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Release of Plutonium to the Atmosphere 
By H. S. Jordan 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 

It IS my behef that plutonium is toxic, but it is certainly no 
more toxic than many of the materials that modern 
industrial society handles routinely These materials are 
handled in such a manner that the frequency and severity 
of the accidents do not offend the insurance earners, the 
regulatory agencies, or the public 

Nowadays, admittedly, the public is demanding a better 
standard for the protection of the environment and 
personal safety And this public pressure has been applied 
to plutonium facilities 

You noticed from Mr Maraman's talk that the Los 
Alamos Scientific Laboratory's (LASL) plutonium plants 
have been upgraded All the plutonium facilities in the AEC 
complex have been, or are in the process of being, upgraded 
And for any new plutonium handling facility, very stringent 
new criteria have been developed 

The point of this observation is that we do know how 
to contain and how to handle plutonium And when you 
conduct an evaluation of plutonium releases, these factors 
reahstically should be taken into account 

A release of plutonium is of concern certainly from an 
industrial facility, a plant, it is also a concern in transport
ing plutonium,a concern in accidents to nuclear ordnance,a 
concern to any accident to plutonium-bearing devices, and 
a concern from a situation that has received rather 
prominent national attention recently, namely, the release 
of plutonium itself or from an inefficient homemade bomb 
used in either terroristic or blackmail activities 

The major problem m developing concepts regarding 
plutonium releases is the degree of reahstic conservatism 
that ought to be brought to bear in your considerations 
Without a doubt there has to be a degree of conservatism in 

developing your standards, in developing your techniques, 
and in developing your equipment 

There is a danger, however, in making this conservative 
approach overriding There is the danger that your criteria 
will develop constraints such that the operating personnel 
will not consider them realistic And that has happened 
today These constraints have been justified to the oper
ating personnel on the basis that that is the climate of the 
day, in the biopohtics—if you will—that exist today 

Another danger is the possibility of installing equip
ment or techniques with very poorly understood interreac-
tions And accidents occur because of poorly understood 
interreactions 

Another danger—and this is a very real one, I 
beheve—is that once you have conducted and published a 
very conservative evaluation of a release, then in the event 
an accident occurs, your explanation to convince the public 
of the real dangers that exist has lost a great deal of 
credibihty because of your overly conservative pre-event 
evaluation That is, if all the literature dealing with 
plutonium releases is ultraconservative, and then you try to 
tell people that the evaluations are really conservative by 
orders of magnitude, the credibility of your explanation 
wdl certainly suffer 

A consideration of plutonium releases requires that 
some numbers be developed, and I would like to take the 
time to develop some numbers just for your consideration 

Table 1, as you can see, is from AEC Manual Chapter 
0524 and Title 10, Part 20, of the Code of Federal 
Regulations, as stated standards You will note that they do 
not address the problem of plutonium in the environment, 
nor do they address the problem of an emergency release 
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RELEASE OF PLUTONI 

Table 1 Present-Day Values for Concentration Guides for 
" ' P u * 

Individuals m Controlled Areas 

Soluble form of = " P u 2 x 1 0 ' ' /jCi/ml au 
1 X 10 * MCi/ml water 

Insoluble form o f ^ " P u 4 x 1 0 ' ' ^Ci/ml air 
8 X 10 * /iCi/ml water 

Individuals in Uncontrolled Areas 

Soluble form o f^^ 'Pu 6 x 1 0 ' " /iCi/ml au 
5 X 10 ' >iCi/ml water 

Insoluble form of " ' Pu 1 x 1 0 ' ' ^ ^Ci/ml au: 
3 X 10 ' MCi/ml water 

*These guides shall be reduced by a factor of 3 when apphed to 
a suitable sample of the exposed population. Radioactivity 
concentrations may be averaged over periods up to 1 year Values 
are from AEC Manual Chapter 0524 and Title 10, Part 20, of the 
Code of Federal Regulations 

Therefore it is very hard to apply these to any evaluation of 
an accident case 

Some of the discussions in this meeting have touched 
on the difficulties of samphng I think it would be weU if I 
just took a second here, in view of the discussion I heard, to 
talk a httle bit about comparing these standards with 
concentrations measured in the environment by an ordinary 
air sampler If you have the means, or if you happen to 
observe it, you can sample over the period of time from the 
leading edge of the cloud to the tail end of the cloud, and 
you can then derive for that cloud passage an average 
concentration of the cloud 

If, as normally exists in practice, you are sampling some 
period of time ahead of cloud arrival and some period of 
time afterward, then you get an average concentration for 
that entire period of time, and care must be taken not to 
apply that average back to the estimated time of cloud 
passage So there is a difficulty in sampling to determine 
comphance with those numbers 

When you are sampling an aerosol in the environment, 
there are really basically five fractions associated with that 
aerosol Ordinarily an environmental air sampler does not 
sample isokmetically, and the sample is, therefore, depleted 
or enriched m certain size spectra These two fractions of 
the aerosol are not therefore identified by data from the 
ordinary air sampler 

The matenal that is collected by the air sampler—with 
due regard for the collection efficiency and the counting 
efficiency—also has three fractions One fraction is that 
portion of the material which is collected by the sampler 
because of the relatively high samphng rate but which 
would normally not be inhaled by an individual standing 
upright and breathing at a normal rate 

Then there are two fractions associated with material 
that is inhaled (1) the fraction that is excreted by the body 

TO THE ATMOSPHERE 17 

and (2) the fraction that finally reaches the point of 
concern in the pulmonary compartment These fractions 
are all size-dependent, and the difficulties to establish the 
complete size spectrum are such that you do not ordinarily 
have good data on the size spectrum for environmental 
samples It is my belief, however, that normal environ
mental air samples will be extremely conservative in 
estimating an inhalation exposure 

If, instead of trying to deal with an air concentration 
and time of cloud passage, you were to simply divide the 
mass of collected matenal by the sampling rate, the 
so-called cloud dosage would be developed, and this dosage 
for a radioactive cloud is normally expressed in curies-
second per cubic meter of air This value multiphed by the 
breathing rate will provide an estimate of the inhaled 
intake, assuming that all of the material is in the respirable 
range In deahng with releases of plutonium, this cloud-
dosage figure IS the important value as I hope to demon
strate later 

