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APPENDIX G 

PLUTONIUM TOXICITY 

Appendix G consists of four reports dealing with health effects related to plutonium 
toxicity. 

Appendix G - 1  entitled "Health Effects from Transuranic Element Exposure" was 
prepared by R. C. Thompson and W. J. Bair. 

Appendix G-2 entitled "Cancer Risk from Focal Deposits of Alpha-Emitting Radionuclidc 
in Lung Tissue" was prepared by R. G. Cuddihy and W. C. Griffith. 

Appendix G-3 entitled "Nontechnical Discussion of Plutonium and the basis of its 
Health Standards" was prepared by R. E. Yoder. 

Appendix G - 4  is entitled "Rocky Flats Facility Technical Assessment Document" and 
was prepared by the U.S. Environmental Protection Agency. 

--+ 
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APPENDIX G-1 

Health Effects from Transuranic Element Exposure 
R. C. Thompson and W. J. Bair 

Prediction of the human health consequences attributable to the telease of plu- 
tonium and americium to the environment from Rocky Flats operations is necessarily 
indirect and highly uncertain. 
effects of these elements in either man or experimental animals at the very low 
exposure levels anticipated. 
by which such effects occur. 
extrapolation of data obtained at much higher exposure levels. 
such predictions are considered in this Appendix under four general headings: 
experience with transuranic elements in man, (2) experience with natural radiation 
in man, ( 3 )  data from animal experiments on plutonium toxicity, and (4) data on 
effects of other types of radiation on man. 
general problems of extrapolation from animal to man, and extrapolation from the 
exposure levels producing observable effects, to the very much lower exposure levels 
predicted to result from Rocky Flats operations. The controversy regarding the 
influence of spatial distribution of dose on resultant biological effects will also 
be addressed. 

There is a lack of any positive information on 

There also is a lack of understanding of the mechanisms 
This understanding, if available, would aid in the 

Data relevant to 
(1) 

Consideration will be given to the 

The general approach followed in this appendix is that of Appendix I1.G of the 
LMFBR Environmental Statement' with modifications reflecting the newer information 
now available. 

G.l EXPERIENCE W I T H  TRANSURANIC ELEMENTS IN MAN 

No life-threatening effects attributable to transuranic elements have been 
observed in man. Evidence of effects at the cellular level (e.g. histologically 
observed effects surrounding a plutonium-contaminated wound2 , 
in chromosome aberrations following accidental exposure ) cannot be related to exposurt 
levels in any manner useful to predictive analysis. A recent accident in which a 
radiation worker in Hanford, Washington was exposed to gross external and substantial 
internal contamination with 241Am resulted in pain and disablement, however these 
effects are attributed primarily to the isolation required and to treatment procedures 
for acid burns and for removal of americium and nonradioactive foreign materials. 
Consideration must therefore be directed toward the kind and magnitude of exposures 
that have occurred without evidencing effects. Such exposures arise from two principa: 
sources: the world-wide plutonium fallout from atmospheric testing of nuclear weapons 
and other devices, and the accidental exposure of plutonium workers. 

and possible increases 
4 

5 
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Exposure to Fallout Plutonium 

As the result of atmospheric testing of nuclear weapons, an estimated 320 kilo- 
curies of long-lived plutonium isotopes have been deposited on the surface of the 
earth, of which about 250 kilocuries is deposited on the northern hemisphere and 16 
kilocuries on the United States. 697 
soil, in foods, and in man constitute a "natural" experiment of pertinence to the 
estimation of the biological behavior of transuranic elements released from Rocky 
Flats. 

Measurements of this plutonium in the air, in 

Estimates of human organ burdens and doses resulting from fallout plutonium have 
been made by Bennett, employing the ICRP lung model and the data on New York City 
plutonium air concentrations (measured since 1965 and estimated prior to that date by 
analogy with measured strontium-90) .8 
calculating cumulative dose to the Year 2000, Bennett arrived at the estimates given 
in Table G-1. These estimates assume no intake by ingestion and involve a cumulative 
inhalation intake from 1954 to 1972 of 42 picocuries (1 picocuries = curies) 
per person, or 8 millicuries total for a present U.S. population of about 2 x 10 . 
For comparison, Table G-1 also lists the estimated dose from 70 years of routine 
Rocky Flats Plant releases. Though the true periods are not the same, this comparison 
helps to achieve some perspective. Note also that the estimates of dose from fallout 
are based upon measured values, while the estimates of dose from Rocky Flats releases 
are based upon conservative assumptions. 

Assuming no intake subsequent to 1972 and 

8 

TABLE G-1 
ESTIMATED RADIATION DOSE TO THE 1977 ROCKY FhTS AREA POPULATION 
FROM FALLOUT PLUTONIUM AND FROM 70 YEARS OF ROUTINE PLANT RELEASES 

(million man-rem) 

Organ 
Lung 
Bone 
Liver 

Dose Equivalent to the Dose Equivalent from 
b Year 2000 from Fallout Pua 70 Years of Routine Releases 

0.029 0.008 
0,061 0.028 
0.031 0.012 

8 a. Per capita estimate of Bennett, based on New York City air concentrations, 
multiplied by 1.8 million population within 50-mile radius of Rocky Flats 
Plant (see Table 2.3.3-2 in Chapter 2). 

b. Taken from Table 3.1.2-8 in Chapter 2. 

Direct measurements have been made of fallout plutonium in autopsy samples. 
Because the plutonium levels are at the lower limits of analytical capabilities, many 
of the earlier values reported were highly uncertain. 
evaluated autopsy data collected from many states over a period extending from 1959 

A recent summary of carefully 
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to 1976 provides the data shown in Table G-2.' The measured organ concentrations 
listed are 50th percentile values (50% of individual samples are lower) from more 
than 170 autopsies. 
concentration in tissues based on the New York plutonium air concentrations and the 
ICRP lung model. The agreement is quite good, except for lymph nodes: The low 
measured value in lymph nodes may reflect a greater solubility of fallout plutonium 
than assumed in the model. 
in the lymph nodes of experimental animals and plutonium workers exposed to insoluble 
plutonium oxide. 

Also shown in Table C-2 are computed estimates of plutonium 

Proportionately larger amounts of plutonium are observed 

TABLE G-2 
CONCENTRATION OF FALLOUT PLUTONIUM IN MAN 

(pCi/kg) 

Organ 
Bone (vertebra) 
Liver 
Lung 
Lymph Nodes 
Kidney 
Gonads 

Autopsy 
Data 

1959-1976 
0.50 
0.58 
0.24 
2.42 
0.06 
0.13 

9 8 Computed Estimates 
1964 1974 
0.08 0.20 
0.23 0.54 
2.48 0.12 

0.03 0.06 
43.0 27.0 

0. 02a 0. 12a 

a Estimated on the assumption that 0.05% of the total body burden is present in 10 
g of ovaries. 

