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Since the f i r s t  IAEA meeting on Diagnosis and Treatment of ~ a d i o a c t i v e ~  - 

Poisoning i n  Vienna e volume of research on plutonium and other 

transuranics has expanded enormously. For example, i n  1962 only 5 of the 
a 

20 papers presented dealt w i t h  plutonium and only 2 o f .  these described animal 

experiments. ' A t  th is  meeting, a t  leas t  33 of the approximately 50 papers 

t o  be presented deal w i t h  plutonium and other transuranics, and a large per- 

centage of these describe animal experiments. 

In the early 1960's the primary transuranic of concern was plutonium, 

especially PuOp, because- i t  was the most likely form to  be encountered a f te r  

an a c c ~  dental re1 ease. Animal experiments had demonstrated that  inhaled Pu02 

was largely retained i n  the l u n g s  and thoracic lymph nodes; t h u s ,  the need 

for  therapeutic measures to remove insoluble particles from the lungs was 

emphasized. In recent years, w i t h  the availabil i ty of other transuranics 

for  research and the emphasis on nuclear power development, americium and 

curium, as wall as plutonium, have been recognized as  potential health prob- 

lems. And, additional research w i t h  animals has indicated that  the lungs  

t ' 
w and the thoracic lymph nodes are not the only tissues of concern f 01 1 owing 

1. - , : '  

& .  ' inhalation of transuranium elements. other' t issues, such as the 1 iver and 
1:. . 
1. . 
[ skeleton, may be of even greater concern. These results reemphasize the 

I . ,  , .. i J 
I Wed for measures t o  remove a1 pha-emi t t i n g  transurani cs deposited through-. 
f - 

;' "out the body. 
I 
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I n  t h i s  review, I have se lec ted  f rom the  l i t e r a t u r e  examples t h a t  i l l u s -  

t r a t e  the  major  f i n d i n g s  from recen t  animal experiments. I have a l s o  i d e n t i -  

f i e d  a d d i t i o n a l  areas i n  which animal research i s  .needed. 
I 

ABSORPTION FROM THE GASTROINTESTINAL TRACT AND THE INTACT SKIN 

Experiments conf i rm t h a t  most t ransu ran i c  compounds a r e  n o t  r e a d i l y  

absorbed f rom the  g a s t r o i n t e s t i n a l  t r a c t .  Table I g ives  values f o r  t he  

absorp t ion  of uranium and several  t r ansu ran i c  elements i n  newborn and a d u l t  

r a t s .  Neptunium n i t r a t e  was most r e a d i l y  absorbed, n e a r l y  1 percent.  The 

l e a s t  absorbed was Pu02, 0.0001 percent.  G r a s t o i n t e s t i n a l  t r a c t  abso rp t i on  

was one o r  two orders  o f  magnitude g rea te r  i n  t h e  newborn r a t  than i n  t h e  

a d u l t  r a t .  

Americium, curium, berke l  -;urn and e ins te in ium were a t  l e a s t  t e n  t imes 

more r e a d i l y  absorbed than p lutonium compounds. The o n l y  except ion  was an 

aqueous suspension o f  a plutonium-sodium aerosol ,  which showed 0.01 percent  
. 

absorp t ion  i n  r a t s .  ( B r i g h t w e l l )  

Percutaneous absorp t ion  has been s tud ied  f o r  o n l y  two t r a n ~ ~ r a n i c .  

elements. Resu l ts  f rom experiments w i t h  p lutonium i n d i c a t e  t h a t  abso rp t i on  

through i n t a c t  s k i n  i s  r e l a t i v e l y  i n s i g n i f i c a n t  (Table 11). The h ighes t  

absorpt ion value, 2 percent,  was obta ined i n  r a t  s k i n  exposed t o  P u ( N O ~ ) ~  

i n  10 N HN03 f o r  5 days. A l l  o t h e r  experiments gave values o f  l e s s  than I . , 

1 percent. About 0.05 percent  o f  e inste in ium, t h e  o t h e r  t ransuranium e led  , :  
ment f o r  which data a r e  ava i l ab le ,  was absorbed over  a p e r i o d  o f  7, days 

through r a t  sk in .  Resu l ts  o f  these animal experiments and human contamina- 
. . 

t i o n  i n c i d e n t s  i n d i c a t e  Chat t he  i n t a c t  s k i n  i s  an e f f e c t i v e  b a r r i e r  t o  t h e  

e n t r y  o f  p lu ton ium and e ins te in ium,  and 'probably t o  o the r  t ransuranium e l e -  

ments as w e l l .  