Others at this meeting will develop some of the 
biological considerations of plutonium inhalation in detail, 
but I would like to take the time to develop my ideas of 
some of the numbers that one ought to be looking at in an 
emergency situation, for these numbers are seldom 
discussed 

In plutomum-release incidents there are two numbers 
you must examine the cloud dosage that represents the 
acute exposure while the cloud is passing, and the amount 
of material deposited per unit area of ground which could 
represent a chronic exposure from the material that is 
resuspended 

A permissible or a safe cloud dosage for an emergency 
situation perhaps can be derived in a number of ways, but I 
would like to show you three, or to indicate three, sources 

The first number could be developed by examining 
radioactivity concentration guides (RCG) It would not, 
perhaps, be unreasonable to subject people in the un
controlled area to an occupational level if it were in terms 
of an emergency exposure, a once in a lifetime type of 
thing, not to be repeated 

It you took that RCG value for a cloud concentration 
and assumed that the cloud existed for an hour and that for 
the rest of the year there was not any plutonium in the air. 
It seems that you could average that initial concentration 
over the period of a year That initial concentration for 1 hr 
could be 3 5 X 10"^ mCi/ml, and if averaged over a year, 
the average concentration would be within the occupational 
RCG value That initial concentration for 1 hr represents a 
dosage of 1 3 x 10"̂  Ci-sec/m"* 

That is rather shadowy, and that is the point I am 
trying to make to you, when you talk about numbers for an 
emergency situation, you cannot talk about the long-range 
hfetime exposure You have to, in some manner, come to 
grips with this problem of emergency exposure 
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TIME OF EXPOSURE, hr 

10" 10^ 

TIME OF EXPOSURE, hr 

Fig. 1 Maximum permissible air concentration as a function of 
time of continuous exposure assuming the more conservative of the 
two limiting conditions. From W. Langham, P. S. Harris, and T. L. 
Shipman, Plutonium Dispersal by Accidental or Experimental 
Low-Order Detonation of Atomic Weapons, USAEC Report 
LA-1981 (Rev.), Los Alamos Scientific Laboratory, February 1966. 

Wright Langham looked at this problem, and Fig 1 
indicates his considerations Figure 1 is a plot of the 
maximum permissible concentration vs the time of ex
posure. The two curves represent the case for considering 
the lung as the critical organ, and, after about 4 years, bone 
deposition is critical. 

If you take 1 hr as the exposure period, the permissible 
concentration, as indicated on the graph, is 27,800 dis/ 
(min)(m^), and that corresponds to a cloud dosage value of 
4.5 X 10"' Ci-sec/m^. So that is another estimate for a 
permissible emergency dosage. 

I might point out that we have not, to my knowledge, 
published or even talked about such numbers in this 
country. The British looked at this problem and they have 
developed the numbers shown in Table 2. Those numbers 
give you the biological factors that the British use. Thus for 
a I'/j-year-old child, the most restricted value is 1.2 XlO"'' 
Ci-sec/m^. 

So if you examine these three approaches of looking for 
what might be an upper level, as shown m Table 3, you will 
note that they differ by a factor of 30 from high to low. 
The first one is a gross application of the averaging 
technique, not to be defended. Langham et al. state 
specifically in their paper that the developed numbers are 
very conservative. 

I do not believe the British characterized their values 
except I am sure they employed their usual conservatism. 

I would like to suggest that a factor which we could 
consider here, just thinking about an emergency exposure, 
IS 1 X 10"* Ci-sec/m^ 

Now what does this really mean m terms of an 
individual Wright Langham developed his concept of what 
might be considered safe for dose limits from plutonium for 
the lung, the bone, and the liver, and these, as noted in 
Table 4, are 100, 50, and 100, respectively. Then for an 
uncontrolled population, he advocated thinking about this 
m terms of at least a third less for a population of 1000 
For every tenfold increase in population, the allowable dose 
for a 1000 population would be divided by a factor of 2 
Thus Langham felt that, for an uncontrolled population of 
100,000, safe dose hmits from plutonium could be set at 
lung, 8 rads, bone, 4 rads, liver, 8 rads 

So if you look at the 1 x 10"'' Ci-sec/m^ dosage, what 
does this really mean? It means that the uptake for an adult 
(20 m^ of air per day) would be something like 3.4 X 10~^ 
/iCi Integrated, this amounts to 2.46 /uCi-day m the lung 
and therefore a dose of 0.66 rad The value of 0.66 rad to 
the lung due to exposure to a cloud dosage of 1 x 10"" 
Ci-sec/m'' IS well below the value of 8 rads that Langham 
indicated would be a safe limit for an uncontrolled 
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Table 2 Provisional Values of the Maximum Permissible 
Intakes by Inhalation After an Accidental Release 

of Plutonium* 

Maximum Permissible Emergency Inhalation 
Dosages for ^ ^' Pu 

19 

Soluble form, 
bone IS the critical organ, 

age, years 

0 
0 5 
1 0 

Adult 

Insoluble form; 
lung IS the critical organ; 

age,years 

0 
0 5 
1 0 

Adult 

Age, years 

0 
0 5 
1 0 

Adult 

Inhalation, 
m/iCi 

0 32 
0.63 
0 95 
9 5 

Inhalation, 
m^Ci 

3 9 
8 6 

110 
78.0 

Maximum permissible time 
integral of concentration 

m^Ci hr/hter 

3 2 x 1 0 ^ 
2 5 X 10 ' 
2 9 x 10 ' 

1 1 5 x 10 ' 

Ci-sec/m^ 

1 2x 10 = 
9.0 x 10 ' 
1.0 x 10 ' 
4.1 X 10 ' 

Maximum permissible time 
integral of concentration 

mMCi-hr/liter 

3.9 X 10 = 
3.4 X 10 ' 
3 3 x 1 0 ' 
9 4 x 10 ' 

Biological Factors Used 

Skeletal weight. 

g 

230 
460 
700 

7000 

Lung weight. 

g 

60 
110 
140 

1000 

Ci sec/m' 