While these data on fallout plutonium in man cannot be linked to any measured 
effects, they do indicate that such unmeasurable effects in the general population 
around the Rocky Flats site will be more numerous than the most conservatively esti- 
mated effects from Rocky Flats operations. 

Occupational Exposure 

The U.S. Transuranium Registry was established in 1968 to obtain information on 
persons occupationally exposed to plutonium and other transuranium elements. It is , 

operated by the Hanford Environmental Health Foundation, with cooperation from Pacific 
Northwest Laboratory, Los Alamos Scientific Laboratory, and the Rocky Flats Plant. 
The Registry seeks to identify potentially exposed workers, obtain their health 
physics and medical records, and their permission for postmortem sampling. 
operations are summarized in Table G-3.l' 
fically identified as having been employed in operations that might lead to significal 
plutonium exposure. Note th,at Rocky Flats has contributed more than half of all 
autopsies performed to date for the Transuranium Registry; Rocky Flats continues to 

Registry 
More than 14,000 persons have been speci- 
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encourage all workers to participate in the Transuranium Registry. 
postmortem sampling and for access to medical records is at the workers' discretion. 
The accumulating autopsy data are in general agreement with data on the distribution 
of plutonium in experimental animals, and thus support the extrapolation of animal 
toxicity data to man. 

Permission for 

/ 

TABLE G-3 
STATISTICS ON OCCUPATIONAL EXPOSURE FROM THE U.S. TRANSURANIUM REGISTRY 

OCTOBER, 1977" 

Location 
Hanford 
Rocky Flats 
Los Alamos 
Savannah River 
Mound 
Oak Ridge 
Elsewhere 
Total 

Number of Persons for whom Registry Has: 
Release of 

Specific Health Physics Authority Autopsy 
Identification and Medical Records For Autopsy Performed 

7,079 
2,129 
3,025 
1,683 
334 
14 
122 

14,386 

2,244 
1,960 
258 
167 
9 
0 

106 
4,744 

535 
209 
126 
92 
10 
0 

985 
3 

24 
42 

4 
0 
1 
1 
1 

73 
- 

An epidemiologic study of workers exposed to plutonium at DOE installations has 
been underway since 1974.11 
being collected and followup through at least 1990 is anticipated. The numbers of 
exposed workers, grouped according to estimated deposition level, are shown in Table 
G-4. 
tion levels lower than 1 nanocurie, will be studied as controls. 

Data on mortality and morbidity in these workers are 

Additional workers potentially exposed to plutonium, but with estimated deposi- 

TABLE G-4 
DOE CONTRACTOR EMPLOYEES WITH ESTIMATED PLUTONIUM DEPOSITIONS 

IN EXCESS OF 1 NANOCURIE AS IDENTIFIED FOR EPIDEMIOLOGIC STUDY" 

Estimated 

141 20 or more 
885 4 - 20 

Number of Persons Deposition Range (lo-' Ci) 

3,725 1 - 4  

One group of exposed persons is of particular interest because of their early 
exposure, their relatively high level of exposure, and the thoroughness of the follow- 
up studies.12 These 25 laboratory workers were exposed during 1944 and 1945 while 
working at what is now the Los Alamos Scientific Laboratory, under conditions that 
would be judged crude and unacceptable by today's standards. Their individual body 

12b01111 
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burdens are estimated to range from 5 to 420 nanocuries, totaling, in the aggregate, 
about 2 .5  microcuries. These burdens have now been retained for more than 30 years. 
One of the 25 died of a coronary occlusion at age 33, and another died as the result 
of an automobile accident. None have shown medical findings attributable to inter- 
nally deposited plytonium. 

Another group of plutonium workers of  particular interest are the 25 workers 
with initial lung burdens greater than 0 .04  microcuries who were exposed during the 
Rocky Flats Plant fire of 1965.13 
there have been no detectable medical effects observed in these workers. 

Aside from the cytogenetic effects noted below, 

An increased incidence of chromosome aberrations in lymphocyte culture is a very 
sensitive indicator of radiation exposure. An increased incidence of such chromosome 
aberrations has been reported in plutonium-exposed Rocky Flats Plant employees. 
Even though continuing studies on these workers indicate a linear dose-response rela- 
tionship between systemic plutonium burden and aberration frequency, the results do 
not appear to be useful for predicting ultimate health effects. An increased inci- 
dence of chromosome aberrations was also observed in English plutonium workers, but 
could not be differentiated from possible effects of external irradiati~n.'~ In any 
case, the occurrence of these chromosome aberrations in cultured lymphocytes is not 
known to relate, in any way, to ultimate biological effects influencing survival. 

4 

In view of the relatively small number of persons with sizable plutonium deposi- 
tions, it seems unlikely that statistically valid inferences with regard to toxic 
effects will ever be made. This would not be true, however, if plutonium were mark- 
edly more toxic than is currently believed. Thus, the 2.5 microcuries presently re- 
tained by the Los Alamos subjects must have amounted to about 10 microcuries origin- 
ally deposited, which, after 30 years, should have shown significant effects if the 
cancer risk were as high as postulated by Tamplin and Cochran.15 
vincingly made in a paper by Cave and Freedman. 

This point was con- 
1 6  

G.2 EXPERIENCE WITH NATURAL RADIATION IN MAN 

Experience with transuranic elements in man is limited to the present genera- 
tion. Other alpha-emitting elements, however, are a natural part of man's environ- 
ment. He has lived with these internally deposited radioelements and with radiation 
from other natural sources throughout the history of the species. An estimate of the 
radiation doses to Denver area residents from these natural sources is presented in 
Table 3.1.2-6 of Chapter 3.17 Whether one compares the maximum exposed individual or 
the average Denver area resident, the estimated radiation exposure due to Rocky Flats 
operations is a very small fraction of this natural background exposure. 
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G.3 EFFECTS OF TRANSURANIC ELEMENTS IN EXPERIMENTAL ANIMALS 

Direct information on the toxicity of transuranic elements is available only 
from studies in experimental animals. The radiobiological literature suggests that 
the biological effects observed in such animal experiments will at least qualitatively 
approximate those that would occur in man exposed under the same conditions. 
this reason, it is important to look to the extensive results of animal experimentation 
for guidance in estimating the health risks from exposure to transuranic elements. 