RETENTION OF TRANSURANICS IN L U N G  

Several ' laborator ies  (especia l ly  the  University of Rochester, the  

Lovelace Foundation, and Bat te l l  e ,  Pacif ic  ~ o r t h w e s t  Laboratories)  have 

measured the  deposition of inhaled radionuclides i n  r a t s  and dogs. Most 

of these experiments have been di rected toward perfect i  ng aerosol exposing 

techniques, ra ther  than developing information t h a t  might be extrapolated 
* 

t o  human beings. ( ~ r a i g ,  1972. ) Moreover,. few 'of the  s tud ies  have 

involved the  transuranium elements. This research has shown, however, t h a t  

.the respira tory t r a c t  is  an e f f ec t i ve  route f o r  t he  en t ry  of t r ansu ran iw  

elements t o  the  body. And, s ince  human contamination incidents .have been 

rare ,  these animal experiments have provided the  bulk of our information 

about re tent ion of transuranics i n  the  lung, t h e i r  t r ans loca t ion  t o  other  

t i s sues  i n  the  body. and t h e i r  excretion from the hodv. 

Pl utoni um deposited i n  the  upper respi  ratory t r a c t s  of dogs, i ncl udi  ng 

the  tracheal-bronchial region, i s  cleared w i t h  a half-time of about 2 days. 

(Marrow 1967.') However, pl utoni um and other trans-urani c s  deposited i n  the  

lower respira tory t r a c t  o r  pulmonary region a r e  re ta ined . f o r  much longer 

periods; Table I11 i s  a compilation of pub1 ished values for t h e  re ten t ion  

of plutonium compounds i n  the  pulmonary region i n  several  animal species ,  

including man. The re tent ion half-times f o r  organic complexes of plutonium, 

plutonium n i t r a t e  and plutonium f luor ide  range from about 30 t o  300 days i n  

r a t s ,  hamsters and dog:. The re tent ion half-times f o r  239~u02  a r e  substan- 

t i a l l y  longer, from 150 t o  500 days in  rodents and 300 t o  1000 days i n  dogs. 



These .values f o r  experimental animals can be compared with measurements 

from several 'human beings accidenta l ly  exposed t o  plutonium aerosols.  Values 

reported f o r  these  re tent ion half-times range from 240 t o  650 days. 

Studies w i t h  238~u02 in  rodents and dogs ind ica te  a much shor te r  lung 

retention time than i s  observed f o r  239~u02 p a r t i c l e s ,  possibly because of 

radiolys is  i n  t i s s u e  f l u id s .  
I 

The physical proper t ies  of inhaled plutonium p a r t j c l e s  a f f e c t  t h e i r  

retention i n  the  lung, as  i l l u s t r a t e d  i n  Figure 1.  Retention half-times 

a re  given i n  days f o r  several plutonium oxides. Each bar  represents  data 

from one dog. Plutonium oxide 'calcined a t  1000' was re ta ined w i t h  a half-  

time of 650 t o  950 days, compared w i t h  300 t o  400 days f o r  an oxide calcined 

a t  350'. Oxides prepared from metal powder a t  123' t o  450'. were re ta ined i n  

Sung Tonger than the  iow fIu1ci oxide. Pa r t i c i e  s i z e  is a'iso important; f o r  

oxides of various-sized pa r t i c l e s  calcined a t  s imi la r  temperatures, reten- 

t ion  half-times were generally l e s s  f o r  t he  aerosols  comprised of smaller  

par t i c les .  

Americi um, .  curium and e in s t e i  n i u m  compounds a r e  cl eared from the  1 ungs 

of r a t s  'and dogs more rapidly than 239~u02,  probably because they a r e  more 

'soluble (Table IV). Rather large  portions of inhaled curium appeared t o  be 

translocated from the  lungs of dogs soon a f t e r  exposure, but t he  curium 

remaining i n  the  lungs showed long re tent ion half- t imes ranging from 250 t o  

-1400 days. 

