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INTRODUCTION 
D u r w ~  the past days of this symposium we have 
been privileged to hear reports of the intensive 
and sophisticated research being conducted, 
not just in this country but in other countries 
as well, on the biological properties and 
implications of the transuranium elements. 
From the number and quality of papers 
presented, it appears quite certain that the 
transuranium elements in general and plutonium 
specifically are or will be the most thoroughly 
studied of the valuable but potentially harmful 
substances to be introduced into man's ever- 
expanding industrialized society. This perhaps 
is as it should be because it has been known for 
over 70 yr that radiation and radioactive 
materials can produce deleterious biological 
effects, and projections of the role of these 
useful substances in man's future economy are 
a bit staggering to say the least. Havingspent 
almost my entire career involved in one way or 
another with the biological effects and proper- 
ties of plutonium, this presentation is addressed 
primarily to this member of the transuranium 
family and some of its implications for man. 

PLUTONIUM IN THE FUTURE 
SEABOR&), in a talk presented at the Fourth 

International Conference on Plutonium and 
Other Actinides in Santa Fe, New Mexico, on 
5 October 1970, projected the possible role 
plutonium may be expected to play in our 
economy over the next 3 decades. Table 1 is an 
attempt to tabulate his projections, which were 
based in part on the Federal Power Commission's 
predictions of the nation's future power require- 
ments and the increasing percentages of that 
power that will come from nuclear sources. He 
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visualized that the annual production rate of 
839Pu will increase from about 20,000 kg in the 
1970-1980 period to 60,000 kg in the 1980-1990 
decade and to 80,000 kg in the period 1990- 
2000. Based on current trends in the space 
program and visualized applications in the 
biological and medical field, he postulated that 
the rate of production and use of =*Pu could 
increase from 10 to 20kg in the 1970-1980 
period to 100 kg in 1980-1990 with the amount 
in use in power sources for mechanical heart 
pumps reaching perhaps 6000 kg near the turn 
of the century. This is a staggering amount of 
p8Pu when one puts it in terms of =9Pu equiv- 
alents by multiplying by a factor of - 275, the 
ratio of their specific activities. Seaborg 
visualized also that the production rate and 
utilization of the transplutonium isotopes of 
e4aCm and 252Cf could reach 200 and 3.5 kg 
per yr, respectively, by the yr 2000. These are 
not inconsequential amounts of radioactivity 
when one considers that the half-life of *aCm 
is 18 yr and of 252Cf, 3.5 yr. 

Role of *Tu in future power production 
The trend in annual rate of production of 

reflects, of course, the increasing national 
power needs over the next three decades before 
commercial thermonuclear energy production 
may become a technical and economic reality. 
The first reactors to supply commercial power 
utilized only the 235U constituting approxi- 
mately 0.7% of natural uranium. Their 
inefficient utilization of the nation's natural 
resources of uranium eliminates them as a 
candidate for meeting the nation's expanding 
power needs. The current generation of power 
reactors [Light Water Reactor (LWR)] is 
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Table 1. Plutonium economy of the future 

Annual production and/or in w e  (kg) 
Time period: 1970-1980 1980-1990 1990-2000 

Plutonium-239 
Power production 20,000 60,000 80,000 

Plutonium-238 
Space applications 10-20 100 - 
Medical applications - 5 6OOo 

Curium-244 40 180 200 
Californium-252 0.1 0.8 3.5 

Transplutonium isotofis 

based on a plutonium-enriched fuel cycle. 
Plutonium produced during operation is sepa- 
rated and added back to the fuel, resulting in 
about one-third of the total heat output coming 
from plutonium fission with production of more 
plutonium for recycling. This recycling of the 
by-product plutonium increases the efficiency 
of utilization of the nation's uranium resources 
but still requires substantial amounts of new 
natural uranium. The next generation of 
reactors is already a subject of extensive 
research and development by both the AEC 
and industry. This generation is the Liquid 
Metal Fast Breeder Reactor (LMFBR) and 
utilizes the energy inherent in =W. Such a 
reactor will breed z?sPu from zasU and will 
derive about 80% of its energy output from 
msPu fission and the other 20% from fast 
fission of e38U, while producing enough addi- 
tional plutonium to provide fuel for new reactors. 
This progression of power output through 
increased production and utilization of =sPu 
accounts for the increasing rate of production 
of the latter as projected by Seaborg and 
concurrently for its implications to man, both 
biologically and materially. 

