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PLUTONIUM ACCUMULATION FROM LONG-TERM 
OCCUPATIONAL EXPOSURE' 
H. FOREMAN. W. MOSS and W. LANGHAM 

Los Alarnos Scientific Laboratory, University of California, L o a  Alarms, Xew ?.Icxico 

(Receiwd 22 Jdy 1959; in rrvisrd form 14 Dtcrmbrr 1959) 

Abstract-Analyses of tksue aliquou kom a phtonium process operator, who had bten 
exposed to PIA=* largely via chronic low-level inhalation for approximately 6 out of 11) yern 
of employment, showed that he had accumulated a body burden of approximately 0.018 pc. 
Estimations of his body burden from his urine asgay record ranged from 0.0 19 to 0.034 pc. The 
highest plutonium concentration (125 dis/min per g) was found in pulmonary lymph node, 
followed by liver (9.9 dis(min per gj, lungs (4.8 dir/min per g) and bone (average of stmum, 
rib and vertebra. 1.4 dis/rnin per 8 ) .  Some implications of these findings to chronic low-level 
inhalation c x p u r a  and to estimation of body burden from urine assays are disc~sed. 

THE Occurrence of a fatal criticality accident at 
the Los Alamos Scientific Laboratory provided 
an opportunity to obtain data on plutonium 
accumulation in an individual who had spent a 
total of approximately 6 years of an Ili-year 
employment period working with this potcn- 
tially hazardous material. 

These data are of interest because they 
provide, for the first time, limited information 
on (a) the efficacy of industrial hygiene and 
engineering practices in plutonium processing 
operations; {b) body distribution of plutonium 
in an individual, exposed primarily by inhalation 
of low-level plutonium aerosols over a prolonged 

period; and (c) reliability of cstimata of body 
burden from urinary excretion data, when 
exposure has been primarily via inhalation. 
The individual involved was a 73-ko male, 

38 years of age at  the time of death. TIM- fatal 
accident occurred during a phtonium rcrove? 
procedure. Details of the accident anll the 
operation are described elsewhere.(1' I)cath 
resulted from an overdose of radiation. SO 
plutonium contamination occurred and, con. 
sequcntly, the conditions of the accident did nor 
influence the findings in this study. 
The individual's employment and job 

assignment history is shown in Table 1. 

pre. 
Tab18 1. Empfoymcnt history of the subject I rlOSf 

, i arl 
I Time Period job assignment 

I 
, IS L - - 

h=@ recovery operator 947t 
, U w  recovery operator 1987 

Total plutonium exposure t h e  2244 

17 June 1946-24 January 1949 
24 January 1 9 4 9 4  June 1954 
4 June 1954-8  June 1955 ReJigned-no exposure 369 
8June 1955-31 December 1958 Puns recovery operator 1297f 

Work performed under the auspices of the U.S. .4tomic Energy Commission. 
7 &tween l h t  and second plutonium e x p u r e  periods, exposure conditions had been grotly impros*ed. 
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Tuble 2. ..lceragc concentration of airborne plutonim in a i m  in uhich cmploycc war assigned 
c__ 

Room413 I Roorru212,'713,?18 Room 308 Room 3 13 Room 408 
"" Idis/min per m3) , dislrnin per m31 jdis/minper m3) ~ (dis/rninpcr m3) (dis/rnin per mJ, I 
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ti 16 188 13 

-' 134a Sot used '24 33 69 
I 1947 11 25 77 98 
' 1946 

! I919 Sot used 19 30 72 
1949-1954 ik'orked with enriched uranium 
19% 
1956 
1957 
1958 

During the first period of plutonium exposure 
(17 June 1946-24 January 1949), his work 
consisted of chemical processing involving 
plutonium nitrate dutions,  plutonium oxalate 

* and, occasionally, plutonium fluorination. 
During the second period (8 June 1955-31 
December 1958), his work consisted largely of 
liquid-liquid extraction of plutonium under 
greatly improved exposure conditions. 