~ i ~ u r e  2 shows comparative re tent ion half-times f o r  inhaled t rans -  

.uranics i n  r a t s  and Figure 3 shows s imilar  data f o r  beagle dogs., In r a t s ,  



both 2 4 1 ~ m  and 2 4 2 ~ m  n i t r a t e  were cleared much more rapidly  than 2 3 8 ~ u  and 

2 3 9 ~ u  ni trate 's .  ~utoradiograms from t h i s  r a t  study indicated t h a t  the  

2 4 1 ~ m  and 242~m.were dispersed more widely throughobt t h e  lung than the  

2 3 8 ~ u  and 2 3 9 ~ u . *  In another experiment the  ' ra te  of clearance of in t ra -  

t racheal ly  i n s t i l l e d  einsteinium chloride was'found t o  be s imi l a r  t o  t h a t  

repor ted f o r  2 4 2 ~ m  n i t r a t e .  The r e su l t s  of beagle dog s tud ies  compared 

fa;orably w i t h  t h o s e o f  r a t  s tud ies .  

TRANSLOCATION FROM LUNGS TO OTHER TISSUES. 

The c i rcu la t ing  blood d i s t r i bu t e s  transuranic compounds from the  lung 

among the  body t i s sues .  The r e l a t i v e  d i s t r i bu t i on  by t h i s  process is  essen- 

t i a l l y  the same f o r .  a l l  t ransuranics but . d i f f e r s  quan t i t a t ive ly ,  depending 

upon the  chemical and physical propert ies of t he  inhaled mater ia l .  

Soluble Transuran'ics 

Dis t r ibut ion pat terns  f o r  a number of inhaled soluble  plutonium corn- . 
pounds a r e  shown i n  Table V .  Inhaled plutonium c i t r a t e  and plutonium n i t r a t e  

a re  translocated from lung t o  bone and, t o  a somewhat l e s s e r  extent ,  t o  1 iver .  

Srnaller .quanti t ies a r e  deposited i n  lymph nodes, kidney, spleen,  and other  

s o f t  t i s sues .  The di f ference between the  d i s t r i bu t i on  of plutonium n i t r a t e  

and c i t r a t e  i s  small,  considering t ha t  plutonium complexed w i t h  c i t r a t e  i s  

l e s s  l i ke ly  t o  form to1 lo idal  polymers. Plutonium f luor ide  i s  l e s s  rapidly 
. .  . -  . .... t ranslocated from the  respira tory t r a c t  than t he  c i t r a t e  o r  t he  n i t r a t e ;  

the t ab le  shows the  g r ea t e s t  accumulation of f luor ide  i n  the  thoracic  lymph 
- .  
nodes. 

* Private communication--or. J,. Lafuma ,1974. 



In beagle dogs within several months a f t e r  i nhal a t i  bn  of 2 3 9 ~ u    NO^)^, 
. . 

the f rac t ion  of plutonium remaining i n  lung decreased* t o  TO percent o r  l e s s  
. . 

of the amount deposited in  the lower respira tory t r a c t  (Figure 4 ) .  About 

30 percent of plutonium translocated from lung accumulated i n  bone and 
* 

about 10 percent i n  l i ve r .  A small amount was found i n  spleen, lymph nodes, 

and other s o f t  t i s sues  and the remainder was excreted i n  urine and feces .  

Comparative data f o r  whole-body re tent ion of 2 3 8 ~ u ( ~ 0 3 ) 4  a'nd 2 3 9 ~ u ( ~ 0 3 ) 4  

i n  r a t s  a r e  given in  Table VI. Retention of 2 3 8 ~ u ( ~ 0 3 )  given by inhala t ion 

and by intramuscular in jec t ion  (Morin) was g rea te r  a t  both 30 and 45 days 

than fo r  2 3 9 ( ~ u ( ~ 0 3 ) 4 .  This was primarily accounted f o r  by grea te r  reten- 

t ion i n  lungs and g rea t e r  deposition i n  the  skeleton.  Following i n t r a -  

musiular in jec t ion  2 3 8 ~ u  was translocated from the  in jec t ion  s i t e  much more 