For 

The acute toxicity of injected plutonium is due primarily to destructive effects 
on the blood-forming system, resulting from irradiation of the bone marrow by pluto- 
nium deposited on bone surfaces, or released from these surfaces into the marrow. 
In the case of inhaled plutonium, acute death in experimental animals results from 

18 , 19 

pulmonary edema, hemorrhage, and inflammatory destruction of the functional tissue of 
the lung. 19,20 

Acute toxicity is conventionally expressed in terms of an "W50" dose; i.e., the 
dose required to kill 50% of the animals within some specified period of time, usu- 
ally 30 days. For intravenously injected tetravalent plutonium-239 citrate, in rats, 
the LD50130 is about 70 microcuries per kilogram. A similar value was observed for 
mice. A somewhat lower value, 20 microcuries per kilogram was observed in dogs; how- 
ever, this was with injected hexavalent plutonium. The LD50,30 for inhaled plutonium 
in rats and dogs was not very different from the values for injected plutonium. All 
of these dose values will vary somewhat depending on the compound administered and 
the valence state of the plutonium. It seems unlikely, however, that acute death 
would result from an internally deposited dose of less than 10 microcuries per kilo- 
gram, which translates to 700 microcuries for a 70-kilogram man. This amounts to 
about 10 milligrams of plutonium-239, or about 40 micrograms of plutonium-238. 19 

Long-term effects occur at very much lower exposure levels than those required 
to produce acute death, and it is these long-term effects that are the only concern 
at the very low exposure levels that might result from Rocky Flats releases. The 
incidence of cancer appears to be the most sensitive measure of these long-term ef- 
fects. 
bone, liver, lung, and lymph nodes. In all of these organs, tumor formation has been 
observed in animals as a result of plutonium deposition, most significantly in bone 
and lung. 

The organs in which plutonium is retained in highest concentrations are the 

Effects in Bone 

An informative experiment on the toxic effects of plutonium in bone is the bea- 
gle study in progress at the University of Utah. This experiment was initiated in 
1952 and was designed to compare the long-term effects of intravenously injected plu- 
tonium and radium. The comparison with radium is of particular interest because ex- 
tensive data are available on the toxicity of radium in man. 
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Table G-5 shows the status of the plutonium-injected animals in this experi- 
ment.21 
groups, there was a very substantial incidence of bone cancers. With decreasing 
dose, the time to tumor appearance increased until, in the lowest dose group, the 
average life span was not significantly different from that of the controls. 
tional groups at lower dose levels were exposed beginning in 1964. 
tumors have been observed in these groups, but most of the animals are still alive 
and no estimate of incidence is meaningful at this time. 

In the earliest injected groups, all animals are now dead. In all of these 

Addi- 
Several bone 

TABLE G-5 
PLUTONIUM-INDUCED BONE CANCERS IN UTAH DOG STUDY21 

Injected Dose 
( pCi/kg ) a 
2.9 
0.9 
0.3 
0.1 
0.05 
0.016 
Control s 

Tumor Incidence 
7/9 = 70% 

12/12 = 100% 
12/12 = 100% 
10/12 = 83% 
10/14 = 71% 
4/14 = 29% 

0 

Dogs with Bone Cancer 

Years to Death ( rad) (rem) 

b Dose to Skeleton 

4.1 4710 235,500 
3 . 6  1410 70,500 
4.5 581 29 , 050 
7.2 231 11 , 550 
8.9 135 6,750 
9.9 55 2,750 
11.5 (for all control dogs) 

a. Additional studies are in progress at dose levels of 0.016, 0.006, 0.002, and 

b. Cumulative dose to one year before death. 
0.0006 microcurie per kilogram. 

Of more interest than absolute cancer incidence figures, is the finding in the 
Utah studies that plutonium-239 is radiologically 16 times more toxic than radium-226 
on the basis of the same total energy delivered to bone.21 This difference is attri- 
butable to the more hazardous localization of plutonium on bone surfaces, near the 
cells from which bone tumors originate. 

A number of long-term studies in rodents have also pointed to bone cancer as the 
most sensitive indicator of the toxicity of injected plutonium. Cancer incidence 
data from some of these studies are summarized in Table G-6. These data were selecte 
from a more extensive tabulation by Bair,22 and include only experiments or experi- 
mental groups meeting the following criteria: (1) radiation dose to bone was evalu- 
ated in the study, (2) more than one exposure level was studied, ( 3 )  cancer incidence 
did not exceed 50 percent, and (4) life shortening was not excessive. These criterii 
should help to exclude results showing a misleadingly low cancer incidence due to 
saturation effects or early death from other causes. 
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It should be noted that calculation of the rem doses listed in Table G-6 involves 
the use of a quality factor of 10 and a distribution factor of 5; rem doses are 
therefore 50 times the rad doses. The bone cancer incidence per rem shows rather 
close agreement, both within and between experiments. 
cidence is an approximately linear function of radiation dose to bone over the ranges 
studied, that it is not greatly influenced by the compound or route of administration, 
and that mice, rats, and dogs show a similar sensitivity, although dogs appear to be 
more sensitive than rodents. These similarities of behavior lend confidence to the 
use of these numbers for the estimation of effects in man. 

This suggests that cancer in- 

TABLE G-6 
PLUTONIUM- INDUCED BONE CANCERS IN EXPERIMENTAL ANIMALS~~ 

Bone Dose 
Administration Equivalent 

Species Compound Route ( rem 1 
Mouse Citrate Intravenous 2000 

4200 
6500 
20000 

Rat Citrate Inhaled 830 
1640 
3820 
6700 

12200 
17800 

Bone Cancer 
Incidence 

Prac t ional Per rem 

Rat Citrate Oral 1650 
2850 

Rat Citrate Intra- and 2 600 0.04 1.5 x 101; 
Subcutaneous 25650 0.25 1.0 x 10 

0.039 
0.08 
0.180 
0.430 
0.013 
0.056 
0.025 
0.032 
0.11 
0.19 
0.03 
0.074 

2.0 x 10:; 
1.9 x 
2.7 x 
2.2 x 10 
1.6 x 10:; 
3.4 x 
0.7 x 10 

1.0 x 10 
0.9 x 10:; 

1.8 x 101; 
2.6 x 10 - 

Rat Carbonate Inhaled 180 0.01 5.6 x 10:; 
320 0.011 3.4 x 
1260 0.031 2.5 x 
6000 0.12 2.0 x 10 
2565 0.016 0.6 x 101; 
5850 0 .04  0.7 x 
20900 0.09 0.4 x 
44000 0.13 0.3 x 10 

Rat Nitrate Intratracheal 

Doga Citrate Intravenous 2750 0.29 10.5 x 101; 
6750 0.71 10.5 x 
11550 0.83 7.2 x 10 

a. Data of Reference 22 altered to reflect more recent data reported in Reference 
21. 

1 2 b 0 1 5 1  G-1-8 



Effects in Lung 

The toxicity of inhaled plutonium may be illustrated with data from an experi- 
ment conducted at Pacific Northwest Laboratory, involving the inhalation of 239Pu02 
by beagle dogs.23 This experiment was initiated in the late 1950's; it involved some 
65 dogs, the last of which died in 1973. Of the 21 dogs that survived more than 4 . 5 -  
years postexposure, 20 had malignant lung tumors. Tumor incidence figures are there- 
fore of little help in interpreting these results. Life-shortening, however, showed 
a dose-effect relationship, as indicated in Figure G-1. Each point in this figure 
represents a dog. 
nium exposure, with symptoms of respiratory distress occasioned by severe pulmonary 
fibrosis. 
cancer can develop; a longer latency period is associated with smaller doses. 
fitted to all of these points intersects the normal life span of the beagle dog at a 
deposition of about 5 nanocuries per gram of lung. This extrapolation is very uncer- 
tain, however. If one draws the best line through the closed circles (the tumor- 
bearing animals), a steeper slope is obtained. Clearly, more data are needed from 

23 dogs exposed at lower levels. Experiments to obtain these data are in progress. 