Detailed exposure records were kept during 
the periods when the employee was working 
with plutonium. These records included pluto- ' nium air concentrations in the processing rooms, 

I the operator's nose swipe counts done several 
times a week up to the end of 1955 and frequently 
but irregularly thereafter, daily hand counts, 
and frequent plutonium assays of 24-hr urine 
specimens. Average plutonium air concentra- 
tiom to which the individual was exposed are 
presented in Table 2. The instances when his 
nose swipe counts went above 50dislmin 
:arbitrarily chosen as the limit of significance) 
are listed in Table 3, and his urine assay record 
is given in Table 4. No tabulation of hand 
counts is given, since they were consistently 
below significant levels. Results of fecal analyses 
were not available. Because of the analytical 
and sampling difficulties involvcd, fecal analyses 
are not a routine practice at  the Los Alamos 
Scientific Laboratory. 

There were no specific accidents to which 
the individual's exposure could be attributed. 
However, as might be expected, a number of 

I 
Tabla 3. Record of high MSU swipe counts* 

Right/Left nostril Date 
(counts/min) 

1946 29 July 189/320 
30 July 87/70 
5 September 149/L9 

I November 61/15 

30 December 164/106 

25 September 5514 

10 December 57/68 

1947 21January 102161 
1 April 9t113.5 

3 October 1201'78 
7 July 14 /40  

1948 10 February , 0/59 
26 April 86/3 
9 June 33/50 

10 June 244/72 
2 July 7211 
2 August 65/0 
I December 50/38 

hfter 1948 (none) .('. 

Technique coruisted of rotating P piece of dampened 
filter paper (on an applicator) in each nostril, after which 
the paper w1u unrolled, flattened, dried and counted. 
Fifty counn/rnin w1u arbitrllrily taken a the limit of 
significancc. 
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i Table 4. R&b of periodic plutonium uriw assays j a r  mtin of W~loymmt 
--.=- 

I 

-z_ 
I &/min per 24 hr Date per 24 hr , 

specimen 
Date specimen 

, 

:ti 
1 

j u 

21 

1.2 1 August 1953 
0.6 

1.2 
12 .xugust 1953 

0.0 
4.7 

19 A u p t  1955 
19 September 1946 

0.7 
1.7 

30 September 1955 
18 December 1946 3 

0.7 
0.7 

0.6 
14 Xovcmber 1955 

18 April 1947 
0.7 23 Slay 1947 

27 December 1953 

14 0.0 
0.7 26 June 1947 
0.0 9 February 1956 0.7 

5 April 1956 
30 July 1947 

I 7  0.0 
1 .o 27 August 1947 
1.5 30 April 1956 0.4 2 October 1947 

8 June 1956 
21 0.6 

0.8 7 November 1947 
20 July 1956 

I(J 0.5 
4.0 8 December 1947 

23 August 1956 
0.0 

1 .o 13 January 1948 
0.0 25 September 1956 0.0 13 February 1948 

24 October 1956 
0.0 

0.0 19 March 1948 
23 November 1956 

0.1 
2.0 22 .4pril 1948 

17 December 1956 
0.23 

3.7 23June 1948 
31 January 1957 

0.68 
0.22 

28 February 1957 
22July 1948 

0.8 19 August 1948 
1 12 April 1957 

0.12 
3.0 

14 May 1957 
20 September 1948 

0.03 
2.5 : 14June 1957 22 November 1948 I 

0.00 
0.0 21 December 1948 7 

0.20 
Uranium 1 19 August 1957 

' 20 September 1957 
24January 1949 

2.0 0.21 
, 22 October 1957 

31 January 1949 

0.39 
1.2 

31 October 1957 
14 July 1949 8 February 1950 0.8 0.51 

14 Xovemkr 1957 
0.00 

0.1 1 September 1950 
: 10 January 1958 

0.65 
0.8 28 February 1951 
0.7 , 21 February 1958 0.51 

' 25 March 1958 
4 September 1951 

0.25 
0.55 

7 May 1958 
19 May 1952 ! 

0.0 14 December 1952 

0.49 
0.0 19 June 1958 4 September 1953 

0.79 
4 June 1954 

8 June 1955 

9 hugust 1946 

, b  

. I  - 
0.0 I 

26 October 1948 2.0 0.11 

15 July 1957 . /  

_- 

( 

0.3 I 

Pso Off uranium 30July 1958 Kic 18June 1954 0.0 15 September 1958 I 0.47 0 He. 
k c k  on plutonium I 28 Pr'OVCmber 19% 1 ! Ca1 