Role of "BPu in the future 
The potential for production of e38Pu will 

increase directly with increasing production of 
nuclear power. In many respects e38Pu is an 
ideal fuel for reliable thermoelectric generators 
having a high ratio of power output to weight 
and volume. Such generators are finding and 
will continue to find numerous novel and 
unique applications as production capability 

and cost of essPu become more and more 
favorable. 
Space applications. The fuel capsules for 

thermoelectric generators for space applications 
may contain thousands of curies of BePu in 
the oxide form and have outputs of thousands 
of watts of thermal power. Three of these 
devices are already powering experimental 
stations on the moon (Apollos 12, 14 and 15), 
and a fourth (Apollo 13) resides intact in the 
deep trench of the South Pacific Ocean. Other 
similar "8Pu oxide heat sources are providing 
power for orbiting weather and navigational 
satellites. Undoubtedly these applications will 
increase and new ones will develop over the 
next two decades such as power supplies for 
condensers of biological wastes on long-duration 
manned space missions and orbiting space 
stations. Other foreseeable space needs during 
the next decade or so are for power supplies on 
non-manned planetary fly-bys and landings 
such as the Grand Tour of the planets and the 
Viking program already in the planning stage. 

Biological and medical applications. Some of the 
most novel and intriguing applications of s8Pu 
sources are in the realm of biology and medicine. 
One already beginning to be applied is as a 
battery for circulatory-assist devices, an example 
of which is the heart pacer. In  this application 
each device requires about 0.5 g of plutonium 
as the oxide. The most imaginative application 
of n8Pu in medicine is that of a power supply 
for a mechanical pump to totally replace the 
human heart. In this case, each mechanical 
heart would require about 54g of u8Pu as 
z?8Pu1s02. The reason, of course, for using 
the oxide in such applications is to lower 
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the neutron exposure of the recipient by 
eliminating the a, n reaction that occurs with 
normal abundance 170. If the formidable 
biological, medical and mechanical problems 
of this application can be overcome in the 
1990-2000 period, Seaborg visualizes that 
there might be as much as 6000 kg of m*Pu 
co&tted to -this use by 'the turn of the 
century. 

BIOLOGICAL IMPLICATIONS OF 
PLUTONIUM FOR MAN 

Animal experiments, beginning with the 
first injections of plutonium into rats in April 
1944 by HA MILT ON(^) and his colleagues at  
the University of California, have shown 
unequivocally that this material, taken into 
the body in sufficient quantity, will produce 
undesirable effects (including cancer) in animals 
and undoubtedly in man. If the role of 
plutonium in our future economy is to remotely 
approach the projected levels, there must be a 
continuing program to prevent its unacceptable 
buildup in man and his environment. One can 
visualize a number of ways whereby plutonium 
may be discharged advertently or inadvertently 
into the environment. Potentially at least, 
nuclear power plants can disperse plutonium 
into the environment through improper dis- 
charge of gaseous and liquid effluents and 
through accidents that disrupt the integrity of 
containment. Plutonium processing and fab- 
rication plants can contaminate the cnviron- 
ment through improper gaseous, liquid and 
solid waste management and through accidents 
such as facility fires and storage and trans- 
portation mishaps involving the raw materials 
as well as the processed or finished products. 
Plutonium-238 thermoelectric generators can 
be involved also in fabrication, transportation 
and deployment accidents. As examples, space 
power generators could be involved in launch 
pad explosions, launch aborts and orbital decay 
with reentry and atmospheric burnup or impact 
disruption. Contaminated waste management, 
of course, is of paramount importance in 
controlling environmental contamination. 