Most of the dogs died early, within a year or two following Pluto- 

There appears to be about a 3-year minimum latency period before a lung 
A line 

The utility of the Pacific Northwest Laboratory beagle data is limited because 
of the relatively few animals in the study and the high exposure levels, which re- 
sulted in essentially 100% lung cancer incidence. These data are included only t o  
illustrate the relationship between latency prior to the appearance of lung tumors 
and the quantity of plutonium inhaled--a relationship which suggests that at lower 
concentration levels, the latency period may exceed the normal life span of these 
animals. 

Data on the induction of lung tumors in rats that inhaled compounds of plutoniun 
Their conclusions are sum- or americium were recently reviewed by Bair and Thomas. 24 

marized in Table G-7. The rem doses for lung are 10 times the rad doses, reflecting 
a quality factor of 10, but no distribution factor. The incidence per rem is sub- 
stantially higher for lung tumors in rats than for bone tumors in rats (See Table G- 
6 ) .  

Effects in Other Organs 

In terms of plutonium content and radiation dose received, liver is in the same 
class with bone and lung. However, the liver seems less radiosensitive than bone an( 
lung. Malignant liver tumors were the primary cause of death in two of 96 plutonium 
dogs in the Utah e~periment.~~ Small, benign, bile duct tumors were incidental find 
ings at autopsy in eight other dogs, but such tumors were a l so  seen in controls at a 
somewhat lower incidence. The liver tumors showed a typically long latent period, 
which suggests that at lower dose levels, and lower incidences of bone and lung tu- 
mors, liver tumors might become more important relative to bone and lung tumors. 
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TABLE G-7 
LUNG CANCER IN RATS FOLLOWING INHALATION OF ALPHA-EMITTING PLUTONIUM 

OR AMERICIUM COMPOUNDS~ 

Cancer Incidence Per Rem 
b Minimum b 

a x 10 6 x lo-’ 

Chemical Form 
Inhaled Mean Maximum 

so lub 1 e I t  

It in so lub le I ’  16 20 13 

a. Data from Reference 24. 
b. 95% confidence interval. 

Lymph nodes draining the lung, or sites of intramuscular plutonium deposition, 
may accumulate plutonium concentrations many times higher than concentrations seen 
elsewhere in the body. 
tracheobronchial lymph nodes of dogs that inhaled plutonium, but these changes were 
not obviously detrimental. 
to plutonium exposure is uncertain. 
lymph drainage are considered most unlikely at the low levels of exposure project- 
ed.22923 

lymph nodes relative to the lungs, skeletal system, and liver, has not considered the 
thoracic lymph nodes to be a critical organ. 

Various histopathologic changes have been observed in the 

Tumors have been seen only rarely, and their relationship 
Indirect effects on immune capability or on 

The ICRP, while recognizing the higher burdens and dose commitments in the 

26 

Effects on the production or survival of the various types of blood cells have 
been studied in many of the experiments on plutonium toxicity. 
fects are noted at high exposure 1e~els.l~ 
probably the reduction in blood lymphocytes following deposition of plutonium in the 
lung.23 One cannot rule out the possibility of a relationship between this effect on 
lymphocytes, lymph node pathology, decreased immunological capability, and the patho- 
genesis of plutonium-induced lung tumors. 

A variety of such ef- 
The most sensitive of these effects is 

Since plutonium on bone surfaces will irradiate portions of the bone marrow, 
concern has been expressed that leukemia might be an important delayed effect of 
plutonium exposure. Although leukemias have, in rare instances, been reported to 
result from plutonium exposure, they have occurred only following rather large doses, 
and at a much lower incidence than bone tumors. 18,27 

Plutonium deposited in testes or ovaries would be of concern only because of 
possible genetic effects. 
been performed, an investigation of cytogenetic effects in the testes of hamsters 
showed no significant increase in the frequency of chromosome aberrations after 
calculated radiation doses of 1 and 4 rads.2a 
would result in significant life shortening and cancer induction, suggesting that 

While studies of multi-generation genetic effects have not 

The exposures employed in this study 
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genetic risks are small compared to somatic risks. Studies of chromosome aberrations 
in the germ cells of male mice after protracted exposure to 239Pu, with doses ranging 
from 14 to 44 rads, showed significant effects, in agreement with predictions based 
on previous studies with gamma ray and neutron exposures and assumed radiobiological 
effectiveness (RBE) and distribution factors.29 On the other hand, a study comparing 
the effectiveness of tritium and 239Pu in producing chromosome aberrations in the 
insect chironomus riparius showed no evidence for a higher relative biological effec- 
tiveness for plutonium.30 
spermatogonial stem cells of the testis may receive a 2 to 2.5 times higher dose from 
deposited plutonium than the average for the testis, due to the inhomogeneities of 
di~tribution;~~ however, such an enhanced effect is not expected in man because of 
the greater amount of interstitial tissue in human testes.32 For the ovary, data 
from studies in the hamster indicate that the genetically significant dose rate to 
viable oocytes is likely to be lower than the average dose rate to the organ as a 
whole.33 
all animal species studied, and dose to sensitive gonadal cells would not be expected 
to exceed the total body average. 

Recent studies in mice have indicated that the critical 

In any case, the total deposition of transuranics in the gonads is low, in 

34 

G.4 EFFECTS OF OTHER TYPES OF RADIATION IN MAN 

In the absence of data on the effects of transuranic elements in man, some 
inferences regarding these effects may be drawn from observations of the effects from 
other forms of ionizing radiation in man. Such inferences would be based on data 
derived from medical, occupational, accidental, or wartime exposure of humans to 
different radiation sources: external X radiation, atomic-bomb gamma and neutron 
radiation, radium, radon and radon daughters, etc. Such information has been sum- 
marized by the National Academy of Sciences - National Research Council Committee on 
the Biological Effects of Ionizing  radiation^,^^ and more recently by the United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR),36 and by 
the International Commission on Radiological Protection (ICRP). 37 
estimates are linearly extrapolated from human experience at relatively high dose 
rates and total doses; the validity of such extrapolations will be discussed later in 
this Appendix. 