' Spl 
Ste minor mishaps occund during the period of section Of the LOS Alamos Indusaial H%ienc ~ i l  

employment. The detail& record of such minor Group, and aliquom Or samples Of rib, , \-I= 

incidents is summarized in Table 5. vertebrae, lungs, liver and lymph nodes \ \crc , L ~ ,  
I the timc of autopsy, tissues \\*ere taken sent to the Hanford Atomic Products *per'. 

specifically for piuto,,ium assay. The specimens tion, where they were analyzed indePendent" 
Lk Brc taken and their plutonium Contents arc shown by both the Bio~oSical Laboratow 

in Table 6. The assay Were carried Out using Bioassay Group. The Values given in " 

the alpha track counting method.") Two arc averaga and standard deviations 'Or 'h' = 
independent analyses of aliquob from each four independent ana lpa .  The standard de"J. ' 
tissuc sample Xvere made by the analytical tion for the lymph node includa "' a' 

and 



Table 3. Summary oJ minor exposure incidents during period of emplo2ment -- 

Dare 

22 .ipril 1947 
5 September 1947 

I +  December 1947 

17 March I919 

2 .April 1950 
LO August 1953 

9 .illgust 1955 

I 25 Sovembcr 1958 

Slinor laceration on thumb 
Helped clean up spill of plutonium solution 

Received nitric acid burns on arm 
Small cut an hand, received while makin4 

Puncture wound on right hand from a >crew 

Helped clean up spill of enriched uranium 

Exposed to fume, of oxides of nitrogen 
Helped clean up spill of enriched uranium 

IVhile adding caustic to a plutonium and 

material transfer 

point on an instrument panel 

americium soIution, materials spraycd out 
of reaction vessel. Operator was wearing 
face shield and respirator 

hlaintenance work involving removal of 
plutoniurn-contarninated insulation from 
an  evaporator-condenser 

So alpha activity detected 
.lir concentration 32 dis/min per rn3 
for 8-hr day; nose count 164/106 
dis/min 

Yo record of contamination 
So alpha activity detected 

So contamination reported 

So air concentration or nose swipe 

So contamination involved 
Room air concentration 8 dis/rnin 

per m3; nose count 4 dis/min 
S o  body contamination detected; 
nose count 22/28 dislmin; room 
air concentration 173 dislmin per 
m3 

Xose swipe count 0 &/mini roomair 
concentration 1070 dis/min per m3. 
Operator was wearing Wilson 800 
respirator 

data recorded 

Table 6 .  Plutonium concentration in autopsy samples 
(based on actual analytical data) 

1 Plutonium 

(dislmin per g Organ or tissue at autopsy 
(@ wet wt.) 

I --.--- 

Psoas muscle 
Kidneys 
Heart 
Cartilage 
Spleen 
Sternum 
Ribs 
Vertebrae 
Lungs !minus major 

Liver 
Bronchial lymph 

bronc hii) 

nodes 

I 0.01 
2 70 0.05 
400 I 0.06 

0.14 
116 0.18 

I.0 = 0.2 
1.2 = 0.3 
2.1 * 0.6 

850 4.8 5 0.6 

I950 9.9 f 1.4 

125 57' 

* * Includes variation in different lymph-node samples. 
as w l l  as andvticd \ariation. 

sample, as well as variation in analysis, since 
different lymph-node samples were used in the 
independent determinations. The highest plu- 
tonium concentration was Found in the pul- 
monary lymph nodes (125 = 57 dh/min per g), 
followed by the liver (9.9 & 1.4 dislmin per g), 
lungs (4.8 * 0.6 dislmin per g) and then 
vertebrae (2.1 5 0.6 dis(min per g). The 
average of all bone samples was 1,4 i 0.7 
dis/min per g, for which the standard deviation 
includes the variation among the different bone 
samples plus the analytical variation. 