These potential modes of environmental 
contamination are tabulated in Table 2. This 
presentation, however, is not meant to be a cry 
of doom and gloom but, rather, quite the 

. 
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Table 2 .  Potentialities fm environmental plutonium 
dispnJnl 

Power reactors (=9Pu) 
Effluent discharge (waste management) 
Accidents 

Thmnoclcchic . . .  and 0 t h  sources . .  (UBPu, - WCm, s52cf) - -  . 
. .. 

Fabrication 
Transportation (raw material, product) 
Deployment 

Processing piants 
EfRuent discharge (waste management) 
Transportation (raw material, product) 
Fires and other accidents 

contrary. The potential hazards of plutonium 
were recognized almost from the beginning, 
and concerted efforts on the part of such 
pioneers as R. Abrams, A. Brues, S. Cantril, 
K. S. Cole, M. Finkel, R. Finkle, J. G. Hamilton, 
L. 0. Jacobson, H. Lisco, E. Painter, H. M. 
Parker, J. E. Rose, K. G. Scott, R. Zirkle and 
others were directed toward establishment of 
plutonium protection criteria. 

Development of plutonium protection m'tm'a 
The quantitative studies of early radium 

exposure cases during the 1930's by  EVANS,(^-^) 
AuB(~)  and MARTLAND('-') are the most 
important factor in establishment of present 
exposure guides for plutonium as well as all 
other bone-seeking radionuclides. Evms(1O) has 
continued the follow-up and measurement of 
known cases of radium exposure and currently 
has observations on over 650 cases. Only by 
knowing the body burdens in exposed individuals 
with and without overt signs and symptoms of 
radium poisoning could an approach be made 
toward establishing a harmful level. The early 
observations of human cases of radium exposure 
indicated that signs of damage and even death 
may occur with body burdens as low as 1 pg of 
radium fixed in the bone for several years. These 
early observations were not referenced until 
1943;(11) however, they were used in 1941 as the 
basis for the first recommendation of 0.1 pg as 
the tolerance dose for radium [National 
Bureau of Standards Handbook H-27](12)-g 
value that is still accepted. It was recommended 
also that the radon concentration in the atmos- 
phere of workrooms should not exceed lo-" 
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Ci/l. The establishment of 0.1 pg as the 
tolerance dose for radium (which has provided 
the basis for presently accepted protection 
standards for plutonium) occurred only two 
months after the discovery of plutonium and 
only 18 months prior to the first demonstration 
of a sustained nuclear reaction. 

At the beginning of 1943 (when the Manhattan 
District’s Plutonium Project was just getting 
underway), only three tolerance values for 
occupational exposure to radiation and radio- 
active materials had been established: 0.1 ‘/day 
for external X- and gamma-radiation, 0.1 pg 
of radium as the maximum allowable body 
deposition and 1 x Ci/l. of radon in the 
air of workrooms. The unit of external radiation 
exposure was the roentgen and applied only to 
X- and gamma-rays. 

On 5 January 1944, G. T. Seaborg wrote 
a letter to R. S. Stone pointing out the 
potential hazards of working with plutonium. 
In  t h i s  letter he suggested that ingestion of as 
little as 1 mg or less might be very harmful and 
that amounts as small as a few tens of micro- 
grams might have biological consequences. As 
far as this author knows, this is the first time 
anyone dared hazard a guess as to how much 
plutonium might be of biological significance. 
Ten days later he wrote to Stone calling 
attention to the article by  EVANS(^^) on radium 
toxicity in the Journal of Industrial Hygiene 
and Toxicology and urging that allocation 
of 10 mg of plutonium (product) to J. G. 
Hamilton at Berkeley for metabolic studies in 
animals be given the highest priority. The 
material was delivered on 10 February,‘”) and 
the Metallurgical Laboratory’s progress report 
for February(14) contained the following brief 
announcement: “Product studies-oral absorp- 
tion of all valence states is less than 0.05%; 
lung retention high; absorbed material pre- 
dominantly in the skeleton; excretion very 
small in urine and feces.” The work reported 
in this curt announcement coming only a few 
days after receipt of the plutonium was the 
first contribution of plutonium animal experi- 
mental data to the establishment of current 
protection criteria. The importance of these 
first animal experiments to the development of 
present plutonium protection levels can hardly 
be overemphasized. They delineated the prob- 