All of these risk 

Cancer Effects 

The extensive human data considered in the BEIR report will not be reviewed 
here; it should be noted, however, that effects of irradiation from external rather 
than internal sources, in particular the data from Japanese atomic bomb survivors and 
irradiated spondylitics, were heavily weighted in arriving at risk estimates. The 
BEIR report makes estimates of both absolute risk and relative risk and for each of 
these assumes either a 30-year or a duration-of-life interval following the latent 
period, during which risk remains elevated. This leads to four risk estimates. 
Only the two estimates which lead to the lowest and the highest predictions of cancer 
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mortality are considered here; the lowest being the absolute risk model with a 30- 
year plateau, referred to as the "absolute model," and the highest being the relative 
risk model with a lifetime plateau, referred to as the "relative model." Each of 
these models makes separate risk estimates for the in utero, 0-9 years, and 10+ years 
age periods, reflecting age differences in the sensitivity to irradiation. The 
derivation of these risk estimates and their application to the U.S. population is 
summarized in tables on pp. 169 and 171 of the BEZR report,35 where the excess deaths 
due to cancers other than leukemia for the U.S. population, per 0.1 rem, per year, 
are predicted as 1,210 by the "absolute model" and 8,340 by the "relative model." 

The fraction of these non-leukemia cancers that are bone cancers is given as 
0.04, and the fraction that are lung cancers is given as 0.26. No fraction is given 
for liver cancers, which fall in the B E I R  report's "GI including stomach" category, 
which is 0.20 of the non-leukemia cancers. It is assumed that these cancers will be 
induced in direct proportion to their incidence in the Hiroshima-Nagasaki survivors, 
where primary liver cancers accounted for about 0.08 of the GI cancers. 
0.016 (the product o f  0.08 and 0.20) is considered the fraction of the total non- 
leukemia risk that is attributed to liver cancers. 

Therefore, 

Taking the fraction of the predicted non-leukemia cancers attributable to each 
cancer type and converting population dose to a man-rem basis, one arrives at the 
risk estimates shown in Table G-8. Leukemia risks were not estimated because dose to 
bone marrow from bone-deposited transuranic elements is small compared to the dose to 
other organs, and because leukemia has been only infrequently seen in animal experi- 
rnents with plutonium. 18,27 

The cancer risk from irradiation of thoracic lymph nodes was also neglected, 
even though these nodes, in experimental animals, receive a radiation dose from 
plutonium that is higher than the dose to any other organ.22 
sarcoma, reticulosarcoma, Hodgkin's disease, and/or multiple myeloma has been ob- 

38-40 in patients receiving served to be increased in Japanese atomic bomb survivors, 
radiotherapy for ankylosing spondylitis ,41 and in radiologists who entered practice 
in the days preceding current restrictions on occupational exposure .42 
reason, the lymphoid and reticular tissues were classified by an ICRP Task Group43 as 

being 'tapparentlytt high in susceptibility to the carcinogenic effects of radiation; 
however, it was noted by the Task Group that at least some of the neoplasms included 
in this group (e.g. multiple myeloma) appear to arise in the bone marrow. Whether, 
in fact, any of these neoplasms is attributable to transformation of  cells in lym- 
phoid tissues, as opposed to transformation of  precursor cells in the bone marrow, is 
debatable in light of current concepts of cell population kinetics in the lymphatic 
and reticular system. At present, therefore, in the absence of evidence that 
localized irradiation of lymphatic tissue is carcinogenic in human or animal POPUla- 
tions, it seems inappropriate to attempt to estimate such cancer risks. 

The incidence of lympho- 

For this 
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' TABLE G-8 
DERIVATION OF CANCER MORTALITY RISK ESTIMATES 

FROM BEIR REPORT ESTIMATES' 

1 2 3 4 5 

Cancer Risk 
Type Modela 
Non-leukemia "Absolute" 

"Relative" 
Lung 'I Abso lu t e 

"Re 1 at ive " 
Bone "Ab solute 

"Re la t ive" 
Liver "Ab s o 1 u t e 'I 

"Relative" 

Fraction 
of Non- 
Leukemiab 
Cancers 
1.0 
1.0 
0.26 
0.26 
0.04 
0.04 
0.016 
0.016 

Predicted 
Excess Deaths 

per Year per 0.1 Rem 
per Year Continuous Excess Deaths 

Population Man - Rem 

Predicted 

Exposure of UcS. per d 

1,210 
8 , 340 
315 

2 , 168 
48 
334 
19 
133 

16 x 10:: 
110 x 10 

6 
17 x 10 
1 x lo:, 6 
7 x 10 

2 x 10:~ 

a. 

b. 

C. 

d. 

"Absolute" refers to BEIR report absolute risk model with 30-year plateau 
following latent period during which risk remains elevated. "Relative" refers 
to BEIR report relative risk model with lifetime plateau. 
Fractions given in BEIR report (p. 171) for age 1 0  or more assumed to apply to 
all categories. Fraction for liver cancers is not given in BEIR report, but 
estimated as explained in text. 
Non-leukemia deaths taken from BEIR report ( p .  169). Others calculated by 
application of fractions listed in Column 3. 
Calculated from numbers in Column 4 by multiplying by 10 (converting to rem 
basis) and dividing by 2 x l o 8  ( U . S .  population total employed in derivation of 
Column 4 numbers). 

The BEIR report cancer risk estimates are compared in Table G-9 with risk esti- 
mates derived from several other sources. 
largely based upon, and therefore agree closely with, the numbers published by LJNSCEAR 
in 1977.36 
mates of the BEIR report. 
cancer risk, UNSCEAR derives such a number, based largely on recently summarized 
data, on the induction of liver cancer by "Thorotrast," a preparation of thorium 
dioxide.44 
it considered to be specifically applicable to plutonium;45 these are listed in Table 
G-9, and do not differ markedly from the UNSCEAR numbers. 

The recommendations of the ICRP37 were 

The UNSCEAR risk estimates generally fall between the high and low esti- 
While the BEIR report gave no specific estimate of liver 

England's Medical Research Council (MRC) published risk estimates which 
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TABLE G-9 

COMPARISON OF TRANSURANIC HEALTH RISK ESTIMATES 
(Cancer death or genetic defects per lo6 organ-rem.) 

Human Risk Estimates 
Data 
From BEIR35 New- 

Higha & UNSCEAR36 ICRP37 MRC45 Mays 50 74 combe4’ Animals 
Lung Tumors 100 16 25-50 20 25 20 
Bone Tumors 17 2 2-5b gb 5 4 
Liver Tumors 7 1 10 10 20 10 
Genetic Defectse 1500 60 185 200 300 10 

60 - 200‘ 
10-10Od 

a. As derived in Table G - 8 .  
b. Expressed as risk per lo6 rad of low level radiation to endosteal cells, which 

should be roughly equivalent to risk per lo6 rem of alpha radiation averaged 
throughout bone. 

c. Data from Reference 24 (see Table G-7). 
d. Data from Reference 21 (see Table G-6). 
e. Defects in all subsequent generations, including specific genetic defects 

and defects with complex etiology (see Table G-10). 