The total organ and body content, calculated 
from the data in Table 6, are shown in Table 7. 
The estimated total body burden was 0.018 pc.  

As a result of changes in production methods, 
the Pua8/PuuQ ratio of plutonium processed at 
the Laboratory increased considerably between 
1946-1918 and 1955-1938. Determination of 
the P U * ~ ~ / P U ~ ~  ratios in bone, lymph node, 
liver and lung samples indicated bone and 
lymph nodes had t h e  lowest ratio (corresponding 
generally to material produced in 1946-19481, 

0 0 0 ' 1 0 4 1  
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Table 7. Total body burden estimutrd from lumt or organ wright and 
plutonium content 

Weight Total content I 

(5) jdio/rnin I Organ or tissue 
- - _ _  ~ 

- __  - 

Liver 
Skeleton (average) 
Lungs (minus bronchii) 
Respiratory Lymph nodes 
bluscle 
Heart 
Spleen 
Kidney 
Balance' 
Total 

1950 
10,000 

850 
10 

30,000 
400 
116 
2 70 

26,400 
70,000 

I 

1.930 x 1V 
1.400 10' 
0.408 \ 10' 
0.125 x I @  
0.030 ,.\ 109 
0.002 x loa 
0.002 I 104 
0.001 104 

(0.018 1tc) 

0.026 x 1P 
3.924 x 10' I 

I 
Assuming plutonium content of the balance is the same as that of 

muscle. I*) 

and lung samples had the highest (correspond- 
ing roughly to more recently produced ma- 
terial). The Pum*/Pu"* ratio in the liver W ~ S  

intermediate. 
DISCUSSION 

The data in T a b l a  2 and 3 show that all high 
plutonium air concentrations to which the 
employee was exposed and all high nose swipe 
counts recorded occurred during his earlier 
period of exposure. It is very likely that most 
of his plutonium burden was accumulated 
during this period. The record summarized in 
Table 5 shows that there were nospecific incidents 
to which his plutonium exposure could be 
attributed. The  summary is given principally 
to point out the close attention given to all 
potentia1 modes of exposure and thereby 
emphasize the certainty with which a contami- 
nated accident can be ruled out as the source of 
the subject's plutonium burden. I t  is most 
Likely that the body burden, in this case, 
resulted from chronic inhalation exposure to a 
low-level plutonium contaminated atmosphere. 
The above speculations regarding time and 
mode of exposure are supported also by the 
indication that the PuZaE/Pup3* ratio in lymph 
nodes and bone appeared to correspond to that 
of plutonium being processed during the early 
period of the subject's exposure. 

Three different urine assay procedures \s'crc 

used during the 12-year period owr \$.hi& the 
urine data shown in Table 4 were COlkectcd. 
Each change resulted in somewhat greater 
reliability of the data. In 1957, the method 
was changed to the Hanford alpha track 
counting Urine assays from t h i  
time onwards have considerably hiqher rclia. 
bility than previously. Even durinq 1957 and 
1958, however, there was considerable variation 
in the assays, which is probably due both 
analytical limitations and to normal phvslo. 
logical fluctuations. The employee's systemic 
plutonium burden was estimated from the 
urine assays using empirical quations derived 
from human excretion data.t3) Following an 
acute exposure occurring at known time, the 
retained pIutonium body burden (DR) is giwn 
by the expression 

D, = 435 UP" [ I )  

in which Lr is the plutonium (counts/min, 
dis/min, pc)  in a 24-hr urine sample collected I 
days after the time of exposure. D, is given in 
the same units used to express I;. Since this 
equation is applicable to relatively acute 
exposure occurring at  known time, it is nccessar~ 
in protracted exposure cases to dssume an 
effective time of exposure which, to a first 
approximation, may be taken as the midpoint 
of the work period. Following chronic inwlJn t  