lem: plutonium, Iike radium, concentrated in 
bone and would be expected to produce similar 
types of bone lesions, including osteogenic 
sarcoma, its initial rate of elimination may be 
much slower than radium, its fixation in the 
lungs may be much higher and its absorption 
in all valence states may be much less. Sub- 
sequent experiments by Hamilton’s group and 
others confirmed these expectations and provided 
more quantitative information. 

On 19 January 1944, Stone reported the 
plutonium toxicity problem Wore a Project 
Council meeting,(15) pointing out that 1-2 pg 
of fixed radium in the body had been fatal and 
that plutonium may be less toxic by a factor of 
about 50. On this basis, 5pg  (0.3pCi) of 
stored plutonium was proposed as the tolerance 
level. This appears to be the first documented 
report of a direct comparison between radium 
and plutonium toxicity, and undoubtedly it 
was made on the basis of equivalent alpha 
energy deposition between radium and plu- 
tonium based on the s6Ra decay scheme at the 
time, assuming about 50% exhalation of radon 
by man.(5) 

In  the Clinton Laboratories report for the 
month ending 29 April 1944,(1s) H. M. Parker 
proposed a tentative plutonium air tolerance 
of 5 x pg/cms (3 x 10-u pCi/cms) for a 
I-yr exposure based on a comparison with the 
0.1 r/day tolerance exposure for X- and gamma- 
rays. He assumed 50% retention of dust from 
the inhaled air. For heavy-particle radiation 
he assumed the tolerance dose to be 0.01 repkday 
(twice as damaging as neutrons, 10 times as 
damaging as X-rays). From these assumptions 
and the assumption of uniform distribution 
over the entire lung surface (-8 x lo6 cm2), 
he calculated that the lung tissue would receive 
0.01 rep/day when the lung burden reached 
0.64 pg (0.04 pCi). Assuming no elimination 
mechanism from the lungs, a person could 
breathe air containing 4.3 x 10-lo pg/cms for 
1 yr before building up to a lung exposure of 
0.01 rep/day. 

With increased availability of plutonium 
from the Clinton pile, a number of important 
animal toxicity experiments were started during 
the second half of 1944. FINKLE(~’) and 
 PAINTER(^^) started injecting toxic amounts 
of plutonium into rats, mice, rabbits and dogs. 

_- 
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These experiments were the beginning of 
attempts to compare the metabolism and toxicity 
of plutonium with radium and, through animal 
experimentation, to provide better guidance for 
the protection of those working with plutonium. 

By the first of March 1945, urine assays were 
being applied both at Chicago and Los Alamos 
in attempts to estimate exposure of- personnel. . 
to plutonium. Body burden was estimated on 
the assumption that the excretion rate in man 
was the same as that for the rat and rabbit and, 
at about 20 days after exposure, reached a 
steady state at O,Ol% of the body burden per, 
24 hr.: In  April, tracer studies in hopelessly ill 
subjects were initiated through both the 
Chicago and Los Alamos Laboratories (and a'  

' little later at the Radiation Laboratory at 
i Berkeley) to establish the human urinary, 
' excretion rate.(lg) Late in March a meeting, 
i was held at Los Alamos with Dr. Hymer! 

