in the 
event o f  an accidental release, realistic or conservative (leading to worst case) 
values o f  the parameters can be used and the degree o f  conservatism can be 
indicated.

We have used this approach for the calculation o f  radiation doses to man 
caused by the release o f  radionuclides from high-level radioactive waste stored in 
a salt dome and for the calculation o f  radiation doses after a hypothetical severe 
nuclear accident. Both calculations were worst-case analyses. The m odel is also 
used to calculate the transfer o f  heavy metals from soil to plant.
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DISCUSSION

G.S. LINSLEY: Your attempt to introduce consideration o f  real physical 
processes into the modelling o f  soil-plant transfers is m ost welcom e since an 
approach o f  this kind enables data obtained in the laboratory to be applied to an 
actual situation with greater confidence than is possible with the simple concen
tration factor approach. At the same time, the model may be unnecessarily 
com plex for som e assessment applications and in such cases there has to be decision  
as to where it should best be applied.
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Tw o further points I would like to make are that, first, the absorption o f  
caesium by plants is known to  vary markedly from one soil to another and also 
with tim e. Such variations would presumably have to  be accommodated by using 
a variable Kd, which should also be time-dependent, if  necessary. Second, the 
model reproduces an equilibrium or static situation, i.e. it covers fully grown plants 
but does not take into account any changes that might occur during plant growth.

F. van DORP: Thank you for your comments. In the case o f  caesium special 
attention has to be paid to the mineral com position o f  the soil. Some soils fix  
caesium, but if  they do not, soil cation exchange processes can be used instead 
o f the Kd values to  describe the behaviour o f  this nuclide in soil.

I agree with your com m ent regarding static situations. We considered the 
plant only at the stage where it is harvested, since this is the most relevant period 
for m odels simulating transfer to man. Changes in uptake during plant growth  
may certainly occur.

B. FRANKE: I shall look forward to seeing your model when you have 
com pleted it and to correlating the values observed with the predicted transfer 
data. Previous approaches based on correlations between plant uptake and soil 
factors, such as clay content, exchange capacity and so forth, have shown  
relatively poor correlation factors. So the best approach, in m y opinion, would be 
to make actual measurements o f  transfer factors in the environment around 
nuclear facilities, using, for exam ple, fallout.

F. van DORP: Correlations between plant uptake and soil factors do not 
always take into account the processes occurring when plants absorb radionuclides 
from soil.

Actual measurement o f  transfer factors in the environment around nuclear 
facilities is very difficult because o f  the extrem ely low  concentrations found.
If these measurements are made at all, we should be very careful to see that they  
improve our understanding o f  the processes occurring, so that we can relate the 
data to more than just the time and place o f  measurement.
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Abstract

LONG-TERM ACCUMULATION FACTORS FOR FISH AND SEDIMENTS IN THE BAVARIAN 
DANUBE AREA.

The legislation governing radiation protection in a great many countries stipulates the dose 
limits for human beings thereby restricting the permissible emission of radioactive waste products 
into the environment. For this purpose mathematical models are formulated which permit the 
corresponding dose from the emission rates of nuclear systems and facilities to be established.
In these models the biological transfer factors are of prime importance. When observing the 
various exposure routes involved in waste disposal it will be seen that a considerable proportion 
of the resulting dose stems from eating fish and from exposure to the environment of dried-up 
river banks. The paper presents the accumulation factors for fish and sediments for a few of the 
most common elements occuring in nuclear power stations, obtained from many years of 
investigations in the Bavarian Danube area.

As in almost all new technologies, the utilization o f  nuclear energy produces 
hazards for the environment, more particularly for human beings, resulting from, 
for instance, the emission o f  artificially produced radioactive waste products into 
the environment, som ething that cannot be com pletely avoided at the current 
state o f  the art. Nuclear power stations all emit low  quantities o f  radionuclides 
both by water and by air, the radioactive fission and activating products usually 
being introduced into the surface water system  with cooling water or with waste 
(e.g. sludge water in cooling tower operation). This is a hazard for human beings, 
not so much from the danger o f  direct contact with the surface water as from the 
radionuclides being introduced into the foodchain and from possible reconcen
tration processes in sedimentation.