Also of interest are recently accumulated data on the carcinogenicity or radium- 
224 in human bone. 46y47 These data are particularly relevant to risks from plutonium 
since radium-224 has a very short half-life (3.62 days) and, because of this, irradi- 
ates only the surface layer of bone, in much the same manner as plutonium. 
ministered repeatedly, as it was to a large number of German patients shortly after 
the Second World War, the resultant exposure of bone should closely mimic that re- 
ceived from plutonium. 
risk of 4 x 
at the high dose level employed, this estimate cannot be too high or too low by more 
than a factor of ten. 

When ad- 

Based on these data, Mays, et al., estimate a bone cancer 
per man-rem; and present convincing arguments for concluding that, 

21 

Also shown for comparison in Table G-9  are the cancer risk estimates derived 
from animal experiments. 
based on human data. 
cussed later in this Appendix. 

These estimates are somewhat higher than most of those 
The problems of extrapolation of animal data to men are dis- 

Genetic Effects 

i 

The genetic risks considered in the BEIR report include the full spectrum of 
genetic defects seen in the U . S .  and other Western nations. 
carrier may range from a lethal action occurring at any time of life (from before 

Their effects upon the 
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birth until death), to minor metabolic consequences that may be nearly undetectable. 
The genetic spectrum ranges from dominant single gene mutants whose effects may be 
categorically recognized, to subtle genetic contributions to disease conditions that 
are predominantly of environmental or non-genetic origin. As a consequence, it is 
not appropriate to compare or equate estimates of genetic risk directly with cancer 
risks, where case incidence and case mortality are substantially one-to-one. 

The BEIR report (pp. 5 4 - 5 7 )  summarizes its risk estimates for genetic defects in 
terms of a 5 rem per generation dose t o  a population of one million.35 
these numbers to a man-rem basis, one obtains the risk estimates of Table G-10. The 
range of these estimates reflects a 10-fold uncertainty in the value of the mutation 
rate doubling dose, which is assumed to lie in the range of 20-200 rem. There is a 
further uncertainty with regard to the magnitude of the genetic component of the de- 
fects with complex etiology. 

Converting 

An additional category of genetic risk discussed in the BEIR report is that con- 
cerned with general "ill health" of uncertain genetic determination. This risk was 
conservatively estimated as a 0.5 to 5 . 0  percent increase in the equilibrium inci- 
dence of ill health per 5 rem per generation. Thus, for the total U.S. population, 
10 man-rem per generation would increase ill health by 0.5  to 5 percent. 9 

TABLE G-10 
DERIVATION OF GENETIC DEFECT RISK ESTIMATES 

FROM BEIR REPORT ESTIMATES~ 

1 3 

Predicted 
Defects per Million 
Persons per 5 Rem Predicted 
per Generation at Defects per 

b Type of Risk Equi 1 ibriuma Man-Rem 
Specific Genetic 250 - 2500 50 x 

500 x 
De f ec t sc to 

Defects with Complex 50 - 5000 
d Et io logy 

10 x 
to 

1000 x 

35 a. Values taken from Table 4 ,  Page 57 of BEIR report. 
b. Equal to values of Column 2 divided by 5 x 10 . 
c. Includes dominant diseases, chromosomal and recessive diseases. 
d. Includes congenital anomolies, anomolies expressed later, constitutional and 

6 

degenerative diseases. 
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Many uncertainties are involved in these genetic risk estimates, as reflected ir 
35 the following statement from page 59 of the BEIR report: 

It is clear that these estimates are subject to great uncertainty. 
The ranges of plausible values are broad, and there is no assurance 
that the true values are within these ranges. 
that future information will necessitate revisions. The estimates 
are presented, not as accurate scientific information (as scientists 
we would prefer to defer judgment until the information is solid), 
but as reasonable values based on current knowledge which, crude 
and uncertain as they are, may serve as a better guide to rational 
uses of radiation than no estimates at all. 

We are well aware 

Some of the uncertainty referred to above would seem to have been resolved by 
recent data gleaned from the vital statistics records of the Canadian province of 
British Columbia.48 
million people indicate an incidence of simple dominant hereditary disease of 0.08  
percent as compared to the 1 percent incidence employed in obtaining the BEIR Report 
risk estimates. Newcombe has argued persuasively that "the bulk of the most directl! 
pertinent experimental studies thus fail to demonstrate any important effect of 
irradiation on the irregularly inherited diseases, or on general health and well 
being," and concludes that only the dominant hereditary diseases "are likely to 
increase in direct proportion to the mutation rate.... On this basis, Newcombe's 
estimate of total genetic risk is 10 x 
report,36 felt that the range of uncertainty stated in the BEIR report could be 
substantially narrowed, but retained a considerably larger estimate of genetic risk 
than that suggested by Newcombe. These various genetic risk estimates are compared 
in Table G - 9 .  

These exceptionally well-organized statistics covering two 

per man-rem. 49 UNSCEAR, in its 1977 

G . 5  ESTIMATION OF THE EFFECTS OF TRANSURANIC ELEMENTS IN MAN 

Data relevant to the estimation of health effects in man have been presented in 
the preceding sections of this Appendix. These data, or for that matter, any experi 
mentally obtainable data, are not adequate for the precise prediction of such possi- 
ble health effects. Many assumptions must be employed, and the conclusions that are 
reached are meaningful only in the light of these assumptions. Particularly critica 
are the assumptions involved in the various extrapolations required and the assump- 
tions involved in reducing plutonium exposure to the common denominator of radiation 
dose. A discussion of these problems is presented in this section. 

Extrapolation from Animal to Man and to Very Low Exposure Levels 

Estimation of the human risks associated with the uptake of very low levels of 
transuranic elements involves several kinds of extrapolation. Whether based on 
observations in experimental animals or man, there is the problem of extrapolating t( 
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much lower exposure levels than are covered by the data. 
are for types of radiations that do not include internally deposited transuranic 
elements; one must extrapolate from experience with external irradiation. Experimental 
animal data are available for transuranic element toxicity, but then one must extra- 
polate from animal to man. 

The available human data 

The extrapolation of toxicity data from animal to man is the most familiar of 
these extrapolation processes. That such extrapolation can be justified is an under- 
lying assumption of most toxicological research. Where data from several animal 
species are in reasonable agreement, it is assumed, in the absence of conflicting 
evidence, that man will behave similarly. This assumption is more confidently made 
in the case of acute effects. For long-term effects, species differences have more 
opportunity to manifest themselves, and differences in life span may be of signifi- 
cance. 

Fortunately, for the case of bone-deposited alpha-emitters, one can make some 

In most 
direct comparisons between human and experimental animal toxicity data. Table G-11 
compares data on radium toxicity in man and in experimental animals. 21,50 
studies, the incidence of bone cancers per rad is higher in animals than in man. 
For radium, the extrapolation error, from animal to man, would thus result in a 
conservative overestimate of effect in man. While such a conclusion cannot be confi- 
dently assumed to apply to the case of transuranium elements, the experience with 
radium is at least encouraging. 