Friedell representing Dr. Stafford Warren 
, (Medical Director of the Manhattan District) ' 

to discuss these early results. Other participants 
were Drs. L. H. Hempelmann (Leader of the 
Los Alamos Health Group), J. W. Kennedy 
(Leader of the Los Alamos-Chemistry Division) 

3 and W. - ... H. - Langham,:Based largely on-appre- . 
hension over the autoradiographic studies of 
J. G. Hamilton's group at  Berkeley (showing 
that plutonium distribution in bone was much 
more nonuniform than was radium), the decision 
was made to introduce a safety factor of 5 and 
to lower the maximum allowable plutonium 
body burden from 5 to 1 pg (0.06 pCi). S. T. 
Cantril and H. M. Parker (by now at Hanford) 
chose to introduce a safety factor of 10 and 
introduced a provisional body burden of 0.5 pg 
(0.03 pCi) for the Hanford Operations. In  a 
memorandum report to Cantril dated 4 August, 
1945, PARKER(~)  proposed a tolerance concen- 
tration for plutonium in plant and village 
drinking water. The tolerance concentration 
in village drinking water (- 10-6 pg/cm3, 
6 x lo-' pCi/cms) was based on a maximum 
allowable body burden of 0.5 pg, a 60-yr 
effective exposure time, a plutonium absorption 
rate of 0.05% and a water intake of 5 l./day. 
The plant water tolerance (5 x 10-6 pg/cm3 
or 3 x pCi/cm3) was based on the same 
allowable body burden, a working exposure 
time of 30 yr and a daily water intake of 2 1. 

1 .  

Thus, during the period 1943 through July 
1946 (when the AEC was established), health 
protection standards for the Manhattan Dis- 
trict's plutonium operations evolved from no 
standards at all to tentatively accepted values 
for the maximum allowable body burden and 
tolerance concentrations in air and water. The 
&mum. allowable -body-- burden. was base&- 
on comparison of energy deposition from 
plutonium and 0.1 pCi of radium with a safety 
factor of 5 or 10 as a precaution against the 
difference in distribution between radium and 
plutonium in bone. The comparison axio- 
matically designated bone as the critical organ. 
The air tolerance concentration was based on a 
comparison of dose to the lung from uniformly- 
deposited plutonium with X- or gamma-ray 
exposure in which it was assumed that 0.01 
rep/day of alpha radiation reached in 1 yr was 
equivalent to 0.1 r/day of X- or gamma-rays. 
The water tolerance concentration was based 
on rate of intake that would result in the 
maximum allowable body burden in the 
appropriate time frame. When adjusted for 
exposure time, these values are not vastly 
different from those in use today. 

In  1946 the plutonium toxicity, inhalation 
and metabolic studies initiated earlier began to 
bear fruit in the form of classified summary and 
interpretive reports.(2*17*18*21-23) The first open 
disclosure of plutonium as a potential industrial 
hazard goes perhaps to Drs. Austin Brues, 
Hermann Lisco and Miriam Finkel. This 
disclosure was in a manuscript entitled "Car- 
cinogenic Action of Some Substances which may 
be a Problem in Certain Future Industries," 
declassified on 31 July 1946.'") 

On 29 and 30 September 1949, the first 
Tripartite (USA, UK and Canada) Permissible 
Doses Conference was held at Chalk River, 
Ontario. At this meeting Dr. Brues reported 
that comparative toxicity studies in mice and 
rats at the Argonne National Laboratory 
suggested a toxicity ratio between equal micro- 
curie amounts of plutonium and radium of 
approximately 15-1. On this basis, the con- 
ference adopted a plutonium body burden of 
0.1 pg (0.006 pCi) and calculated the come- 
sponding maximum levels for air and water. A 
meeting in Washington D.C., was called on 25 
January 1950 by Dr. Shields Warren to decide 

- - 
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whether the USA-AEC would adopt the Chalk 
River recommendations, since the view held by 
some was that they were too restrictive. At 
t h i s  meeting Dr. Brues pointed out that the 
15: 1 toxicity ratio of plutonium to radium (on 
a pCi basis) indicated by the Argonne rodent 
studies was based on injected dose; however, 
plutonium retention in the rodent.was .75%-- 
compared to 25% for radium, and radon 
retention in the rodent was 15-20% compared 
to about 50% in man. Assuming the fixed 
minimal damaging dose of radium in man was 
1 pCi and taking the above retention parameters 
into consideration, the comparable fixed mini- 
mal damaging dose of plutonium would be 
about 6 pg. That is: 

l p C i R a =  

1 - x - [  15 0.25 4.8 + 0.15(5.5 + 6.0 + 7.7) 
1 0.75 4.8 + 0.5(5.5 + 6.0 + 7.7) 