As an example, a statute was enacted in the Federal Republic o f  Germany 
on 1976-10-13 governing the emission o f  radioactive substances from nuclear 
industries into the environment within the framework o f  a regulation governing 
protection from the harmful effects o f  ionizing radiation (Radiation Protection 
Regulation) and stipulating the limiting values for human radiation exposure.

4 0 7
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This Regulation (§45 dose lim itations for areas that are not radiation protection  
areas) is formulated as follows:

“ Those responsible for providing radiation protection are required to organize 
the technical design and operation o f  such systems or facilities so that the 
radiation exposure to human beings resulting from the emission o f  radio
active substances from these systems or facilities in air or water is maintained 
as low  as possible, and not amounting to more than 30 mrem for the whole 
body in the case o f the thyroid gland, and to a total o f  90 mrem for the 
foodchain. Where other systems or facilities contribute toward the radiation 
exposure due measures must be taken to ensure that the above-mentioned 
values are not exceeded as a w hole.”

Similar legislation has since been implemented in many other countries, 
basically stipulating that the body dose shall not exceed certain values within 
a calendar year.

To meet these waste disposal requirements radioecological research is 
necessary to establish the behaviour o f  the corresponding radionuclides in 
surface water systems and to estimate the expected radiation exposure for 
human beings. The Federal Republic’s first major nuclear energy system (KRB) 
started operation in 1966 at Gundremmingen in the upper Danube area. This 
system served as a demonstration power station for the econom ic generation o f  
electricity by nuclear energy. Observations were also carried out on the effects 
o f  the emission o f  radioactive waste products into the Danube. The Institute 
for Water Research in Bavaria (Bayerische Landesanstalt fur Wasserforschung) 
has been carrying out this radioecological analysis ever since the nuclear power 
station started operation. Investigation o f  the distribution of the radioactive 
fallout resulting from high-atmosphere nuclear weapon testing had already 
started previously.

In studying the way radionuclides behave in aquatic system s it is, o f  course, 
absolutely necessary to make a nuclide by nuclide analysis o f  the water and the 
hydrobiological material. Establishing the overall activity such as, for instance, 
the residual /З-measurement is o f  no value whatsoever since measurements o f  this 
kind are unable to provide any data relevant to the ecology and are thus merely 
suitable as monitoring measurements to a limited degree.

In the radioecological investigations carried out in the Danube area the 
activity concentrations are established at various dilution points for the emission 
o f radioactive waste products from the nuclear power station: at the reactor, 
the concentration in the cooling and waste water and the increase in the total activity 
concentration o f  the water o f  the Danube caused by artificial means, mainly fallout. 
In addition, these concentrations are related to both the waste flow and the flow  
o f Danube water, thus identifying the emission rates o f  the nuclear power station.
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As a result o f  the very low  concentrations in the cooling and waste water 
mixtures and in the water o f  the Danube, approximately 30 to 50 litres o f  water 
have to  be evaporated to provide each sample. Direct measurements can only be 
carried out on the waste water itself.

The same applies to the hydrobiological material, which has to be dried and 
ashed in each case to obtain activities higher than the background response o f  the 
measuring instruments, thereby often requiring the processing o f  a few kilograms 
o f material.

Of the many ways in which radioactive substances pass through the various 
stages o f the ecosystem  relevant are those that are capable o f  contributing to the 
exposure o f  human beings to an appreciable degree, according to current knowledge, 
either by incorporation via the foodchain or by external radiation.

To calculate, or at least estimate, the radiation exposure to human beings 
it is necessary to know the ecological parameters determining the behaviour o f  
radionuclides in the environment from the utilization o f  contaminated materials 
and the habits o f  the population in the vicinity o f  the nuclear plant or facilities.
In addition, the exposure from other users must be established. These factors 
enter the mathematical models as boundary conditions in an attempt to determine 
the radiation exposure to the individual.
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FIG.2. Radiation produced by a PWR for an outfall concentration o f  500 pCi/l 3tf  and 
0.5 pCi/l for other fission and activating products.