1.4 X 1 0 " 
1.2 X 10 * 
1.2 X 10 * 
3.4 X 10 " 

Breathing rate. 
liters/hr 

100 
230 
330 
830 

*I rem G W Dolphin and H J Dunster, Provisional Values ot the 
Maximum Permissible Intakes by Inhalation After an Accidental Release of 
Plutonium, British Report AHSB(RP)M-12, October 1961 

Table 3 Summary of Estimated Cloud 
Dosages for Accident Case 

Source 

AEC Manual 
Chapter 0524 

British 

Langham 

Conditions 

Computed from yearly average 
value for controlled areas 

Insoluble " ' Pu for a 0 5-year-old 
child, lung IS the critical organ 

Soluble'="Pu, lung is the 
critical organ, exposure 1 hr 

Dosage, 
Ci-sec/m' 

1.3 X 10 ' 

1 2 x 10 " 

4 5 X 10 ' 

population of 100,000 It could, in fact, be argued that 
both numbers are unduly conservative for an emergency or 
accident situation in which one assumes that there will be 
some adverse effect to some individuals and that a higher 
value, e g , 5 x 10"^ Ci-sec/m^, could be suggested The 
trouble, of course, lies in the fact that it is hard for most 

people to reconcile a number like 5 X 10 ^ Ci sec/m^ with 
the off site RCG of 6 x lO"'" MCi/ml (6 x 10 "* Ci/m') 

The other problem I mentioned, the ground deposition, 
was considered in at least three projects Project 56, in 
which LASL looked at the safety of a nuclear weapon with 
consideration of the so-called one-point detonation prob 
lem, was the first of these 

Wright Langham, Payne Harris, and Ernie Anderson 
developed the safe hmit of 100 fJtCi of plutonium per square 
meter of ground for a hfetime occupancy, as shown in 
Table 5 

Project 57, conducted by Sandra Corporation, came up 
with the fact that 3600 Aig/m^ would be safe for a lifetime 
if the only resuspension activity was natural, i e , wind The 
number generally associated with Project 57, however, is 
lOOG/Lig/m^ 

Dr. Stratton: What were the projects'' Could you just 
say what they were'' 
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Table 4 Dose Limit Adjustment for Size and 
Nature of the Population* 

Dose limit f from 
plutonium, rads 

Population Lung Bone Liver 

Sample (12-2000, 
mean 1000) 

Uncontrolled 
population 
up to 10 ' 

Uncontrolled 
population 
up to 10" 

Uncontrolled 
population 
up to 10^ 

100 

33 

17 

50 

17 

100 

33 

17 

*From Wright H. Langham, Biological Considera
tions of Nonnuclear Inadents Involving Nuclear War 
Heads, USAEC Report UCRL-50639, University of Cali
fornia Lawrence Radiation Laboratory, April 1969. 

flf a comparison is to be made with NCRP maxi
mum-permissible exposure guides, rads x 10 = exposure 
equivalent in rems 

Table 5 Accumulated Organ Average Doses 
from Lifetime Occupancy of an Area 

Contaminated with ^ ^ ' PuO^ * 

Initial surface 
contamination 

level (So), 
Mg/m' 

Lifetime accumulated organ 
average dose, lads 

Lung Liver Bone 

100 
1000 

10,000 

0.23 
2.3 

23 

0.16 
1.6 

16 

0.027 
0.27 
2.7 

•From Wright H. Langham, Biological Considera 
tions of Nonnuclear Inadents Involving Nuclear War 
Heads, USAEC Report UCRL-50639, University of 
Cal i fornia Lawrence Radiation Laboratory, April 
1969. 

Mr. Jordan: By 1956 this Laboratory had developed 
the so-called "complete weapon" in which the plutonium 
and the conventional high-explosive components were an 
integral unit. The immediate concern was what would 
happen if the explosive element of the weapon detonated. 

So a series of tests was conducted to develop the 
parameters that would be needed m order to design a bomb 
that, if it became involved in an accident and the explosive 
element detonated, would not go nuclear. 

At that time the pressures were such that httle 
attention could be paid to the health effects, but in a 
hurried-up effort, H-Division managed to put some air 
samplers and fallout trays into an instrumented array and, 
from this work, determined the air concentrations and 
ground deposition associated with such an event. Later, air 

suspension studies were undertaken and from that work 
came the values that Wright Langham used for the 
attenuation of plutonium in the soil—the 35-day half-hfe 
This is not half-life in the real sense. What it really says is 
that plutonium becomes less available for resuspension, and 
that point sometimes is missed. 

Project 57 was a specially organized operation by the 
Sandia Corporation to pursue the effort to get data about 
what would happen if these bombs accidentally went off 
And part of the motivation for this study and the later one 
that followed. Operation Roller Coaster, also conducted by 
Sandia, was the concern of both the British and the 
Americans as to what the exclusion distances should be for 
storage of plutonium weapons. The basic idea behind all 
these projects was to come up with better numbers to 
define the hazards associated with an accidental detonation 
of plutonium weapons 

Jack Healy, in looking at the ground deposition 
problem recently (in a very thorough, up-to-date study, and 
the only one that I think has really considered all the 
parameters in detail), has come up with the proposed 
interim standard shown in Table 6. 

But you see again that the upper hmit of 8 /iCi/m^ is 
equivalent to 125 Mg/m^ If all of the material is in the 
form of particles with diameters less than 100 jum, the 
upper limit is 4 juCi/m^ , which is 60 uglm^ 

So in thinking about this problem of emergency levels 
for plutonium, I would like to suggest that maybe these are 
values that could be used to evaluate the hazard. 

A problem that constantly haunts you in talking about 
exposure to plutonium, either from resuspended material or 
from airborne material, is the single hot particle problem. 
Again, Jack Healy, m the study just quoted, has looked at 
this in considerable detail and has conducted an extensive 
literature review of all the papers that bear on this problem 
Healy concluded that the preponderance of the evidence 
indicates that the use of an average lung dose is appropriate 
in limiting exposures and may well be conservative 

I have touched on the points that you have to consider 
in looking at emergency exposures the acute cloud dosage, 
resuspension from the ground, and the single hot particle 
problem 

In regard to releases of plutonium, there has been a lot 
of field experience, and a lot of laboratory experiments 
have been conducted which give some insight on the 
distribution of plutonium, either inside a building or in the 
environment And I would like to review just a few of those 
to give you some idea, or the coloration, of what happens. 