= - 0.4 pCi (6 pg) Pu, 

where the numbers in brackets represent the 
ratio of energies imparted to man and rodent 
from radium and its retained decay products. 
As a result ofthe meeting, Dr. Warren announced 
that the AEC operations could proceed on the 
basis of a maximum permissible plutonium body 
burden of 0.5 pg (equivalent in effect to about 
0.1 pg radium) and the maximum air and 
water concentrations derived accordingly. 

In May 1950 the Canadian vemion of the 
Chalk River Permissible Doses Conference was 
issued.(3s’ This report was considered to be the 
final as it was modified in accordance with 
suggestions received from the various delegates, 
including Dr. Brues’ modification of the 15-1 
toxicity ratio of plutonium to radium. In the 
Argonne National Laboratory’s Quarterly Re- 
port for February, March and April 1951 ,(26) 

Dr. Brues summarized as follows the animal 
data on which the 0.04pCi maximum permis- 
sible plutonium body burden for man was based : 
“The toxicity ratio between radium and pluto- 
nium has been evaluated from the data of a 
large number of experiments. The best avail- 
able ratios, in terms ofinjected pc per kg radium 
to plutonium, are: 

(1) for acute toxicity to small animais, 15 
(2) for chronic survival, 10 

(3) for formation of bone tumors in rats and 

(4) for formation of bone tumors in rabbits, 8 
(5) for bone fractures in rats and rabbits, 

about 10. ” 

“Making appropriate allowance for relative 
retention of the-two elements in rodents and 
for the greater retention of radon in man, a 
maximum permissible retained dose of 0 . 0 4 ~ ~  
plutonium in man is the best value available 
from present biological information. This 
value depends ultimately on the corresponding 
permissible dose of radium, presently established 

On the basis of the relative biological effects 
of plutonium and radium as observed in animal 
experiments, the 1951 Recommendations of the 
ICRP [issued 29 June 1951, as National 
Bureau of Standards Handbook H47](*’) called 
attention to the use by the USA, UK and 
Canada of 0.04 pCi as the maximum permissible 
amount of zsOPu fixed in the human body. That 
is the story of the development of the cumntly 
accepted occupational d u m  permissible 
body burden for plutonium. 

In 1950-1951 the AEC’s Division of Biology 
and Medicine realized the necessity for long- 
term chronic plutonium toxicity studies in a 
long-lived animal species. This was the 
beginning a t  the University of Utah School 
of Medicine of plutonium toxicity studies in 
beagles. We have heard at this symposium 
reports of excellent information that has been 
forthcoming from this project. This is prob- 
ably the only time in history that an experiment 
on the toxicity of a potentially dangerous 
substance to man has been funded uninter- 
ruptedly for a period of over 20 yr. At approxi- 

was started, plutonium inhalation studies in 
dogs were started at  the University of Rochester 
School of Medicine and Dentistry, and later 
such studies were introduced by W. J. Bair 
and colleagues at Hanford (now Battelle- 
Northwest Laboratories). Again, we have heard 
at this symposium- outstanding reports of 
inhalation toxicity studies by t h i s  group. These 
long-term projects have contributed and will 
continue to contribute to our better understand- 
ing of the implications of plutonium for man. 

mice, 15 

- 

as 0.1 pc.,, 

mately the same time the Utah dog project s 

.- 
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It is my contention that we know more about 
the physiology, toxicology and industrial medi- 
cal control of plutonium than any other 
element in the periodic table and that the 
implications of plutonium and, for that matter, 
the other transuranic elements for man need 
in no way be pessimistic. Further knowledge 
of the-biolegical effects of these useful-substances, 
will be forthcoming as evidenced by the 
presentations at this symposium. The preven- 
tion of environmental contamination will rely 
on sound, effective engineering. This effective 
engineering will be under continual sweillance 
with appropriate and practical methods of 
monitoring contamination levels in man and 
his environment. This does not mean, of 
course, that we know now all that we need to 
know. 