A precise determination can only be made, however, when all the parameters 
o f the particular ecosystem  in question are precisely known, this is, however, 
hardly ever the case in actual practice. In other words, simplifications always 
have to be made in the models and assumptions with regard to the parameters 
required to ensure that the actual radiation exposure is below the level established 
by corresponding simplifications or the estimated fictive level.

One further difficulty is that these assumptions not only have to take account 
o f current levels o f  utilization but also o f  all possible future levels o f  utilization, 
unless they can be safely precluded by the user for the life o f  the system. Never
theless, at present only the exposure paths in Central Europe have to be observed. 
However, there is a possibility that because o f  local conditions some exposure 
paths make only a negligible contribution to the radiation exposure.

Due consideration must be given to each individual radionuclide in each 
individual exposure path. The sum o f the individual values then represents the 
total exposure hazard for human beings.

The radiation exposure must be established for the total life o f  a nuclear 
energy system , which currently can be taken to be 50 years, i.e. the radiation 
exposure must also be established for the 50th year.

The following constitutes the relevant paths (Fig. 1 ) for means o f  exposure 
in Central Europe in flowing water:

For internal exposure

Consumption o f  fish
Cattle water (consum ption o f  milk and meat)
Sprinkler irrigation (consum ption o f  milk, meat and vegetables)



IAEA-SM-237/19 411

For external exposure

Water and sediment location.

The behaviour o f  radionuclides and their possible reconcentration in the 
relevant materials is described by the concentration or transfer factors which state 
the relationship between the activity o f  the nuclide in the relevant biological 
material and in water, related to the unit o f  weight.

As already m entioned, models are used to com pute the radiation exposure 
o f  human beings from the emission o f  radioactive waste products into the environ
ment, taking these ecological parameters into account. Whilst the models them
selves currently give rise to little difference o f  opinion, considerable disagreement 
exists between the experts as regards the selection o f  the parameters.

From the data for water as the path o f  exposure, using a set o f  standard 
parameters (Fig. 2) it will be seen that consumption o f  fish and contact with 
sediment especially contribute towards the overall exposure due to nuclear power 
station waste emission. It is thus particularly important to gain a precise knowledge 
o f the statistically verified ecological parameters for these paths. Gundremmingen 
is well situated for investigating these parameters.

The extent to which radioactive waste products are incorporated in fish can 
be influenced by a number o f  factors. The bioaccumulation o f  radioactive waste 
products is determined in som e cases by the simultaneous availability o f  corre
sponding stable nuclides o f  the same element or by elem ents that are chemically 
similar (carrier effects). The nature o f  the body o f  water concerned (e.g. sulphur 
content) or its temperature can also be relevant. Synergistic effects must also not 
be left out o f  a consideration o f  accumulation processes.

A more problematic situation is involved in the relationships relating to  
sediments where certain correlations are difficult to apply. The accumulation is
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TABLE I. AF FOR FISH MEAT

Nuclide X Error
(%)

N

К 1200 4 108

Mn 320 22 22

Co 160 10 105

Zn 250 19 23

Sr 30 9 111

Zr/Nb 200 10 90

Ru 170 12 68

Sb 160 10 64

Cs 190 8 133

Ba 170 36 10

Ce 130 9 63

Ra 120 11 92

strongly influenced by the content o f organic material and the ion-exchanging 
substances, the grain size o f  the sediment also playing a major role. In general, 
it can be said that the accumulation may depend on the chemical nature o f the 
radionuclides made available, which are usually introduced into the water in ionic 
or colloidal form, with very fast chemical reactions then usually occurring in the 
water.

It is very difficult, if  not impossible, to produce stringent mathematical 
equations to  establish the accumulation factors o f  the individual elem ents as a 
function o f  the various parameters for both media. In the ecological studies long
term observations are going on, usually to cover a period o f  50 years. Over this 
period the parameters to be established may very well change.