You perhaps remember the Palomares accident on 
Jan. 16, 1966. It resulted from an in-air explosion of a B-52 
bomber while engaged in an in-flight refuehng. Four 
plutonium-bearing nuclear weapons were jarred loose from 
the plane by the explosion. Three of the devices impacted 
on the ground, and one landed in the water. Two weapons 
were ultimately recovered intact, one from the sea and one 
that actually impacted on the land. 
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Table 6 Recommended Interim Standards for Plutonium in Soils* 

In <100-Mm paiticle-
size fraction Tolalf 

dis/(min)(g) MCi/g /iCi/m^ dis/(min)(g) /xCi/g iiCi/m^ 

Top 0.1 cm$ 500 2 x 10'" 0.4 1000 4 x 10"" 0.8 
Any 1-cm 

layer 500 2 x 10"" 4 10,000 4 x 10"" 8 

*From J. W. Healy, A Proposed Interim Standard for Plutoniumi m Soils, USAEC Report 
LA-5483-MS, Los Alamos Scientific Laboratory, January 1974. 

fWith the provision that the fraction with particle sizes <100 ^m is known not to exceed the 
limits given. If this is not known, the values for the <100-Mm fraction should be applied to the 
total. 

jFor bare soil or areas with sparse vegetation. Where area is reasonably well vegetated (greater 
than 50% of the area is covered with low vegetation) and a reasonable root mat exists to hold the 
soil, the concentration hsted can be applied to a 0.5-cm layer which would permit up to 2 ^Ci/m^ 
in this layer. 

Two weapons detonated on impact with the ground and 
dispersed plutonium over some 1200 acres of ground. A 
wind with an estimated velocity of 30 knots prevailed at 
the time 

It should be noted that, under these conditions, the 
radius of the area with contamination of over 500 Mg/m^ (a 
factor of 5 over suggested LASL values) was about 80 m for 
one detonation and 65 m for the other detonation 

Cleanup procedure consisted of scraping and removing 
the top layer of soil from about 6 acres that had 
contamination levels above 500 Mg/m^ The crops in the 
fields with contamination levels above 5 /ig/m^ were 
removed and destroyed 

All of this material was packaged and ultimately 
shipped to the United States Originally it was planned to 
plow only the land between the 50 and 500 /LiCi/m^ 
contamination contours, but with the equipment on hand it 
was decided to plow the area within the 5 /iCi/m^ contour 

The other accident that got a lot of attention was the 
crash of a B-52 bomber in North Star Bay, 7 miles from 
Thule This occurred Jan 21, 1968 The cause of this crash 
was the necessity for the crew to bail out because of an 
on-board fire The plane impacted on the ice with the 
velocity of about 500 knots and at a 15-deg altitude On 
impact, the fuel ignited and the four plutomum-beanng 
weapons exploded. The debris and the flaming fuel pro
pelled by the forward motion of the plane were scattered 
along a path about 700 m long. A large blackened area 
about 130 m wide and 700 m long was formed by the 
combustion products being trapped in the refrozen snow 
and ice 

It has been estimated that approximately 99% of the 
plutonium within the defined contamination zone was 
contained in the black crust, ice and snow The horizontal 
extent of the fire was about 800 m, and the height of the 
fire column was about 850 m The smoke cloud rose even 
higher and undoubtedly carried plutonium downstream as 

It drifted toward the south and the southeast The Danish 
scientists investigated rather thoroughly the levels of 
plutonium in the environment and concluded from their 
findings that the environmental impact was negligible. 

In Project Roller Coaster a very elaborate experiment 
was conducted north of the Nevada Test Site for the 
purpose of determining the exclusion area of a plutonium-
weapons storage site In this operation, plutonium devices 
were dispersed by the detonation of high explosives. Four 
different releases were accomplished, the first being the 
release of plutonium from an uncovered steel plate—so 
that there would be no interaction with the soil—by 
conventional high explosive (TNT) in the weight ratio of 1 
unit of plutonium to 44 units of high explosive In this 
case, 88% of the material was airborne beyond 2500 ft. The 
last test was a release from an igloo with 8 ft of ground 
cover In this case the ratio of the plutonium to TNT was 1 
over 835, and 63% of the material was airborne beyond 
1250 ft These values probably represent a maximum 
dispersal for an uncontained source and a maximum 
dispersal from a well-contained source but with the 
containment destroyed by a very large energy release 

In the plutonium-release incident at Oak Ridge involv
ing 1100 g of plutonium in a nonnuclear explosion, less 
than 0.05% of the plutonium was released from the 
building The plutonium was largely scavenged by the 
building and plant equipment 

Another test was the safety test of special capsules 
conducted as part of the SNAP program. These capsules 
were made of Haynes 25 alloy and contained 80 g of 
plutonium in a hehum atmosphere They were subjected to 
destructive heat loads, and failure of the capsules occurred 
after about 3 min at 3600°F After failure, the capsules 
were maintained at this temperature in an oxidizing air 
draft. Less than 3% of the plutonium became airborne. The 
exact percentage dispersed is not known, since the com
plete material balance of plutonium was not possible. 
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About 95% of the plutonium was recovered from the 
residue. On the other hand, only a trace was recovered from 
the absolute filters in the air space above the apparatus. It is 
believed the difficulties in analyzing the residue account for 
the discrepancy in the material balance. 

An incident involving a Bomark missile has also been 
reported. Several kilograms of plutonium was subjected to 
the heat and the dispersal forces of gasoline jet fuel in a 
high-explosive fire in a launching pen. Although the flames 
were 400 ft high, negative readings for plutonium were 
obtained m a survey from 50 ft of the pen out to 5 miles. 
The plutonium contamination was confined to the launch
ing pen and a small area adjacent, a draining ditch 
contaminated by runoff water used in fire-fighting. 

Carter and Stewart, British workers, reported the results 
of heating to ignition 12-g plutonium billets and 2 g of 
plutonium turnings. About 0.05% of all the plutonium 
oxide particles from the billet burnings and about 0.01% 
from the turnings were 3/x and less in size. It was concluded 
that the plutonium burned without an active dispersal 
process. Only about 0.01%, or markedly less than the total 
percent of the material, would be dispersed and constitute 
an inhalation hazard In the event the oxide residue was 
dispersed by a forced draft, not more than 0.5% would be 
in the respirable range. 