Practical problems f o r  the future 
With the projected role of plutonium and 

the other transuranics in our future economy, 
work will have to continue on their biological 
effects, their engineering and health physics 
control and a variety of other problems both of 
a practical and basic nature. The most basic 
of all problems involves the radiation induction 
of malignant transformation at the cellular level. 
This is basic not only to radiation but to the 
very cause of cancer itself. Other problems of 

more immediate concern involve the environ- 
mental distribution of plutonium and its 
entrance into man himself. Figure 1 shows a 
schematic representation of the transmission of 
plutonium along the food chain from soils to 
man. Because of the sensitivity of detection in 
air, water and other segments of the environ- 
ment and .the .magnitude of the .discrimination 
factors along the food chain (minimum dis- 
crimination of the order of lo*), it is almost 
inconceivable that environmental contamina- 
tion would be allowed to approach harmful 
levels from ingestion. The discrimination 
factors, however, are order-of-magnitude 
estimates, and additional refinement would 
certainly be desirable. In addition, a better 
understanding of the transport of plutonium 
along aquatic chains should be pursued. 

Figure 2 shows a schematic representation of 
direct exposure of man by inhalation of atmos- 
pherically-suspended plutonium. There are 
two modes of exposure, the first being inhala- 
tion of particles from the primary contaminating 
source prior to surface deposition and the second 
inhalation of particles resuspended in the 
atmosphere from the contaminated surface 
subsequent to deposition. In the first case, the 
material to which the subject is exposed is 
already suspended [that is, the suspension 
factor (S,) is unity]. Conceptually, at least, 

FIG. 1. Schematic representation of the steps along the food chain from soils to man. 
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FIG. 2. Schematic representation of direct utpoSure of man via inhalation of atmospherically- 
suspended plutonium. 

estimation of exposure under t h i s  condition is 
easier than for the second, since exposure is de- 
pendent on air concentration at the point of 
interest, particle size distribution, inhalation 
rate, time of exposure and chemical form of the 
plutonium. Of course, if one wishes to relate 
exposure back to the primary source term (e.g. 
discharge from a processing plant stack), the 
problem is far more complex. The problem now 
requires consideration of a long list of additional 
variables involving meteorological factors and 
physical aspects of the specific incident. The 
second mode of exposure, inhalation of resus- 
pended material, is complicated even further 
by introduction of even more variables, some 
of which are poorly defined if at  all. This mode 
of exposure is represented on the right of Fig. 2. 
The problem now is to estimate inhalation 
exposure of an individual living in a con- 
taminated area for a life time or any fraction 
thereof. Undoubtedly, exposure will depend on 
how much of the source term (in this case, the 
amount of plutonium deposited on the surface) 
gets resuspended into the breathing zone [that 
is, the resuspension factor (R , ) ] .  R, is dependent 
on a staggering number of interrelated variables 

involving ill-defined phenomena that within 
themselves vary from place to place and with 
time. Among these are nature of the contami- 
nated surface (soil type, vegetative cover, 
asphalt, etc.) and local micrometeorology (tur- 
bulence, wind velocity, rainfall, etc.). In 
addition, the fraction of the source term 
(amount deposited) available for resuspension 
varies with time a t  some rate interrelated to 
such other factors as soil type, vegetative cover, 
rainfall, etc. This attenuation of the source 
term is designated as 1, in Fig. 2 and has been 
estimated at - 40 days for prevailing conditions 
at the AEC's Nevada Test Site. I n  case these 
are not complications enough, still another is 
the amount of local physical activity (vehicular 
traffic, grazing cattle, plowing, etc.) in the 
area which, incidentally, will also perturb 1,. 
At present at least, it is virtually impossible to 
calculate exposure in this situation from first 
principles. 