It would thus appear good practice to carry out consistent investigations on 
these materials in all larger rivers to  arrive at average factors as in the acquisition 
o f  hydrological data (e.g. establishing discharge flow) which describe the conditions 
in a river system over a lengthy period. For this purpose, the Bayerische Landes
anstalt fur Wasserforschung is carrying out radiological analyses in the river system
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TABLE II. AF FOR SEDIMENT

Nuclide X
Error
(%)

N

К 1500 5 123

Mn 2900 15 37

Co 2400 10 189

Zn 740 29 30

Sr 80 9 161

Zr/Nb 2100 10 138

Ru 1600 12 111

Sb 760 11 73

Cs 2800 8 184

Ba 480 18 40

Ce 2500 10 90

Ra 1800 7 104

o f  the Upper Danube with the assistance o f  the Ministry for the Interior. These 
are also designed to regularly establish the accumulation factors in fish and in 
sediments.

To date we have the results o f  11 years, obtained mainly in the area o f  the 
Gundremmingen Nuclear Power Station. The conditions at this location correspond 
to those currently present at all German nuclear power stations, i.e. medium-term  
changes in concentration due to long-life nuclear weapon fallout and short-term  
changes due to  nuclear power station emissions.

The fish investigated were mainly caught in the Danube downstream o f  the 
nuclear power station. To obtain samples o f  sludge a sediment collector was 
installed downstream o f  the nuclear power station, permitting sedim entation o f  
sufficient suspended particles on a meander principle (Fig.3). This collector was 
discharged once a m onth, m onthly mixing samples being available from the water 
for comparison.

Tables I and II list the average accumulation factors documented since 1967, 
presenting the corresponding nuclide concentrations in decanted water (relieved 
o f  coarse suspended particles) to that in biological materials. The period involved 
in the comparison was a maximum o f  6 m onths for fish and 1 m onth for sedim ent.
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FIG.4. Frequency distribution o f  radioactive accumulation factors in the meat o f  Danube 
fish, Gundremmingen (1967-1977}.
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FIG.5. Frequency distribution o f  radioactive accumulation factors in Danube sediments 
500 km downstream o f  the KRB outlet (1967-1977).
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The second column o f  the tables lists the arithmetic means o f  the number o f  
samples given in the fourth column. The radionuclide concentrations in the 
Danube were relatively stable over the period o f  observation, fluctuations o f more 
than 50% around the long-term average hardly occurring in mean values not listed 
here. This indicates a stable mean value, despite the fluctuations o f  individual 
results, as anticipated from the mean error o f  the average value also listed in 
colum n 3 o f  the tables, making up for more than 20% on only a few o f the samples 
involved.

Figures 4 and 5 show the frequency distribution o f  the accumulation factors 
for the elem ents Mn, Co, Sr, Ru and Cs both in fish and in sediment. The weighted 
values o f  the accumulation factors are entered in the abscissa, the values on the 
ordinate establish the percentual frequency with which the accumulation factors 
occur. The bracketed figures beside the names o f  the nuclides represent the average 
values (see Tables I and II) o f  the accumulation factors (identified by an arrow).

The frequency curve for the accumulation factors o f  manganese in fish do 
not yet present a normal distribution since the discrete values available are still 
not sufficiently numerous (see Table I: 22 values for Mn). The average value 
could change somewhat when more discrete values are available. Here the situation 
seems to be that o f  logarithmic distributions.

It would be basic good practice to carry out corresponding radioecological 
investigations in all river systems, to establish adequate long-term data for the 
various sites o f  nuclear plant and equipment.

DISCUSSION

A. HEFNER: With regard to your Tables I and II, giving the average 
accumulation factors documented since 1967, do you have the individual figures 
for each year? Since you stated that the fluctuations were only ~50% , I am 
wondering what the situation was when the Gundremmingen power station was 
not operating.

K. HÜBEL: Even when the Gundremmingen power station was not working, 
radioactive waste was being discharged, so that the concentrations in the Danube 
water, including the fallout, still fluctuated by only 50%.

A. HEFNER: Do you have any comparative accumulation factors for fish 
and sediment from any other o f  the riparian countries that might be o f  interest?
I ask this because I have heard that a joint working group to study this problem  
has been set up by a number o f  countries through which the Danube flows and
I think that the IAEA has also carried out a similar research programme.

K. HÜBEL: There are two working groups concerned with the Danube 
catchment area — one o f  which was set up under the auspices o f  the IAEA.
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In any case, the lower part o f  the Danube presents some difficulties and requires 
the use o f  the same sort o f  diffusion m odel as for coastal seawater.