As noted in the previous section, the data on the effects of 224Ra in man are 
the most applicable data for the estimation of plutonium effects in man. This is 
because 224Ra, with its short half-life (3.62 days), irradiates only the surface 
layer of bone, as does plutonium. 21 

Aside from the human radium data, experience with alpha-emitters in man is of 
little help in these evaluations. Data on alpha-radiation-induced lung tumors in 
uranium miners, and liver tumors in thorotrast patients, suffer from inherent dosi- 
metric complexities that seriously limit their usefulness. Recent studies have shown 
no significant excess of lung cancer in uranium miners in the dose range of 120 
Working Level Months. 35951 
ranging from 60 rad35 to 1,800 rad52 to the basal cell layer of the respiratory 
epithelium, with 240 to 840 rad often being the range suggested. 51-53 
miner data were, nevertheless, considered as one source of input in the derivation of 
BEIR Report risk estimates for radiation induced lung cancer. 

This dose of 120 WLM has been variously related to doses 

The uranium 

, 

The thorotrast-injected patients do show an increased liver cancer and leukemia 
incidence; however, this incidence results from the very inhomogeneous deposition of 
about 5 grams of thorium in the liver, which bears little dosimetric relationship to 
a plutonium deposition. The UNSCEAR report derives an incidence estimate of 10 X 

36 per man-rem, based on the thorotrast data. 
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TABLE G-11 
COMPARISON OF RADIUM TOXICITY DATA IN EXPERIMENTAL ANIMALS AND MAN 

b Bone Cancer Incidence per 10 Bone-Rad. 
Radionuclide Male Mice Female Mice Dog Man 

'Ra 77a 70a 320a 
8Ra 430b 1300b 

226+22aRa 6-53a 
224Ra 12Ob 100-200a 73b 

a. Data summarized in Reference 21. 
b. Data summarized in Reference 50. 

All observations on radiation effects, whether in animals or in man, have been 
made for total radiation doses, and for radiation dose rates that are much higher 
than the average tissue doses and dose rates that might result from releases of 
transuranic elements from Rocky Flats. The low incidence of effects that might 
still be of concern when applied to large populations are simply unmeasurable in 
either animal experiments or human epidemiological studies. It is necessary, there- 
fore, to interpolate between the doses from which data on effects are available and 
zero dose, where zero effect can be assumed. For the estimates of health effects 
made in this Statement, we have based this interpolation on an assumed linear dose- 
effect relationship. The BEIR report (page 97) justifies such a procedure in the 
following words: 35 

In view of the gaps in our understanding of radiation carcinogenesis 
in man, and in view of its more conservative implications, the linear, 
non-threshold hypothesis warrants use in determining public policy on 
radiation protection; however, explicit explanation and qualification 
of the assumptions and procedures involved in such risk estimates are 
called for to prevent their acceptance as scientific dogma. Further- 
more, the linear hypothesis is the only one which permits the selec- 
tion of the mean accumulated tissue dose to characterize the radiation 
exposure of a group under conditions of nonuniform exposure and expo- 
sure rate. The mean accumulated tissue dose is the only practical 
quantity that can be used to estimate the risk of cancer in such popu- 
lations until the influence of the many interacting variables can be 
better specified. 

While agreeing wcth the practical utility of this procedure, it is most impor- 
tant that the results not be accepted as "scientific dogma." It is not the objective 
of this Environmental Statement to "determine public policy on radiation protection." 
Its objective is to present all of the evidence, so that public policy, as eventually 
determined, may reflect all relevant risks and benefits. In this light, it must be 
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emphasized that the interpolated risk estimates do rest on conservative assumptions, 
and that there is no direct experimental evidence on which to base a choice between 
these estimates and an estimate of zero effect. 

Pertinent to the assumption of a linear dose-effect relationship is the recent 
caution voiced by the NCRP: 

"The NCRP wishes to caution governmental policy-making agencies of 
the unreasonableness of interpreting or assuming "upper limit" esti- 
mates of carcinogenic risks at low radiation levels, derived by 
linear extrapolation from data obtained at high doses and dose 
rates, as actual risks, and of basing unduly restrictive policies 
on such an interpretation or a ~ s u m p t i o n . " ~ ~  

Because there is considerable experimental evidence to indicate that low-dose- 
rate exposures are less damaging, rad-for-rad, than high-dose-rate exposures, it has 
been often suggested that linearly extrapolated estimates of effects at very low dose 
rates should be corrected by some "dose-effectiveness factor." Such an approach was 
taken in the Reactor Safety Study55 (Rasmussen Report), where it was recommended that 
at dose rates of less than 1 rem per day, or at total doses of less than 10 rem, the 
effect estimated by linear extrapolation should be reduced by a factor of five. The 
credibility of this approach is supported by an Advisory Group on Health Effects, in- 
cluding among its 17 members, five who also served on the BEIR Committee. 

Application of the "risk-effectiveness factor" as employed in the Rasmussen 
Report was not limited to low-LET (linear energy transfer) radiation. Most of the 
experimental support for the concept, however, derives from studies with low-LET 
radiation. From theory, one may argue convincingly that the high LET of alpha radia- 
tion, and consequent lack of repair of cellular effects, demands a linear relation- 
ship at low dose between cells killed or damaged and alpha particles traversing the 
tissue. This linear relationship would not necessarily apply to the total process of 
carcinogenesis, however, since there is no accepted theory (linear or nonlinear) 
which describes the process by which dead or damaged cells lead to the production of 
cancers. Because of this uncertainty in their applicability to high-LET radiation, 
risk effectiveness factors have not been employed in this Environmental Statement. 
The probable conservatism of this approach must be kept in mind. 

Spatial Averaging of Doses 

Throughout this Environmental Statement , each estimated r'adiation dose has been 
calculated as a spatially averaged value for the total organ. Such doses are, in 
fact, not uniformly distributed throughout the organ. In particular, the transuranic 
elements are inhaled and deposited in the lung as particles exhibiting a distribution 
of sizes and shapes, which leads to an obviously nonuniform distribution of dose. 
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The validity of this spatial averaging of dose has been the subject of recent 
controversy, stimulated in large part by a petition from the Natural Resources Defense 
Council (NRDC) to the Atomic Energy Commission and the Environmental Protection 
Agency. This petition requested a reduction of the maximum permissible concentration 
of plutonium in air by a factor of 115,000 when this plutonium was present in the 
form of "hot  particle^."'^ 
denied by the Nuclear Regulatory Commission, as successor to the Atomic Energy Com- 
mission, in April 1976.56 
tory Commission expressed the following conclusions with respect to the validity of 
averaging organ doses: 

The petition was presented in February 1974; it was 

In their denial of the NRDC petition, the Nuclear Regula- 

"In summary, the uniform dose model is generally recognized by the 
scientific community and supported by experimental evidence as a 
conservative basis for standards for personnel protection. The NRC 
finds, in agreement with the recommendations of the organizations 
quoted, that available data support the use of the uniform dose 
assumption as an appropriately conservative approach. That is, the 
available data indicate that while the biological risk from a uni- 
form lung dose of 15 rems per year is low, an equivalent dose de- 
livered in a nonuniform manner is at least as low. 
standards for insoluble, alpha-emitting radionuclides, as based 
on a uniform dose assumption, are believed to be adequately con- 
servative. 