J. Mishima and others at Battelle—Northwest have 
conducted a series of plutonium-release studies, and they 
are summarized to some extent in Table 7. 

Table 7 represents a series of tests that have been 
conducted on plutonium dispersal, and one can get some 
idea of the magnitude of releases. 

Stan Hammond has reported the release of plutonium 
from Rocky Flats, as shown in Table 8. The releases 
resulted from normal operating conditions (I have pre
sumed that the period covered is from 1953 to 1971, the 
report did not state that, but the sense of the report 
indicates that that is the period of time he is accounting 
for) and amounted to 42 mCi in airborne effluents or 90 
mCi in liquid effluents. 

The 1957 fire accounted for a release of 0.06 Ci, and 
the famous 1969 fire, 0.0002 Ci. 

The thing of some interest is that the transference from 
contaminated soil accounted for a 2.6-Ci release. It em
phasizes the fact that the accidents that are going to get 
you are the unforeseen, the unlikely events. This trans
ference of plutonium resulted from the dispersal by 
high-velocity winds of sandy soil contaminated by con
taminated oil that had leaked from drums stored in the 
open. 

Dr. Stratton: The 1969 fire was regarded as much 
more severe, and I think it was, yet the release was much 
less Is there any obvious reason, Harry'' 

Mr. Jordan: Not that I know of, except, obviously 
after the 1957 fire, people probably got smart, and they 
might have done certain things that must have helped them 

Table 7 Plutonium Aerosol Airborne Under Stated Conditions* 

Solids from evaporation of plutonium nitrate solution ambient to ~130''C, 
10 to 100 cm/sec air, sampled 3 to 24 hr 

Oxidation of ignited metal 560 to 900°C, 3.3 to 50 cm/sec air, sampled 
74 to 155 min 

Oxidizing Ignited metal covered with MgO sand 525 cm/sec air, sampled 60 mm 
Air drying plutonium nitrate solutions ambient to ~130°C, 10 to 100 cm/sec, 

samples 1 % to 24 hr 
Fine oxide from ignited metal ambient to 900°C, 10 to 100 cm/sec air 

Oxide from ignited metal ambient, 6.9 cm/sec air, sampled 20 to 90 mm 

Oxidizing Ignited metal 525 cm/sec air, sampled 22 to 90 min 

Fluoride powder 400 to 1000°C, 10 to 100 cm/sec air 

Nitrate solution simmer to rolling boil, 2.9 cm/sec an, 
sampled 59 to 151 min 

Solids from evaporation of plutonium nitrate solutions 400 to 1000°C, 
10 to 100 cm/sec air, sampled 2 hr 

Oxalate powder 400 to 1000°C, 10 to 100 cm/sec air 

Partially oxidized oxalate powder 400 to 1000°C, 10 to 100 cm/sec air 

10 ' to 
2.6 X 10"' wt.% 

2.8 X 10""̂  to 
5.3 X 10"=^wt% 

0.00030 wt.% 
lO"' to 

0.003 wt.% 
5.3 X 10""̂  to 

0.025 wt.%/hr 
8.6 X 10"' to 

0.0311 wt.^ 
0.0045 to 

0.032 wt.% 
0.007 to 

0.05 wt.%/hr 
0.00045 to 

0.18 wt.% 
0.0046 to 

0.012 wt.% 
(0.125) 

0.005 to 
0.9 wt.%/hr 

0.041 to 
0.82 wt.%/hr 

*From J. Mishima, Plutonium Release Studies. IV. fractional Release from Heating Plutonium Nitrate 
Solutions m a Flowing Air Stream, USAFC Report BNWL-931, Battelle-Northwest, November 1968. 
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Table 8 Rocky Flats Plutonium Releases* 

1. Controlled 
Airborne effluents 
Liquid effluents 

11. Accidental 
1957 fue 
1969 fure 
Contaminated 

soil transference 

0 67g 
1 4 g 

mg up to 1 g 
3.2 mg 

- 4 2 g 

42mCi 
90mCi 

-0 .06 Ci 
- 0 0002 Ci 

-2 .6 Ci 

*From S E Hammond, Industrial-Type Operations as 
a Source of Environmental Plutonium, in Proceedings of 
LASL Environmental Plutonium Symposium, USAEC 
Report LA-4756, Los Alamos Scientific Laboratory, 
December 1971. 

m filtration or in containment or in the design of some of 
their process lines 

Stan Hammond did not address this discrepancy, but 
you are right, and I think it really reflects the fact that, 
after you have a fire, you certainly take steps to improve 
your containment and make sure that the dispersal does not 
happen to that extent again 

Dr. Mason: I did not understand the containment—it 
had soil transference What was the mechanism there'' 

Mr. Jordan: Contaminated oil It was put in drums, 
and they were stacked outside in the open environment, 
and somewhere during the course of that storage they 
developed leaks that were either undetected or were not 
thought very important 

Dr. Mason: Was it after the fire or during the fire'' 
Mr. Jordan: Before the fire It had nothing to do with 

the fire But you see it was after the fire that the Colorado 
Citizens Committee detected plutonium in the off-site area 

Dr. Mason: 1 see 

Mr. Jordan: And the explanation was that the off-site 
plutonium really came from the transference rather than 
the fire That type of explanation never catches up with the 
public, however 

Dr. Thalgott: Is that 2 6 Ci from soil-transference 
curies transferred off the site, or just what is that 2 6'' What 
does that 2 6 Ci mean'' 

Mr. Jordan: It means that they never detected any 
above hmits or any noticeable airborne plutonium at their 
fence perimeter, so it has to be postulated that this amount 
of material must have become airborne and then must have 
been redeposited in a wider configuration on site, as well as 
getting off site The total that Stan Hammond figures was 
released from the contaminated site was arrived at by 
analyzing how much must have leaked out and how much 
was still present in the sandy soil, and the assumption was 
made that the difference became airborne What percentage 
of that was redeposited back on site and how much of it 
actually became airborne off site were not addressed 

Dr. Thalgott: This is then the number of curies he 
considers were airborne from the— 

Mr. Jordan: From the sandy soil contaminated by the 
leaking drums He has no handle on how much of that 
redeposited back on site 

This hst of incidents and experiments is certainly by no 
means complete There are other references, and there are 
examples one could look at and perhaps gain better insight 
But at least three attempts have been made to apply the 
available information to an evaluation of the plutonium 
release. 