Y. NISHIWAKI ( Chairman): The IAEA has convened two Advisory Group 
Meetings to study questions o f  mutual co-operation between countries in the 
Danube catchment area, one o f  which was held at Belgrade in 1975, and the other 
at Bucharest in 1977. There have also been two research co-ordination meetings 
on problems o f  the radioecology o f  the Danube river, one o f  which took place at 
Bucharest in 1977, and the other at Vienna in 1978.

The major topics discussed at these meetings were, I believe, the evaluation 
and definition o f  the radiological capacity o f  the river, summary accounts o f  its 
uses, radioactive release data, mutually acceptable dose and release limits, 
international monitoring system s and so on.

A third research co-ordination meeting is scheduled for August 1979 and 
will take place at Dobogóko in Hungary. Dr. Koeteles o f  the Division o f  Nuclear 
Safety and Environmental Protection is the officer responsible for this meeting.

B. FRANKE: Mr. Hiibel, which parameters did you use to calculate your 
doses in Fig. 2?

K. HÜBEL: We used the official parameters recommended by the German 
Radiological Protection Commission in the Regulatory Guide for 1977.

P.L. VARGA: The radioactive concentration o f  sediment is conditioned  
by the depth o f  the water under investigation. At which depth did you make 
your measurements?

K. HÜBEL: We used the sediment collector shown schematically in Fig.3 
to take our samples. These are fresh sediments which are dredged once a month. 
There are o f  course some effects due to the sedim entation rate, density and so 
forth.

We have taken control samples in the vicinity, but have not found any 
differences in the order o f  magnitude at varying depths.

Yu.I. MOSKALEV: When fish is used for food, for example, to make fish 
soup, a lot o f  the activity is boiled out o f  the skeleton and may find its way into 
the human organism. It is therefore important to know the accumulation factors 
not only in the meat o f  the fish, but also in its scales and bones. Did you measure 
the concentration levels in these tissues?

K. HÜBEL: Yes, we also measured the accumulation o f  radionuclides in the 
fish skeleton as a means o f  determining their behaviour in the environment, but 
for radiation protection purposes we consider that only the edible parts o f  the 
fish are important. The fish species inhabiting the Bavarian section o f  the Danube 
tend to be the large type, the bones o f  which are never eaten.

O.L.J. VANDERBORGHT: I should have thought it would be better to  
measure first the whole fish and then the fish meat in view o f  the fact that the 
cooking solubilizes the radionuclides from the skeleton and scales.
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K. HÜBEL: We do take that fact into account to some extent because in 
preparing the samples for measurement we ‘braise’ the fish before the bones and 
scales are removed.

B.W. EMMERSON: This is actually an important point because although 
the skeleton o f  the fish may not be considered edible in, say, Germany or Austria, 
the same does not apply universally. There are certain countries, for example in 
South East Asia, where the whole fish is dried, ground to a powder and made into 
an edible dish.

I should like to ask whether your data were the result o f  a pre-environmental 
or a post-environmental survey? When a nuclear facility is to be sited in a locality  
where it will be releasing effluents into a waterway that passes through several 
countries, the pre-operational environmental survey becom es increasingly important.

K. HÜBEL: Regarding your first point, we have only taken the circumstances 
in Central Europe, or to be more exact, the Bavarian Danube, into account.

The data I have presented are the result o f  work started in 1967, when the 
plant began operating. In the years prior to that we made nuclear weapon fallout 
studies. In the Federal Republic o f  Germany it is required by law that pre- 
operational surveys be carried out for a number o f  years in the case o f  all nuclear 
plant sitings.

F.J. van WERVEN: Do you  have any information on the age or movement 
o f  the sampled fish in the river which is relevant to the accumulation factors you  
have presented?

K. HÜBEL: Since we are concerned only with the large species, the age o f  
the fish ranges from three to five years.

As regards m ovem ent, the section o f  the Danube where the Gundremmingen 
reactor plant is located has a water-confining structure which prevents the fish 
leaving the area into which the radioactive effluents are released.

J. SAS-HUBICKI: Different species o f  fish have different concentration  
factors, for example the factors for pike are higher than for carp. I think this 
fact should be taken into account.