LANL 
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exposure to plutonium, the total systemic 
intake (D,) is given by the expression 

(2) 1/2)0.26 - (n - m t 1/2)0.2s 
1 3 0 x  m x U 

D t  = (n 
in which m is the duration of exposure (days), 
and U is the average dislmin per 24-hr urine 
sampIe taken n days from the beginning of 
exposure. D, is the sytemic exposure and it is 
rigorously necessary to subtract the amount 
excreted in order to obtain the amount retained 
\DR) .  However, since only about 10 per cent of 
a plutonium burden is excreted in 10 years,(s’ 
such a correction is insignificant in most cases. 
The above expressions indicate the determina- 
tion of body burden from a single 24-hr urine 
assay. Analytical limitations of the assay 
methods and normal physiological variations 
in urinary plutonium excretion make such 
a t i m a t a  completely unreliable, and in practice 
it is better to use the average of several 
consccutive assays (even though they may be 
weeks or months apart). 

&cause of the nature of the exposure, 
neither of the above equations is specifically 
applicable to the case under consideration. 
Application of quations (1) and (2) to the 
average of all urine assays run during 1949-5 1 
(during which time there was no exposure to 
plutonium) gives 0.033 and 0.031 pc, respec- 
tively, for the employee’s body burden at  that 
time as a result of his first period of exposure. 
During 1957-58, frequent urine assays were 
run using the more sensitive and reliable alpha 
track counting method. Estimations based on 
equations 1 and 2 (assuming all his exposure 
occurred during the earlier work period, and 
using the average of the 1957-58 urine assays) 
gave 0.034 and 0.031 pc, respectively, for the 
body burden at the time of death. The latter 
estimates may be high, since they are predicated 
on the assumption that the entire body burden 
!vas accumulated during the earlier work period 
and that exposure during the second period 
made no contribution to the 1957-58 average 
urine assay value. That this assumption is 
approximately correct is borne out by the 
estimates of burden at the end of the employee’s 
first period of exposure. A method of estimating 
plutonium body burden employing IRM-704 

Fortran programming of all urine assay data has 
been developed by LAWRENCE(~). His estimate 
of the subject’s body burden at time of death 
was 0.019 pc. The burden derived from tissue 
analyses (Tables 6 and 7) was 0.018 pc, which 
is 45per cent of the maximum permissible 
level of 0.04 P C . ( ~ )  

The above agreement between body burden 
from tissue analyses and estimated burden from 
urine assays is so very satisfactory that it is 
undoubtedly fortuitous. Determination of body 
burden from tissue analyses is subjected to 
considerable sampling uncertainty. Since it is 
not possible to analyze the entire body, it is 
necessary to analyze aliquots of the various 
organs and, on the assumption of uniform 
distribution and representative sampling, cal- 
culate the total body content from the organ 
weights. This assumption is particularly un- 
certain with regard to the skeleton, as shown 
by the analyticat data for sternum, rib and 
vertebra (TabIe 6 ) .  

Some uncertainty in the body burden 
estimated from urine assays may be expected also 
from the uncertainty in the exponents of thr 
time parameters in equations (1) and (2). When 
t = 10 days, a 10 per cent error in the exponent 
of [equation ( l ) ]  would make an 18 per cent 
error in the body burden estimated from the 
urine assay. The error would increase with 
time, approaching a factor of about 2 at 
t = 3500 days. Indication that the exponent 
of 1 in the basic urinary excretion  quat ti on'^' 
may be in error (by about 10 per cent), in the 
direction resulting in overestimation of the body 
burden, was obtained recently by re-estimation 
of the plutonium burdens of workers exposed 
at the Laboratory during 194443 and who 
had received no subsequent exposure. When 
estimated from a urine sample collected 
approximately 10 years after tcrminatinn, their 
systemic burdens were, in most cases, about a 
factor of 2 higher than the estimates based on 
urine samples collected during or imediatelv 
after exposure. hiost of the cases, however, 
WEIT believed to be inhalation exposures and 
it is possible, although seemingly unlikeIy, that 
their systemic burdens did increase as a result 
of absorption of plutonium deposited in the 
lungs and pulmonary- lymph nodes. 
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I 3i 1 
from the Recommendations of the Internatlona 
Commission on Radioloqical Protectiori.'81 