Guthrie and Nichols at Oak Ridge in 1964 established 
the categories shown in Table 9. 

One of the problems associated with conservative 
evaluation, as I mentioned, is that the authors wih be very 
careful to characterize it and probably give you some idea 
about just how conservative they are making their evalua
tion But as their conclusions are reproduced, as m Table 9, 
those qualifications do not get earned on, yet you can see 
that Table 9 is a very conservative evaluation of accidents 
associated with plutonium I thmk it does not really reflect 
the experience we have seen in the field or reflect what we 
have seen in the laboratory 

As a result of the Rocky Flats fire, E C Hunt 
examined the range of experience with the release of 
plutonium, and he developed the theoretical model for 
restricted release of plutonium The gist of this article was 
that the plutonium was very heavy—associated with very 
heavy particles that settled out very rapidly, once the 
particles settled out on the surface, they stayed there with 
great tenacity It is my own personal view that this model is 
somewhat more rigorous than the data that he uses really 
justify 

Battelle—Northwest has recently completed a study on 
the consequences of effluents from fuel-fabncation plants 
The report identifies parameters, values, factors, and 
methods which could be used to evaluate consequences of a 
plutonium release In the report, many of the parameters 
are maximized and a series of accidents is postulated In 
general, it was assumed that lO"'̂  g of plutonium would be 
released after a two-stage HEPA filtration and that 1 g 
would be released if there were only one stage of filtration 
by HEPA filters These numbers are very conservative, as 
the report so indicates 

The other factor involved in release of plutonium is the 
estimates that are required for atmospheric diffusion These 
estimates are accomplished in a variety of ways by a 
cookbook approach based on regulatory guides, by a 
diffusion curve based on the work of Sutton and Pasquill, 
and by a computer code (practically every institution has 
its own) In general, the ranges that you can see from a 
theoretical consideration of diffusion are somewhat along 
the hne shown in Fig 2 

Figure 2 is for a ground release The upper curve is 
PasquiU's most stable weather condition (Type F). The 
lower Pasquill curve is for the most turbulent condition 
(Type A) The curves in between represent D. Slade's 
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Table 9 Theoretical Categories of Accidents 
in ^^'Pu Facilities* 

Category 1 Plant contaminated, no release outside of building, 
general type of accident 

Category 2 Plant contaminated, minor amount of material 
escapes from plant but not detected off site, 
example 10 kg of Pu in glove box 

400 g (4%) released to room 
4 g (0.04%) released to atmosphere 
Experience shows low probability 

Note To date (1964) all accidents have been in 
Category 1 ot Category 2 

Category 3 Containment compromised, appreciable material 
off site, 
example 100 kg of Pu in explosion 

40 g (0 04%) released to atmosphere 

Category 4 Containment overcome, widespread disposal 
of material off site, 
example 100 kg of Pu in an explosion 

4 kg (4%) released to atmosphere 

*I torn C. E. Guthrie and J. P. Nichols, Theoretical Possibihties 
and Consequences of Major Accidents in ^ ' ^ U and ^ " Pu Fuel 
Fabrication and Radioisotope Processing Plants, USAEC Report 
ORNL-3441, Oak Ridge National Laboratory, April 1964. 

interpretation of Cramer and Recorder's work relating the 
diffusion capabihty of the atmosphere to the variation in 
the horizontal wind direction The OQ values are for the 
standard deviation of the wind direction 

If the wind direction is not very variable, the standard 
deviation is small, and you, of course, approach the more 
stable condition With the wind fluctuating appreciably, you 
have a maximum diffusion But, you see, this is for a 
ground release If you estabhsh some type of effective stack 
height for the release, the curies are modified and a ground 
maximum is established at some distance downstream 
rather than at the point of release, the maximum occurs 
somewhere between 5 and 20 stack heights, or effective 
stack heights, downstream 

The curves in Fig 2 are normalized curves They are 
normalized for wind and for the source term, if you notice 
And this means simply that, for 1 Ci in a 1 m/sec wind, 
these figures apply 

When you take these curves and these procedures and 
maximize the weather input and become very conservative, 
there is a tendency to become so conservative that you 
really never understand how far out of the real world you 
are We became concerned about this, and so we looked at 
all the field release experiments that have been docu
mented, Prairie Grass, Dry Gulch, and Ocean Breeze, and 
this constitutes something like 20'^ to 250 data sets under 
all conditions of wind. 

Dr. Stratton: What were these experiments'' 
Mr. Jordan: The experiments were so-called field re

lease experiments in which known amounts of material 

were released and the atmospheric diffusion was measured 
Prairie Grass experiments were done by the Massachusetts 
Institute of Technology, the University of Texas, and a few 
other people out in Kansas, Dry Gulch was conducted at 
Edwards Air Force Base, and Ocean Breeze was done at the 
Cape Prairie Grass was a university project and the other 
two were sponsored by the Air Force All projects were 
designed to study atmospheric diffusion, and so they 
released a known amount of tracer material and sampled 
for It both downstream and cross-stream From the data, 
you can obtain the normalized dosage vs distance curves 
Considering all data sets, we derived from these experi 
ments the percentile curves shown in Fig 3 This type of 
an evaluation gives, if you will, some kind of a handle on 
how conservative you are when you make use of these 
evaluations 

If you assume what is a conservative value for the 
velocity of deposition of plutonium particles, i e , 1 cm/sec. 
Fig 4 represents the normalized percentiles for deposition 

So those are the kinds of numbers that one can play 
with, but in my view, in looking at it, it is virtually 
impossible to analyze this combination of experience and 
theoretical consideration in any real rigorous manner 

You can come up with a fault-tree analysis, and at every 
point or branch you can put in a conservative factor as the 
input for the scheme, and you can come up with a number 
But in the process, m my view, you lose a great deal of the 
wisdom that the industry has accumulated, for, after all, we 
have been deahng with this material over some period of 
t ime 

But perhaps I should deal with some of the observations 
that seem apparent to me but might not necessarily be 
apparent to you 

Foremost, I think it is apparent that it is difficult to 
suspend plutonium in the air Plutonium does not really 
want to become airborne apparently 

Second, plutonium as it is handled today is really not 
available for dispersal in the environment We do not handle 
It in a way that it is likely to become available to the 
environment in the course of normal operations, and, if you 
consider the range of normal industrial accidents, it is my 
view that, in a plutonium facihty that has been updated or 
constructed under the new criteria, the normal range of 
industrial accidents will not cause a release to the environ
ment Now that is a rather flat statement but I think 
experience would bear me out We have learned and we 
have improved, so that one can have this range of accidents 
without a release to the environment. 

