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

Los Al- Mcntific Laboratory, University of California, Loa Alamos, New Marico 

(Rauiord22 July 1959; in rmiscd fonn 14 Dopnnbrr 1959) 

~b~tr~ct -hdy~a of tissue aiiquota from a plutonium procesi operptor, who had batr; 
-.._ - eXp0iEaG-P~~ largely via chronic low-level inhalation for appmximately 6 out of' 11) ycan 

of employment, showed that he had accumulated a body burden of approxhatcly 0.018 pc. 
Estimations of his body burden from hk urine assay record ranged Gom 0.019 to 0.034 
highat plutonium concentrat& (125 d m / m i n  pa g) was found in pulmonary lymph nodes, 
rillowed by liver (9.9 &/min per g), lungs (4.8 dis/min per g) and bone (average of staaum, 
rib and vertebra, 1.4 dn/min per g). Some implications of thae findings to chronic low-level 
inhalation exposura and to estimation of body burden from urine assays arc diuxuraL 

. .. 

The ~ 

THE occurrence of a Ltal criticality accident at 
the Loa 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 114-year 
unploymcnt period working with this poten- 
tially hazardous material. 

These data are of intenst because they 
provide, for the fitst timc, limited information 
on (a) the eflicacy of industrial hygiene and 
engincuing practices in plutonium processing 
operations; (b) Lody distrihution of plutonium 
in an individual, exposed primarily by inhalation 
of low-lcvcl plutonium aerosols over a prolonged 

period; and (c) reliability of estimates of ;d 
burden from urinary excretion data, 
urposurc has been primarily via inhalath 

The individual involved was a 75-kg ma 
38 years of age at  the time of death. T h e  fh 
accident occurred during a plutonium m t  

procedure. Details of the accident and t 
operation are described elsewhere.(l' De? 
resulted from an over-dose of radiation 1 
plutonium contamination occurred a n 4  a 
sequently, the conditions of the accident did I 
influence the findings in this study. 

The individual's employment and j 
assignment history is shown in Table 1. i 

Table 1. E t n p & y t  hisby of the subject , --- - I 

Period 

17 June 19.1624 January 1949 PUS* rceovery operator I 947t 
24.J.inirary 1 9 4 9 4  June 1954 1987 f Kcsignmi-noexposure 369 
8 Jiine 1955---31 lkcciiiher 1358 i PuoJy recovery operator I 1297f 
4 JIIIIC 19.544 June 1955 

L 'l'ciial plutonium exposure time I - 2244 . 
. I  -_- -- - - --- - .-- -- 

.c 
.c . * Work pcrfmrnvd iindw tlic .iitslkrs. c d  the U.S. Atomic Eneg) Commission. 

t 1kiw1 rii l i n t  ;mI v . c c d  ~I~II!~IIIIIIIII w;plsure pi-rids, c-xpnun conditions had bcm greatly impmvd. 
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During the h t  perid dpluronium aposurr 

!$tonium nitrate oolutionr, plutonium oxalate 
Mi# occprionally, plutonium fluorination. 

7 June 1946-24 January 1949), his work, 
misted of chemial procening involving 

uring the racond period (8 Junc 1955-31 
tccmbQ 1958), his work consisted hugely of 
pid-liquid atxaction of plutonium under 
mtly imprwcd aponuc conditions. 
Detailed cxpomm records were kept during 

rZ p a i d  when the cmployet was working 
ith plutonium. Thest records induded pluto- 
ium air oonccnttations in the processing moms, 
IC operator's nose swipe counts done several 
m u  a week up to the end of 1955 and frequently 
ut irregularly thereafter, daily hard COUIUS, 

id frequent plutonium assitys of 21-hr urine 
&mens. Averagt pltrturutiui air conccntra- 
ms to which the individual was uipwcd arc 
-~ .WIII~XI in Tablc 2. The instances wlicn l i s  
M: s\+c Munts went almvc 50dis/min 
hitrarily choscn as tlic limit or significance) 
c lictrd in T;il)le 3, and his uriiic assay record 
:,.i\.cn in 'Tablc 1. Xu tal)ulation or hand 