Therefore, 

AS noted in the above quotation, several organizations have studied the "hot 
particle" problem and have, without exception, concluded that the NRDC proposal is 
without merit.57 
has published a recent report on the subject,58 as have also the National Radiological 
Protection Board, 59 the Medical Research Council44 in England, and the German Minis try 
of the Interior.60 
Regulatory Commission and are summarized in their denial of the NRDC petition. 

The ICRP has given the problem repeated c~nsideration;~~ the NCRP 

The conclusions of these groups were reviewed by the Nuclear 
56 

Aside from the highly publicized "hot particle hypothesis," other questions have 
been raised concerning the conservatism of exposure limits, or health risk estimates, 
based on average organ dose. 
small, alpha-emitting, insoluble particles, in the to curie activity 
range , are responsible for the carcinogenicity of tobacco smoke. 61 
concludes that very small plutonium particles should have a similar effect, and has 
proposed a reduction in plutonium "...air concentration and lung burden standards by 
a factor of between 100 and 1000 ...It6* This highly speculative hypothesis is SUP- 
ported by no experimental or clinical verification of substantial accumulation of 
such radioactive particles in radiosensitive regions of the lung, and upon no evi- 
dence of a causal relationship between such particles and human lung cancer. 
opposed by considerable evidence for the involvement of other carcinogens known to be 
Present in tobacco smoke. 

Martell has argued that naturally occurring, very 

By analogy, he 

It i s  
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Gofman has postulated a greatly enhanced carcinogenicity for plutonium in ciga- 
rette smokers, whose impaired ciliary clearance mechanisms will, he contends, result 
in a greatly increased dose to the radiosensitive bronchial epithelium. 63,64 Again, 
this speculation is supported by no relevant experimental or clinical evidence, and 
is opposed by specific data attesting to the slight effect of cigarette smoking on 
clearance from the lung. 65,66 

Recent suggestions by Morgan for reduction of plutonium exposure limits, seem 
appropriately considered at this point, since they are, in part, concerned with ques- 
tions of spatial distribution of dose.67 
permissible plutonium burden, based on four factors which he argues imply a greater 
hazard to bone than is envisioned by present standards. The first of these factors 
relates to new information on the relative toxicity of 239Pu and 226Ra in dogs. A s  
noted in Section G . 3 ,  this toxicity ratio, on the basis of average dose to bone, is 
16, whereas current standards are based on a ratio of five.21 Morgan does not con- 
sider the fact that current standards are also based on an assumed 90 percent deposi- 
tion of systemic plutonium in bone, rather than ICRP's presently preferred estimate 
of 45 percent deposition.26 
reduction in the permissible body burden based on bone as critical organ, rather than 
the factor of three proposed by Morgan. 

Morgan suggests a 240-fold reduction in 

The net effect of these two changes would be a 1.5-fold 

Morgan's,second reduction factor, with a value of two, is based on his conclu- 
sion that "...the surface-to-volume ratio for the trabecular bone of the dog . . .  is 
about twice that for man. 
concentration of 239Pu near the trabecular surface as that in the dog. 
in fact, no present basis for defending a significant difference in this parameter 
between man and dog. 
contention,68 but more recent data of Spiers and Whitwell show essentially identical 
ratios in man and dog. 

Thus the same amount of 239Pu in man would have twice the 
There is, 

Lloyd and Hodges have reported data that would support Morgan's 

69 

Morgan's third reduction factor, with a value of 10, is based on the estimate of 
a lo-fold higher rate of turnover of surface deposited plutonium in dog bone as com- 
pared to human bone. Accepting this uncertain estimate, it does not follow that the 
same initial concentration of surface-deposited plutonium should be 1 0  times as 
hazardous in man as in the dog. The hazard is assumed to result from a lifetime of 
exposure, and man has five times the lifespan of the dog. A 10-fold higher absolute 
turnover rate in the dog therefore decreases the relative lifespan turnover rate, 
compared with man, by only a factor of two. The situation is more complex than this, 
however. The same processes that bury plutonium on bone surfaces, also will bury 
radium on bone surfaces; and these same turnover processes will release plutonium and 
radium to redeposit on other surfaces. 
by Marshall and Lloyd to increase the relative hazard of plutonium to radium in man, 
as compared to dog, by a factor of three (not 10 as claimed by Morgan).7o 

These complex interactions have been estimated 

Spiers and 
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Vaughan, on the other hand, proceeding from human dosimetric considerations, without 
relation to the dog, conclude that the present permissible body burden for plutonium 

It71 "...is not in need of major revision in respect to bone. 

Morgan's fourth reduction factor, with a value of four, is based on a presumed 
four-fold greater radiation sensitivity of man relative to dogs. This presumption he 
derives from a preliminary report of results from Pu02 inhalation studies in baboons. 
These results involved acute effects in lung and are therefore hardly applicable to 
considerations of long-term effects in bone. Moreover, extended observations indicate 
that the baboon is less sensitive than the dog at survival times in excess of 1000 
days. 

72 

7 3  

Morgan's overall factor of 240 would therefore, more realistically, be re-evalu- 
ated as something between one and five. His is, moreover, only a partial approach to 
the evaluation of plutonium hazards; many other factors might be considered. All 
such factors are under continual review by national and international bodies charged 
with the responsibility for such evalutions. While some changes in plutonium expo- 
sure standards may be expected to result from the continuing accumulation of better 
data, there is no present indication that such changes will be large. 

Conclusions 

As detailed in Chapter 3 ,  estimates have been made of the cancer mortalities and 
genetic defects that may result from predicted releases of radionuclides from the 
Rocky Flats Plant. Because the number of predicted health effects is so small, it is 
perhaps unnecessary to stress that they are based upon conservative estimates of 
exposure, multiplied by conservative estimates of the risk from this exposure, and 
that whether the actual risk approaches these numbers, or is zero, can in no way be 
inferred from our present knowledge. Whether one should place any credence in the 
absolute value of these numbers is an arguable proposition. Of perhaps greater 
validity for decision making purposes are those gross comparisons of relative radiation 
exposure that require no uncertain extrapolations and that make no pretense to absolute 
prediction. In this category are the comparisons of exposures from Rocky Flats 
releases with the exposures from natural background radiation and from fallout pluto- 
nium. 
only a small fraction of that received from fallout plutonium and a very much smaller 
fraction of the radiation exposure from natural background. 

The predicted exposure of Denver-area residents from Rocky Flats releases is 
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