For example, in the case of a fire involvmg plutonium 
in a container, I believe the release would be on the order 
of 0.01%, and this assumes that the container is rather 
completely compromised. If the contamer m the above 
accident was in an enclosure—i.e., in an ordinary room, a 
truck, a railroad car—it is my behef that, of the amount 
released initially, only 0.01% of this material would become 

• 
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DISTANCE m 

Fig. 2 Ground release. 

airborne Overall, you see, I am talking about a reduction 
factor of 10"^ 

If you apply these figures to a very large release of 
plutonium, e g , 5 g, there would have to be a very large 
inventory of plutonium at risk I would like to show you 
what 5 g of plutonium might look like in the environment 
In Fig 5 you will note that the suggested emergency cloud 
dosage of 1 x 10"'' Ci sec/m^ would exist 1% of the time at 
about 0 1 km, 50% of the time at about 0 2 km or less, and 
99% of the time at 1 km or less The ground deposition for 
this case is shown in Fig 6 If we assume 1 cm/sec 
deposition velocity, and again that is high, the concentra
tion of 10̂  Mg/m^ would occur 50% of the time within 0 1 
km and 99% of the time between 0 2 and 0 3 km 

If you consider a dispersal of plutonium by a violent 
force, and essentially uncontained, such as in Project Roller 
Coaster, for events Double Track and Clean Slate III, the 
results would be somewhat as shown in Fig 7 

This again is the normalized dose vs distance The 
Clean Slate III event was buried under 8 ft of dirt and had 
something like 800 to 1 for the explosive to-plutonium 
ratio These values are actual observed values, normahzed as 

indicated, and you can see the variation in cloud dosage vs 
distance that occurs on an actual release as opposed to the 
smooth theoretical curves for atmospheric diffusion 

One of the factors associated with plutonium being 
dispersed explosively, either on the surface or certainly 
from underground, is that a good portion of the particulate 
plutonium will be associated with a size fraction that is not 
respirable A normalized curve for only the respirable 
fraction reflects appreciably lower cloud dosages from the 
same distance, as shown in Fig 8 

Dr Halquist: What are the units on those'' 
Mr Jordan: These are normalized curves, and the unit 

IS in meters to the —2 power 
To obtain the cloud dosage for a particular case, you 

would divide by the wind speed m meters per second and 
multiply by the source term m whatever units you cared to, 
curies for example, and you then get curies-second per 
cubic meter—the units for cloud dosage 

For example, if you have a 10 mph wind, which is 
roughly 5 m/sec, and if you release 5 Ci, then the 
normalized curves could be read directly in terms of 
Ci sec/m' instead of the normalized unit of m"̂  
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Fig. 3 Composite day or night estimated percentiles for normalized 
dosage vs. distance. 

Fig. 4 Composite day or night estimated percentiles for normalized 
deposition vs. distance. 

If you were to release 10 Ci, with a 10 mph wind, the 
values on the dosage scale would have to be multiplied by 
2 

A Navy study looked at this dispersal problem—and I 
must say they looked at it from the standpoint of the Navy, 
and by that I mean they probably were somewhat more 
reahstic than perhaps some of the regulatory agencies—and 
they estimated that, if such an incident occurred in an 
urban area, the cost of cleanup would be roughly 10 to 50% 
of the property valuation in that area 

They did not describe any of the contours they were 
talking about, but you know the way people would 
operate—and the experience at Palomares supports my 
belief—we would probably have to go down to the 5 
/tg/m^ level or lower If the contamination were in a home, 
we would certainly have to clean up to a very low level or, 
more probably, buy and remove contaminated items 

So, probably m America, the figure of 50% of property 
value might be apphcable, but clearly the cost could 
overrun if there were no realism at all as to the level that 
could be allowed in the environment in the public domain 

DISCUSSION BY ATTENDEES 

Dr. W. R. Stratton: Thank you, Harry Could you tell 
us the fate of the plutonium in the Roller Coaster 
experience'' What measurements were made to give ground 
concentrations'' And did you try to make a complete 
accounting of all that was thrown up in the air'' 

Mr. H. S. Jordan: I was not involved in Project Roller 
Coaster, but my view of the Roller Coaster experiment is 
that many good data were generated, but the project col
lapsed before all the data were analyzed And I think it is 
one of the more tragic situations that the data reports were 
published but that an overall assessment of the experiment 
has not really been made At least I am not aware of good 
reports on the results of Roller Coaster 

Dr. Stratton: Can you tell us how many kilograms of 
plutonium were involved'' 

Mr. Jordan: Roughly 20 kg 
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Fig. 5 Composite day or night estimated percentiles for cloud 
dosage vs. distance. 