Ballou ( ) compared these compounds and 2 5 3 ~ a ( ~ 0 3 ) i  given t o  r a t s  by 

inhalation (Figure 5 )  and obtained r e s u l t s  s imi la r  t o  those of Morin e t  a l .  1 . I 

f o r  2 3 8 ~ u  i n  t he  skeleton.  However, Ballou observed grea te r  re ten t ion  of I 
2 3 9 ~ u  than of 2 3 8 ~ u  in  the  lungs f o r  nearly 200 days past  exposure. Bdllou i 
calculated re tent ion parameters for. a1 1 three  compounds (Table VI I )  and I 

i 
a t t r ibu ted  the  varying behaviors of the three  compounds t o  di f ferences  in  I 
t h e i r  masses. These differences must have resul ted i n  varying degrees of I 
col loid  formation following deposition i n  lung (or  i n  muscle, i n  Morin's 1 
study),  because there  i s  no reason t o  expect 2 3 8 ~ u  and 2 3 9 ~ u  t o  have d i f -  I 
f e ren t  chen~Fcal proper t ies .  

Other plutonium compounds have been studied i n  r a t s  (Table VIII) .  Plu- 

tonium c i t r a t e ,  sodium p lu tonyl t r i ace ta te ,  ammonium plutonium pentacarbonate, 



and plutonium chlor ide  were a l l  more readi ly  . t ranslocated from lung than 
. . 

0 

plutonium n i t r a t e .  These s tud ies  of plutonium c i  t r a t e  .a.nd' plutonium n i t r a t e  

show l e s s  t o t a l  re tent ion i n  r a t s  than has been observed i n  dogs (Table VI), 
0 

but this may be because d i f f e r en t  methods were used t o  est imate i n i t i a l  lung 

burden. 

Sta ther  and Howding ( ) compared the  re tent ion and t ranslocat ion of 

several plutonium compounds i n  r a t s  7 days a f t e r  pulmonary intubation 

(Table IX). The data a r e  expressed a s  percentage of t h e  administered dose. 

The values f o r  239~u02 suggest t h a t  a  ra ther  large  percentage of the  dose 

was cleared from the  body through the  feces.  A l a rge  f r ac t i on  of t he  oxala te  

was retained i n  the  lung b u t  27 percent was t ranslocated t o  other  t i s sues  i n  

the  body. The r e s u l t s  of the  ci ' t rate and n i t r a t e  experiments.were s imi la r  , . ' 

(I 

t s  those 31 ready msntioned, H o n e v ~ r .  . ,- a! - utnni urn a.dmi n j s t e red  2 :  3. ETDA c m -  . 

plex was almost e n t i r e l y  cleared from the  body, suggesting the  possible effec-  

t iveness of ea r ly  administrat ion of DTPA t o  remove inhaled P U ( N O ~ ) ~ .  . . . 

Nearly a l l  of t he  s tud ies  of inhaled t ransuranics  have involved s ing le  

short-duration exposures of animals t o  aerosols.  In a  study i n  which r a t s  

inhaled plutonium c i t r a t e  da i ly  f o r  160 days, t he  lungs and bone accumulated 

equal amounts of plutonium during the  f i r s t  80 days. During the  next 80 days, 

t he  bone burden was double the  lung burden. After  the  da i l y  exposures were 

stopped, clearance from lung was more rapid ' (hal f - t ime ' =  93 days) than from 

bone (half-time = 583 t o  816 days). 

In a  simi l a r  experiment w i  t h  ammoni urn plutonium pentacarbonate, more 

plutonium accumulated in  lung than in  bone. The r a t e  of clearance from lung 



(half-time = 148 days) was less  than for  the c i t r a t e  but s t i l l  greater  than 

for  bone .(which was the same as a f t e r  ,inhalation of plutonium c i t r a t e ) .  In 

both experiments the concentrations of plutonium i n . t h e  tracheobronchial 

lymph nodes were as  high as those in the skeletons. (Lyubchansky 1972. ) 