Chronic inhalation of material discharged 
directly to the atmosphere or resuspended .- 
from accumulated deposition and the long- 
term effects of such inhaled material on the 
lungs, lymph nodes and liver are the pressing 
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FIG. 3. Autoradiograph of ceramic microspheres of ZrO, loaded with 238Pu0,. 
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FIG. 4. Photomicrograph ofhamster lung section shotvmg a single 10-pm microsphere in 
alveolar sac near termination of the cuboldal epithelium in a respiratory bronchiole. 



problems for the immediate future. The onco- 
genic risk of long-term retention of discrete 
plutonium particles in these tissues cannot be 
assessed unequivocally at the present time, 
although the problem was recognized at the 
Chalk River Permissible Doses Conference in 
1949(2s) and has been considered by the NCRP 

Although it may be considered in bad taste 
to talk of work in the planning stages, I would 
be out of character if I did not mention some 
of the work in progress at  the L O ~  Alamos 
Scientific Laboratory relative to biological 
response to insoluble microparticles of radio- 
active materials (primarily plutonium) in the 
lung and other tissues. The primary objective 
is an experimental design which will facilitate 
interpretation of results at  the cellular level and 
will permit extrapolation to other mammals, 
other organs and other radiation. I t  is hoped 
that tumor probability can profitably be 
expressed as a function of the distribution of 
dose over the cell population at  risk and, there- 
fore, the exposure conditions are chosen to 
simplify the problem of evaluating this dose 
distribution rather than to conform in detail to 
a realistic inhalation exposure. Thus, all 
particles used have identical activity, they are 
quantitatively retained and there is minimal 
movement once they are lodged in the lung. 

The particles are very uniform ceramic 
microspheres of ZrO, with a diameter of 10 p m  
and a coefficient of variation in volume of less 
than 4%. These are loaded with levels of 
plutonium corresponding to pure 238Pu0, 
particles in the size range 0.1-1 .O pm. Figure 3 
is an autoradiograph of some of these micro- 
spheres. The sphere diameter was chosen so 
that, following jugular injection, the spheres 
are quantitatively retained in the capillary bed 
of the lung. Figure 4 is a photomicrograph of a 
typical hamster lung section showing a single 
10-pm sphere in an  alveolar sac near the 
termination of the cuboidal epithelium in a 
respiratory bronchiole. Detailed studies of 
distribution of the particles show that they are 
randomly spaced throughout the lung. The 
number of spheres per animal is kept low 
enough (2000 for the hamster) to prevent 
significant overlap of radiation fields so that 
the effects will be due to single-particle irradia- 

and ICRP in subsequent years. ~ . . -- . - - 
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tions. The lung burdens cover the range from 
0.1 to 100 nCi of plutonium. 

These experiments are being coordinated 
with inhalation kinetics and effects studies 
being conducted by the Fission Products 
Inhalation Laboratory at the Lovelace Founda- 
tion and at Battelle-Northwest in which beaglts 
are being s p e d  via direct inha.lation*-~Fuxxi-.-. .- 
these joint studies it is hoped that mathematical 
models can be constructed that will permit 
probabilistic assessment of the oncogenic risk 
from inhalation of discrete particles ofplutonium 
and other transuranic elements. Results of this 
endeavor, in combination with information 
gained from the farsighted Transuranium 
Registry that has been described at this sym- 
posium, will afford an ongoing assessment of the 
biological implications of these substances for 
man. The future safe handling and use of 
plutonium, the element frequently and errone- 
ously called the most hazardous material known 
to mankind, are both feasible and necessary 
and will be accomplished as long as vigilance 
is maintained through dedicated research such 
as we have heard at this symposium and as Iong 
as those responsible for future risk assessment 
and exposure control match the compassion 
and dedication exhibited by those of the past. 
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