K. HÜBEL: I agree that there are differences in the accumulation o f  radio
nuclides by different species o f  fish. The highest factor would be found in 
predatory fish. I have taken average values since in our study we are considering 
a rather long period, namely ~ 5 0  years. During that time the population will 
have consumed all kinds o f  different fish.

Y. NISHIWAKI ( Chairman)'. The com m ents on this paper remind o f  the 
discussions we had 25 years ago at the time o f  the Bikini Accident in Japan.

Early in the morning o f  1 March 1954 a Japanese fishing boat, the Daigo 
Fukuryu-Maru, while engaged in fishing 8 0 —90 miles east o f  Bikini A toll in the 
South Pacific, was accidentally showered by highly radioactive fallout from a 
hydrogen bomb test nearby.
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According to the statements made by the crew, a whitish dust -  the highly 
radioactive fallout -  began to fall like snow at about 7 a.m., a few hours after 
they had seen the expanding fireball o f  the explosion in the west and had heard 
the detonation a few  minutes later. The dust continued to fall for about five 
hours and when at its peak was so thick that they were unable to keep their eyes 
open. The crew did not know, o f  course, that the dust was strongly radioactive 
and som e o f them are thought to have tasted it to see what it was. Fishing had 
to be abandoned and the ship set sail for its hom e port in Japan, arriving there 
two weeks later. Although the entire crew was kept under strict medical super
vision, one o f  the crew members died on 23 September 1954 in a T okyo hospital.

The coral calcium seems first to have been evaporated by the explosion and 
later to have condensed, forming a highly radioactive whitish dust, which included 
fission products and other radioactive materials. The particles ranged from 0.1 to
0.5 mm in diameter and the gross radioactivity o f  the dust at the time it fell on 
the boat is estimated to have been ~  1 Ci/g. I was among the first Japanese 
scientists to identify the high radioactivity in the fish brought back by the 
fishermen. The contamination ( 0 .1 -1  ¿tCi/cm2) was found m ostly on the skin 
or scales o f  the fish. It was difficult to wash it o ff  the scales com pletely with 
ordinary water. Fish caught some time later in the South Pacific and brought 
back to Japan by other fishing boats showed much less contamination on the 
surface, but higher internal contamination.

At that time there was considerable discussion o f  permissible levels, based 
on comparison with the natural background risks. Some o f  the points raised 
were as follows: ( 1 ) if  there is a threshold in the initiation o f  specific effects, 
the permissible level should be kept below the threshold; (2) the exposure due 
to radioactive contam ination should be kept within the deviation o f  natural 
background exposure — the possible effect, whatever it may be, will then be 
below  a significant level; (3) if  som e specific biological effect o f  the radioactivity 
is known, the permissible level should be kept below the level at which the 
estimated effect due to consum ption o f  contaminated food remains within the 
deviation o f  the natural background effects for the same or similar type; and (4) 
exposure up to a level twice the natural background exposure level, at places 
where no known deposits o f  highly radioactive ores or minerals exist, is permissible 
if  the fraction o f  the population consuming the contaminated food is not too large.

In spite o f  the discussion o f  these basic points by the scientists, emphasis 
seems to  have been placed, in the decision-making process, on the fact that the 
first contaminated fish were found to emit strong beta radiation, mainly from the 
surface, but to show little internal contamination; hence the Japanese Government 
tentatively fixed the level for rejection o f  the contaminated fish at 10 counts/m in, 
as measured 10 cm from the surface by means o f  a beta-ray counter with a 
3.5 m g/cm 2 mica window, plus a 2.5 m g/cm 2 plastic cover to protect the thin 
counter window. The natural background count for this counter was ~ 3 0  cpm.
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When a large quantity o f  foodstuff or drinking water is contaminated 
unexpectedly, one must weigh the nutritional food requirement or acute 
physiological need for water by the population against the possible risks associated 
with the consumption o f  the contaminated food or water when taking an emergency 
decision.

In view o f  the Japanese experience, I think that in the case o f  an international 
river like the Danube, flowing through so many countries, it is extrem ely important 
to  ensure adequate co-ordination between all the riparian countries on safety 
measures to be taken in the event o f  accidental contamination o f  its waters.
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