C < TE$RBE !I 

R =  2.8 10-2 1 ;  
The distribution of plutonium in the various 

tissues and organs was somewhat surprising. 
.L\pproximately j 0  per cent of the body bur-tien 
was found in the liver and 36 per cent in the 
skeleton (Table 7 ) .  4 hundred and fifty days 
after intravenous injection of Pu'--citrate in 
man, approximately 65 per cent of the admini- 
stered dose \\.as found in the skeleton and 22 per 
cent in the liver.'s' Rat experiments show that 
the relative concentration of plutonium in bone 
and liver following intravenous injection is 
dependent on the chemical form and valence 
state of the material administer~d.'~) It is 
quite possible, in the present case, that the 
partitioning of plutonium between the liver 
and skeleton was influenced both by the 
chemical or physical nature of the plutonium 
and by the route of exposure. The respiratory 
route of exposure was undoubtedly responsible 
for the high phtonium concentrations found 
in the lungs and pulmonary lymph nodes. 

Some interesting qualitative speculations 
regarding relative deposition and ckarance 
rates of plutonium in various tissues mav be 
drawn from the Pu2sa/Pu2sg ratios in bone, 
lymph nodes, liver and the lungs. The Pu238/ 
Puma ratios of the plutonium deposited in bone 
and lymph nodes appeared to correspond with 
that of plutonium produced in 1946-1948 
(which was the subject's earlier and greater 
period of exposure). The P U ~ ) * / P U ~ ~ ~  ratio of 
the material deposited in the Iungs, however, 
appeared to correspond to that of more recent 
production. The above Observations suggest 
(a) a relatively rapid clearance rate for plu- 
tonium in the lungs, compared to that in bone 
and lymph nodes; and (b) that a relatively 
small percentage of the material deposited in 
the iungs must migrate to the latter tissues. 
Since the ratio of material in the 
liver was intermediate between that deposited 
in the bone and lymph nodes and that in the 
lungs, the rate of clearance from the lungs to 
the liver must be relatively fast and the retention 
time in the liver must be longer than in the 

The biological effective dose rate to the 3. ~ v .  H. kvCHAM, ~ , i t .  J .  &diol., suppl. So. y q  
various tissues of the subject may be estimated 
from the observed plutonium concentrations 4. J. N. p. LAWRLNCE, h .Marnor Scientific 
(Table 6) and the following expression derived 

lungs. HW-22680 (t951). 

95 (1957). 

Laboratory Report, LA-2329 (1959). 

In this expression, H 1s the dose rate ,r, 
rems/week, C is the plutonium Concentration 
in ,uc/g and CE(RBE,n is an efiective entrgr 
lveighted for the RBE nf alpha particles and tht 
nonhomogcneity of energy distribution and 
absorption in the tissue. The weighted enerq\. 
tet m for plutonium in soft tissue and bone arc 
53 and 270, respectively. Calculated in the 
above manner, the pulmonary lymph nodcr 
were subject to the highcs t biologically efftctive 
dose rate (-1 remlweek), the liver next 
(0.08 remjwetk), followed by the bone and 
lungs (0.06 and 0.04 remlweek, respectir;elp,# 
The estimated alpha radiation dose to the 
lymph nodes may be considerably too high 
because of shrinkage in lymphoid tissue mass 
as a result of the acute radiation dose ( - 1 0 , ~  
rads of fast neutrons plus gamma rays incident 
to the chest) received during the criticaliq 
accident. 

No definite conclusions can be drawn Iiom a 
single case, but these observations again bring 
up the troublesome questions of choice (Jf  the 
critical organ following chronic inhalation ex. 
posure, the size of the critical tissue volume and 
the relative sensitivity of various tissues to 
chronic radiation damage. 
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