w i t s  is given, since thry \\*crc consistently 
.Iw sipiIicaiit ICY&. Kcsults orfecal analysts 
rre not available. k a u s c  of the analytical 
.id rtiiipling dillicultics involved, fecal analyses 
re r i o t  a rtiuti~ic practicc at thc Los ALmos 
t.icntific Laboratory. 
*l*lierc \vcm no sl'crific accidents to which 
IC iiidividuml's cxpmwc could be attrilutcd. 
h t - v w ,  as tnight be cspecttd, a number of 
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Date 

1916 %July I 189/320 
SO July . 87/70 
sseptonbcc 149/19 

1 November (ill15 
25 Septanbcr 55/4 

10 I)eamba 5 7 P  
SoDeCcmkr IG+/lo6 

1948 10Fcbruary 
26 him1 
9 Jiinr 

10 Juctc 

2 August 
I Dcan1lcr 

.4fm 1948 (none) 

2 July 

i ---- 
Tccliniqiir wmuttd or r ~ c . t i ~ g  8 p k  of daiiipwd 

filtrr paper (un aii applicator) in rach mmtril. after wbicli 
thc paw was iinmllcd, tlattcncd. dried and rounted. 
Fifty rounu/min was arbitnrily taken L( t l r  limit of 
lignilicmcc. 
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Date 

- BAiibwt 196  
19 septanlxr 1946 

. *  18 l h k  1 M  
18 April 1947 
23 hby I947 

.. . 26 June 1947 
:(o July 1'947 
27 August 1947 

. I  

2 Oaoh 1947 
7 Novanbcr 1M7 
8 Dccanlm 1947 

13 January 1948 
13 1:Cbnury 1!)18 
19Msrch lWli 

+b. .- . 22 April 1948 
23 June I 9 4 8  
22 July 1948 

20 *tank 1w 

22 Novanbcr IW 
21 Drmnbcr ]!Ma 
24 Jan- 1949 
31 January 1919 

$: 
i 19 Augtlrt 1948 
'. ' 

e; 26 Octobcr 1948 

i d ;  .. . 

Y.<. 

_ -  

l4Jdy 1w 
f :. 
$4.; * 8 February 19.50 

L;n ; , 28 1:chruary 1351 
'$ . 4 S c p t a n k  1!151 
,z$: 13 May 1951 
< .6. 14 Dcccrnbcr 1952 

4 Scpicmbcr 1953 
0 .  4Junc 19W 

18 Jiinc 1954 
8June 1955 

*. .*. .' 1Septcmk1950 

,. . 

$5 - 
"!y-, 
r -  
1 ;  > 

I .. 

sprimcn 1 
12 

1.7 
0.7 
0.7 
0.7 
O.O 
I .0 
1.5 
0.8 

. 4.0 
1 .0 
&a 
0.0 

! 

! 4.7 

I 

2.0 I ti4 
0.8 
3.0 

2-5 
0.0 

Uranium 
2.0 
12 
0.8 
0. I 

0.7 
0.3 
0.0 
0.0 

2.0 

0.8 

1 Offiimnium 
! 0.0 
I Back on plutonium 
I 

5April1956 
'30April1956 

23 August 1956 

14 oaokr 1 s  ' ._ 

8Junc1956 
20 July 19s  

25 Scpcemba 1956 

23 Novcmln 1956 
17 Deomrkr 1956 
31 January 1957 
28 February 1957 
12npril 1957 
14 May 1957 
14 Junc 1957. 
15 July 1957 
19 A m  1957 
20 September 1957 
22Oaoba 1957 
31 October 1957 
I4 Novanber 1957 
10 Januav 1958 

25 March 1958 - 
19 June 1958 
30 July 1958 
15 Scptanbcr 1958 
28 November 1958 

21 I.'ebnury 1958 

7 m y  1958 

0.20 -:-:, . 9 

039 ...$ 

025 .j 
0.49 3 

0.21 . '* 

0.51 
0.00 
0.65 d 
0.51 

o s  . 