Animal experiments have shown that  curium and americium oxides,must be 

included among the relat ively soluble-transuranic compounds. McClellan 

e t  81. ( ) compared . 2 4 4 ~ m ~ 1  73 and 2 4 4 ~ m ~ 1  (Table X) . There was no d i f -  

ference in the translocation of these compounds. Both were largely depos- 

.ited in l i v e r  and skeleton and within 2 months the lung burdens were le.ss 

than 10 percent of the amount i n i t i a l l y  deposited. Results obtained by 

Craig e t  a l .  ( ) with inhaled 244~m0x (Table X were similar,  except tha t  . ' 

the lung burden d id .no t  drop as'much. Th'is may have been due t o  the d i f -  

ferent  methods used to  prepare the oxides i n  the two studies ,  which resulted 

in homogeneous spherical par t ic les  in one ( ) and heterogeneously shaped 

part ic les  in the other ( ) However, the difference could a l so  have been 

due to  differences in the amounts i n i t i a l l y  deposited i'n the lung. For 

example, Sanders ( ) (Table XI) found tha t  the retention of 244~m0x in 

lungs and the amount translocated to  skeleton were dependent upon the quan- 

t i t y  deposited, being greater a t  higher doses than a t  lower doses. Possibly 

th is  i s  because increased pathology a t  high doses interfered with clearance 

processes. 

Studies with beagle dogs indicate tha t  inhaled 241~m02, l i k e  Crn~x,  i s  

translocated t o  1 i'ver and skef eton in comparable amounts (Table 'xII). Data 

from two laboratories are  similar even though the d i f fe rent  methods used t o  



prepare t h e  Am02 resulted in spherical par t ic les  in one ( ) and hetero- 

geneously shaped par t ic les  in the other ( ) A1,most 90 percent of the body 

burdpn of 241~m,was distributed between the 1 iver and skeleton within about 

a year a f t e r  exposure. The Thoracic lymph nodes, as i n  the case of Cm and 

other related soluble transuranics, accumulated 1 ess than 1 percent of the 

body burden. 
I 

Insoluble Transuranics 

Animal experiments have shown tha t  Pu02 i s  rea l ly  the only transuranic 

compound that  can be considered insol uble when inhaled.. However, experiments 

have also shown tha t  under some conditions even Pu02 appears to  be re la t ive ly  

soluble, b u t  not t o  the extent observed fo r  CmOx and Am02. 

Data from a 11-year study with beagle dogs i l l u s t r a t e s  the re la t ive  
. . ,. ,: 

insolubi l i ty  of 239~u02 ( ~ i b u r e  6 ) .  After 5 years the lungs and thoracic 

lymph nodes each contained about 30 percent of the plutonium i n i t i a l l y  

deposited in the pulmoi.iary region of the respiratory t rac t . .  After 11 years 

the amount in the  thoracic lymph nodes had accumuleted t o  40 percent. Trans- 

location of plutonium from lung resulted in levels  in  l i v e r  of about 10 per- . . 

cent, -in bone of about 5 percent, and in the abdominal' lymph nodes of about 

7 percent. The average concentration of plutonium in  the thoracic lymph 

nodes was over 1000 times and in the abdominal lymph nodes over 100 times the . . 
. .. .  

average concentration in the lungs. 

In the beagle e~per;~irr~ent there was a high incidence 'of lung cancer. 
. L 

Nearly a l l  lungs showed extensive pathology, which could have resulted in 

greater  retention of plutonium than occurs a t  lower doses. For exampl'e, 

. . 



Sanders ( ) found tha t  hamsters retained a l a rge r  percentage of 238~u02 

and 239~u02'  a t  higher i n i t i a l  lung burdens than a t  lower lung burdens 

(Table XIII).  In t h i s  experiment the i n i t i a l  lung burden ranged from 3 t o  

200 nCi and the amount in the lungs a f t e r  3-1 2 months ranged from a low of 

4 percent a t  3 nCi to  41 percent a t  160 nCi. Sanders ( ) found similar 

in r a t s  (Table XIV). Current experiments a t  Lovelace and Battel l e  will 
.. . 

indicate whether the .pulmonary retentions of 238~u02 and 239~u02 in beagle 

dogs a re  also dose-dependent. 

A t  .the f i r s t  IAEA meeting on Diagnosis and Treatment of Radioactive 

Poisoning in 1962, I reported tha t  the par t ic le  s i ze  of the inhaled 239~u02 

aerosol influenced the translocation of plutonium from lungs to  other t issues.  

This i s  summarized in Figure 7.. These data indicated tha t  translocation and 

urinary excretion were greatest  fo r  the aerosol with the  smallest mass median 

diameter. Few experiments have tested these findings. Recently Stather and 
. :  

Howden ( ) reported preliminary resu l t s  of pulmonary intubation with a 

. 2 3 9 ~ u ~ 2  suspension tha t  had been passed through a se r i e s  of four f i l t e r s .  