Dr. C. P. Siess: In that last thing you mentioned, the 
Navy study and the cleanup, that would have been as a 
result of a nonnuclear detonation of a weapon'' 

Mr. Jordan: Yes They were worried mostly about a 
shipboard accident 

Dr. Siess: What other categories of accidents not in
volving nuclear weapons could lead to that type of thing'' 
Are there any accidents related to civilian uses of pluto
nium which could lead to that much material released or 
exploded'' 

Mr. Jordan: No, I really do not think that people 
concerned themselves with that kind of a cleanup effort for 
nonradioactive material, and I can refer you specifically to 
the experience in this country with asbestos, in which 
asbestos plants have been allowed to operate for many, 
many years without regard to workers' health or the 
environment, even after the fact of a definite correlation 
between cancer and even the very low concentrations of 
asbestos 

Dr. Siess: That is not my question The Navy pre
sumably figured a certain amount of dispersion of pluto
nium as a result of detonation 

Mr. Jordan: Yes 

Dr. Siess: Now I am not particularly concerned with 
nuclear weapons that we build I am more concerned with 
plutonium that might be transported, used in nuclear fuel 
or in some other way Is there any type of accident from 
that use of plutonium that could involve an explosion that 
would scatter it over the countryside'' 

Mr. Jordan. I cannot visualize a situation in which 
plutonium in a normal industrial complex would be subject 
to an explosion and dispersed to that extent Is that the 
question'' 

Dr. E. A. Mason: Resulting in as much dispersion as 
you could get— 

Mr. Jordan: No, I just cannot visualize such a dispersal 
from an industrial accident 

Dr. Siess: What about the speculative, inefficient, 
amateur plutonium bomb by terrorists'' 

Mr. Jordan: I believe the relationship that has de
veloped on Operation Roller Coaster would apply there If 
the person were knowledgeable enough to make even a 
crude bomb, he would presumably have some knowledge 
about how to place an explosive 

To do the maximum amount of damage, he would do a 
certain amount of tamping and a certain amount of critical 

0 05 0 1 10 5 0 
DISTANCE km 

Fig. 6 Composite day or night estimated percentiles for ground 
deposition vs. distance. 
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placement, below a bridge or below a basement, or 
something like this. 

And I would suspect that somewhere between the 
Double Track experiment, which was on a steel plate with 
maximum dispersal, and the event that had the maximum 
containment, which was breached, would apply in that 
case. I would suspect that the dispersal would be less 
because I would suspect that the force of the explosion 
would not be comparable m efficiency for dispersal as the 
weapon TNT. In other words, if the plutonium were still 
available for dispersal, it would be an inefficient bomb and 
I presume the high-explosive component in the homemade 
bomb would not act as efficiently m dispersing plutonium. 

Dr. Siess: Going back to those two experiments, as 
sort of an average of the two, what area was contaminated 
to a level that would have to be cleaned up'' It was 2500 m 
m one case, and I forget the other. 

Mr. Jordan: Well, if you will look at Fig. 7, the 
normahzed dosage for total airborne material for the two 
events, you can translate the dosage values in m'^ to 
normalized ground deposition values in m"' sec'' by 
multiplying by an assumed velocity of deposition. If we use 
1 cm/sec as the velocity of deposition for plutonium, then 
the values shown are reduced by 10"^ for ground deposi

tion, le., the 10"̂  and 10"* hne becomes lO"'' and 10"®, 
respectively Now if we use the unit of micrograms for the 
source term and meters/sec for the wind speed and assume 
for convenience that the source was 10 kg of plutonium 
and a light wind of 1 m/sec prevailed, we would have an 
actual ground deposition of 

10' 
m-sec 

X ^Q ^g X ^ ^̂ "̂  
kg I m 

or lOO^g/m^ 

Thus the dosage value of I0~* now represents 100 
liglrv? ground deposition for the assumed release For 
Clean Slate III, therefore, the radius of the area con
taminated to our proposed limit is about 7 km, for Double 
Track it would be about 20 km. If you assume that a 
one-eighth sector of circle would represent the con
taminated area, then the areas would be about 20 km^ for 
Clean Slate III and 160 km^ for Double Track. These are 
obviously large areas, and we are talking about a relatively 
high level of concern in today's terms for the ground 
deposition 

Dr. Stratton: Some few experiments were done here a 
number of years ago, in which small amounts of plutonium 
were made airborne—small amounts of plutonium were 
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made airborne with sodium. Are you famiUar with these, 
Harry? Can you speak to those? 

Mr. Jordan: That would be in conjunction with the 
reactor work. No, I cannot. Some of the people from H-5 
might have had some experience. 

Dr. Stratton: Are you familiar with the experiments? 

Mr. Harry Ettinger: Yes, I did them. That was when 
Core Test Facility was alive and we were doing sodium-
burning experiments and the plutonium-burning experi
ments, and the combination of sodium and plutonium, 
trying to get some idea of what fraction of the plutonium 
would be airborne, burning plutonium alone, and also, if 
you had a mixture of sodium and plutonium, what fraction 
came off. 

I do not, offhand, remember the resuspension factors, 
but they were, I think, on the same order as the reference 
of Carter, who did this work, and Carter and another 
Englishman, Stewart, who did their work before. 

And our numbers were also very low, 10 to the minus 
something. I do not remember the exponent. But that was 
published in one of the ANS pubhcations. 

Dr. Stratton: This was my next question, was it 
published? 

Mr. Ettinger: Published as an ANS pubhcation. It also 
was an LA report. 

Dr. Stratton: Could you give us the references, Harry, 
sometime later today or tomorrow? 

Mr. Ettinger: Yes. I will just send you a copy of the 
reprint in the interoffice mail. Would that be all right? 

Dr. Stratton: Okay, fine. I would like to see it. Any 
other questions? 

Dr. K. Z. Morgan: Harry, I am not quite sure what use 
you are suggesting of this 10""* Ci-sec/m^. As you know, in 
the Revised Internal Dose Handbooks of the ICRP and 
NCRP, the principal emphasis is no longer on the annual 
dose rate that might be permitted but, rather, the dose 
commitment over some period of time, say 50 years. 

If one goes through some quick mental arithmetic and 
several assumptions on this figure of 10"^, I believe you 
would come up to something in the neighborhood of 100 
times the maximum-permissible-dose commitment, which 
might mean doses in the neighborhood of 10 to 100 rems 
over the lifetime of the people concerned. 

Mr. Jordan: No. I thought I explained that. I believe if 
you had that one exposure, to 10"^ Ci-sec/m^, that the 
lifetime dose to the lung would be 0.6 rad. 

Dr. Morgan: Well, I would somewhat question that 
number, just from quick mental arithmetic. 

Mr. Jordan: Well, I can go through it with you. 

Dr. Morgan: Well, I do not think we would want to 
take the time here, but 1 would be interested to see how 
you get such a figure. 