0.79 5 
0.47 

. .  .* 

minor mishaps oceiirred during thc period of 
employnicnt Tlic dctailcd record ofsucli minor 
incidents is summarized in Table 5. 

AI tlic timc of aiitopsy, times wm taken 
specificilly for plutoniuni assny. Tlic specimens 
taken arid tlieir pliitonium contents am sliown 
in Table C. The assays \ v e x  camcd out using 
the alpha track counting metlid.'?) Two 
indcpendcnt analysts of aliquots from each 
tiss~ic mmplc \\-crv madr by tlir aiialytical 

section of the Loo Alamor Industrial HYgiai 
Group, and aliquots or samples of rib, s t a d  
vertebrae, lungs, liver and lymph nodes 
sent to the W o r d  Atomic Products Opar 
tion, where they were analyzed independad 
by both the Biological Isborptory~.nd th 
Bioassay Group. The valuu giya  in Table4 
are averages and standard devintiom-fm 9 
four indcpendcnt analyses. The sa- dmb 
tinn for the lymph nod= include vi+tion b 

- 0 o o ~ i - 2 0  I 
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while adding caustic to a plutonium urd 

t .. , I '  

me 

ms; nax count 4 &/min 
No body contamination dcteeted; 

- 
Type of incident 

. -- 
I 

26 August 1946 
Jo December 1946 

Minor laceration on thumb 
Helped dun up spill orpluiollium solution 

22 April 1947 
, 5 septcmba 1947 

Recdved nitric acid bunu ou anu 
Small cut on hand, received while making 
maluinltrpnsccr. 

f4 December 1947 

17 Much 1949 

2ZApril1950 
.SO August 1955 
> 
, 9 A q p t  1955 
1: 
0 
c 

$5 November 1958 
k 
P' C I  

Potential csl'u5u": 

No alpha activity dctcctrd 
Air conccntration 52 ctis/min per m3 

for 8-hr day; now count 'IG+/lOC; 
&/Inill 
No nmd of contamination . 
No alpha activity dctectcd , 

-- 
0.01 

2 70 0.05 

0.14 
1 I6 0.18 

id0 0.06 . 

' 1.0 f 0.2 ; P.2 rt 0.3 
2.1 f 0.6 

850 1 4.8 & 0.6 

1950 j 9.9 1.4 

' 125 f 57+ I -- I I - - _  
Includes lariation in diffcrcnt lymph-node sampler. 

% wrll as nndgical \ariation. 

sample, as wdl as variation in analysis, since 
different lymph-tiode samples were used in tlic 
independent determinations. Tiic highest plu- 
tonium concentration was found in the pul- 
monary lymph nodes (125 f 57 dis/min p a  g), 
followed by the livcr (9.9 f 1.4 dislmin per g), 
lungs (4.tt tj.4) clisiiiiiii In*r g) arid thcn 
vertcbmc 42.1 :) 0.6 dis/riiiti peer g). The 
avcragc of dl Ix.mc samplcs was 1.4 & 0.7 
dis/min per g, Tor whicli tlrc standard deviation 
induda the variation among die difhent Imne 
simpla plus the analytical variation. 

l h c  total organ arid W y  wntcrit, ciilctilrltd 
f k m  tlic data in lablc  G, arc sltow~i in T a l k  7. 
The a t i i ~ ~ c d  total body burden was 0.018 pc. 

As a rcsult of changes in production mcdtob, 
tlic Pu~*/Yu"ls ratio of plutoniuni pioccssed at 
tlic Labmatory i n c r d  corsidcrably bctwecn 
19.16-1946 and 1955-1958. Dctcrmination of 
tlic P U ~ @ / P U ~ ~  ratios in b n c ,  lynipli node, 
livcr and lung samples indicatcd bone and 
lymph nodes had the lowest ratio (corresponding 
geiicrally to material produccd in 194&1948), 
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and lung samples had the highest (camrpond- 
ing roughly to more recently p r o d u d  ma- 
terial). Thc P u ~ ~ / P U ~ S  ratio in the liver was 
intcrmediate. 

DISCUSSION 
The data in Tab la  2 and 3 show that all high 

plutonium air concentrations to which the 
employe was ex@ and all high nosc swipe 
counts recorded occurred during his earlier 
period of exposure. I t  is very likely that most 
of his plutonium burden \vas accumulated 
during this period. ‘rlic rccord summarized in 
Table 5 shows tlmt tlicir wcrcnospecificincidents 
to which his plutonium exposure could be 
attributed. The summary is given principally 
to point out the clovc attention given to all 
potential moda of expnsure and thereby 
emphasize thc certainty with which a contami- 
nated accident can be ruled out as the source of 
the su1,ject’s plutonium biirden. It is most 
likely that the I d y  burdcn, in this case, 
resulted from clironic inhalation exposure to a 
low-levcl plutonium contaminatcd atmosphere. 
The above speculations regarding timc and 
mode of cxposure are supported also by the 
indication that tlie Puma/PumS ratio in lymph 
nodes and hone appeared to mrrupond to that 
of plutonium hcing pi-ocesscd during the early 
period of thc siibjcct’s expsiire. 

W i r w  diflel-ent III-inc itssay procedui-cs wcre 

urine data-shown in Table 4 w a t  
Each change raulted in aomcwhat 
reliability of the data. In 1957, the 
was c h a m  to the Hanfbrd alpha 
counting pnmdun.(*’ Urine assays fiom 
time onwards have considerably hiha rdi#f 
bility than previously. Even d e  1957 aod 
1958, however: there was considerable wiu#lr 
in the assays, which is probably due bo& 9 
analytical limitations and to normal phyniu 
logical fluctuations. The employee’s systa& 
plutonium burden was estimated fran lqr 
urine assays using empirical equations dcrivu‘. 
from himan excretion data.m) Following 

retained plutonium body burden (DR) is 
by the expression 

acutc exposure occurring at knm 

D, = 435 UP‘ 
in which U is the plutonium (00mb/* 
dislmin, pc) in a 24-hr urine rample 
days after the time of expur r .  DR is 
the Samc units used to aprcss U. sin- 
equation is applicable to relatively am,’ 
exposure occurring at known time, it is n-1 
in protracted e x p u n  ulses to m F  
eirective time of exposure which, to 8 
approximation, may be taken as the c@i 
of the work period. Following chronic 

- - .d 
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, _. + to plutonium, the total systcmic 

+kc (DJ is given by the ccprcssion 

a which m-is the duration of exposure (days), 
hd U is the average dis/min per 24hr urine 
impk +en n days h m  the beginning of 
qm&e D, is the sytemic exposure and it is 
h u d y  nmssary to subtract the amount 
dcmted m d e r  to obtain the amount retaincd 
Da). However, since only about 10 pa cent of 
~piutomium b d c n  is excreted in IO years,(*) 
idr8- * n is insigni6cant in most casu. 

of' body burden from a single 24hr  urine 
M y t i c a l  limitations of the. pgay L and normal physiological variations 

$' pIutonium excretion make such 
*tu Qtmpletely unreliable, and in practice 
t is better to use the average of acvad 
d v c  aasays (ewn though thcy may be 
tech or months apart). 

&ither of the above equations is specifically 
@cable to the case under consideration. 
bpplication of quations (1) and (2) to the 

of all urine assays run during 1949-51 
during which time them was no exposure to 
h t o n i m )  give 0.033 and 0.031 pc, respec- 
M y ,  for the employee's body burden at that 
ime as a ruult of his first period of exposure. 
hhg 1957-58, frequent wine am)- V-T 

9n using the more scnsitivc and reliable alpha 
rack counting method. Estimations based on 
qiiatioils I and 2 (assuming all his c x p u r e  
criirrecl during the earlier work period, and 
rliig the avcrage of tlie 1957-58 urine assays) 
.a\'c 0.034 and 0.031 pc,  rapcctively, for tlic 
d y  Imdeii at tlic time of dcath. l l i c  lattcr 
siiriiates niay Ix Iiigh, since thcy arc predicated 
MI die iusuaiptioii tliiit thc. ciitirc body burden 
c i s  acr~imrilatcd durine the carlicr work ~ r i o d  

rbon ~prrssions indicate the de&-- 

Bccaure af the nature of the expurr, 

Fortran programming of all uriric assay data has 
k n  devclopcd by LAWRENCE('). His estimate 
of tlic subject's body burdcn at timc of d a t h  
was 0.019 pc. The burden derived from ussue 
analysts cl?abl,ls 6 and 7) was 0.018 pc, which 
is 4 5 p u  cent of the maximum pcrmissiblc 

Tlic above agrccmcnt LKtwcen body burden 
from tissrie analyses and atimatcd burden Goib 
urine assays is so very satisfactory that it is 
undoubtedly fortuitous. Detamhation of body 
burden fmm tissiie analyses is subjected to 
considerable sampling unccrtainty. Since it is 
not possible to analyze the entire body, it is 
necess;uy to analyze aliquots of tlic various 
organs and, on thc assumption of uniform 
distribution and representative sampling, cal- 
culate the total body content from the organ 
weights. This assumption is particukiy un- 
certain with regard to the &kcleton, as sliwwn 
by the analytical data for stcnium, rib and 
vertebra (Table 6). 

.%me uncertainty in the M y  burden 
estimated from urine assays may be cxpectcddw 
Gwn thc unccrtainty in the cxponcnts of the 
timc parametcn in equations ( I )  and (2). When 
t = IO days, a IO per cent c M w  in the exponent 
of [quation (l)] would make an 18 per cent 
m r  in tlic M y  burden cstiiiiatal 6-m the 
urine assay. T h e  m r  would inmase with 
time, approaching a factor of about 2 at  
t = 3500 days. Indication that tlic exponent 
of t in thc 1 1 . 1 :  i n .  i i r i i i7T r?Tr?i-n rqiiztion") 
may be in cnor (by ~LWi i i t  10 1n.r rent), in tlic 
direction & u l t i q  iii ovcrcstiiiiatioii of thc body 
burdcn, was ol~taiiicd recciitly by reatimation 
of the pl~rloniiim burdcns of workers ex]md 
at the Lahratory during 194445 and who 
had received no siibscqucnt q m u r c .  Wlicn 
estimated from il urinc snmplc collrctcd 
approsimatcly IO ycars aftcr tciniiiiatitiii, tlirir 
systcmic burdens were, in iiiost c;iws, :iImiit ii 

level of 0.04 pc'" 
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The distribiition of plutonium in the various 
tissues and organs was somewhat siirpnsing. 
Approximatcly 50 per cent of  lie l d y  biirdcn 
was Lund in thc liver and 36 pcr ccnt in tlic 
skeleton (Tablc 7). A hiindr<ul and fifty d q s  
aftcr intravenous injcctinn of I’u4+4tliltc in 
man, approximately 65 pcr cent of tlic admini- 
stcrcd dosc was bund in tlic skeleton and 22 pcr 
c a t  in thc liver.‘c’ Itat cspcrimcnts show tliat 
the rclativc concentration of pliitoniirm in bnne 
antl liver Mowing intravcnaiis iiijcction is 
depcndciit on the rl icmid r0rm and valcricc 
state of the mntcrial ndiniiiistcrcd.(7’ It  is 
quite pcasil,le, in tlic p m n t  casc, that the 
partitioning of plutoniriin between thc liver 
and rkdeton was infliicnccttl h t h  by tlic 
chcmiml or physical niitiirc of tlic htonium 
and by tlic routc ol’ Clrcpcmre. The rrspiniory 
miitc d U’S~hJ\ll l  I- U . I \  I I I M ~ ~ I I I ~  *ia*tl l ; .  iqJoihiLlc 
for the high plutonium concentrations found 
in the lungs and pulmonary lymph nodes. 
Some interesting qualitative speculations 

regarding lrlativc deposition and clearance 
rata of plutonium iii various tissues may be 
drawn from tlic Pun*//piiSs ratios in Imnc, 
lympli d e s ,  liver and tlic lungs. Thc P I P /  
Puns ratios of tlic plutoniiini dcp i t ed  in hone 
and lymph iida appeared tn c o k p o n d  with 
that of plutoniriin pmluced in 1946-1948 
(whidi was the sul,j&’s carlier and p t c r  
period of cxptaurc.). Tlic l ’ u ~ ~ / l ’ u ~ *  ratio of 
tlie material dcpsitcd in the lungs, however, 
appcamd to correspond to that of morc rcccnt 
production. ‘rlic almvc observations suggest 
(a) a relatively npid cleanncc rate for plu- 
tonium in tlic lungs, compared to that in bone 
and Iynipli nod=; and (b) that a relatively 
s d  percentage of the matcrial deposited in 
tlie lungs must migrate to tlic latter tissue. 
Since thc P I I ~ * / P U ” ~  ratio dmaterial  in the 
liver was intcrmetiiatc ktwmn that deposited 
in the Lxmc and lymph ndcs  and that in the 
lungs, the rate of rlcixance h m  the l u q p  to 
the liver must Ix rclativsly fast and tlie retmmai 
time in tlir livcr must lx longcr than the 
lungs. 

The Liolqical efkctive d m  ra, to the. 
various tiswcs of tlic sul+rt m a v x  estimated 
from tlrr ol~scncd plutonium concentratirms 
(Tablc 6) and tlic fiillowing: ;xpression derived 

J 

LOXVC-l’ERhI OCCl’ l1A’I‘l US.\I. ,Ex I>( )si 9 ~ 1 :  

from the Kccommendatioiu of the Iiitcninf;.,l,al 
Commission on l<rldiologic31 I’iutff tioi).~*J 

c :< ZE(l<nE)n R = 
2.8 >: 10-3 ‘ 

In. this (Lyprcssion, It is tllc dmc I . . ! , .  i,., 
rcms/\\.~~l;, C is thc pluioniiiin miirt-a. I‘ 

‘““.l I;Y 
in pc/g antl Z ( R n l i +  is an cflwtiv! 
weighted fibr tlic RIW nrd+  Ir?rticLs\ :ii’ l l l c  
nonhomogciieity .of encrgy clisiritiira. . .,,,d 
almrptioii iii thc tissuc. ‘I’hc wcigllic-,. 0,: 

53 and 270; rcspcclivcly. C7lculaic.l i., tiic 
ahvc  manner, the pulmonaiy lyin1.h 
wcrc subject to the highat biolugicaIl\- &--vc 
dose rate (-1 rcnJwvcck), the livcv I,,.., 

(O.O8rcm/wvcck), followd by the Imne ad 
lungs (0.06 and 0.04 rem/wwk, q x c t i r d y ) .  
Tlr wimatcd alpha radiation doac to th 
lymph noda may be considerably too h@ 
because of shrinkage in lymphoid tissue 
as a result of the acute radiation dose (40,Oog 
rads of fast neutrons plus gamma rays inad- 
to the chest) received during the cririulirj 
accident; . a  

No definite conclusions can be drawn from 9 
single case, but thae obuvations again b r q  
up the troublcsome questions of choice of + 
critical organ following chronic inhalation ai 
posum, the size of the critical tissue volume .d 
the relative sensitivity of various tinua u 

r chronic radiation damage. 
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