After 1 week 22 percent of the Pu02 had been t ransjated from the lungs t o  

other t i ssues ,  much as had occurred in t h e i r  experiments with plutonium 

nf t ra te  and c i t r a t e .  In a current experiment a t  Lovelace with monodisperse 

238~u02 par t ic les  in  dogs, the resu l t s  a f t e r  exposure do not suggest a par- 

t i c l e  s ize  e f fec t  (Table X V ) .  . . 

Two experiments indicate that  the behavior of inhaled 239~u02 varies 

with the method of preparhing the compound ( ) (Data from these experi- 

ments are  compiled in  Table XVI,,.) Methods of preparation ranged from 



oxidation of the  metal in  a i r  a t  123' t o  calcining t h e  oxala te  a t  1000" and 

passing PuC14 aerosol through a ' qua r t z  tube a t  1150°. The aerosols  produced 

by passing PuC14 through a heated quartz tube were comprised of spherical  
t 

par t i c les ,  while those produced from air-oxidized and c a l c i n e d  

were comprised of heterogeneously shaped pa r t i c l e s .  In general ,  the  oxides 

'prepared a t  the  lowest temperatures were more rapidly  transloca.ted t o  1 iver  . 
and bone than those prepared a t  900' and above. The accumulation i n , t h e  

thoracic lymph nodes appeared t o  be g rea te r  f o r  t he  heterogeneously shaped 

.par t i c les  than f o r  the  spherical  pa r t i c les .  However, t h i s  could be par.- 

t i a l l y  accounted f o r  by the f a c t  t h a t  t he  animals i n  t h i s  s e r i e s  were sacr i -  

f iced a f t e r  90 days compared t o  56 days f o r  those t h a t  inhaled the  spherical  

pa r t i c les  . 

239~u02. T h i s  was f i r s t  reported in  r a t s  by S tua r t  e t  a l .  i n  1968 ( ) and 

has been confirmed i n  both r a t s  and dogs. Results from S tua r t  e t  a l .  a r e  . 
reproduced i n  Table XVII. Rats were exposed t o  e i t h e r  . t h e  238~u02 o r  239~u02  

aerosols;  both were prepared by the  same method and had s imi l a r  p a r t i c l e  

s i z e  cha rac t e r i s t i c s .  The r a t s  exposed t o  2 3 8 ~ u ~ 2  showed a r e l a t i v e l y  high 

r a t e  of t ranslocat ion t o  skeleton: 11 percent of t he  body burden a t  20 days 

and as much as  20 percent a year o r  more a f t e r  exposure. The t ranslocat ion 

t o  spleen and kidney was a l so  g rea te r  than in  r a t s  exposed t o  239~u02.  

Accumulati'on of plutonium in  thoracic  lymph nodes was about t h e  same f o r  the  

two isotopes. 

The comparative d i s t r i bu t i ons  of plutonium in  dogs a f t e r  inhala t ion of 

two d i f f e r en t  types of 2 3 8 ~ u  a r e  shown in  Table XVIII. After  almost 6 years  



about 40 percent of the body burden was i n  the skeleton, nearly 30 percent 

was in the l i v e r  and only about loapercent  was in the thoracic lymph nodes. 

Distributions of plutonium in t issues of beagle dogs 5 years a f t e r  inhala- 

t ion of  238~u02 and 239~u02 are compared in  Figure 8. After 5 years only 

10 percent of the 2 3 8 ~ u  body burden remained in 1 ung, compared with 

46 percent of the 2 3 9 ~ u .  Accumulations in thoracic lymph nodes were three 

times greater f o r  239~u02 than f o r  2 3 8 ~ u ;  however, the bone burden of 2 3 8 ~ u  

was 12 times that  of 2 3 9 ~ u .  This i l l u s t r a t e s  tha t  the behavior of 238~u02 

in the body may be qui te  different  from tha t  of 239~u02. 

Preliminary resu l t s  of a current experiment reported by Craig ( ) 

summarize the d i f fe rent  behaviors of inhaled transuranic oxides in dogs 
-. 

(Table XIX) . A1 1 of the oxides were prepared and aerosol ized by. the same . 

241 methods. The par t ic ie  s i z ~  w3.s !net fnr Afi2 2nd 244,,.~ c.,... 
""."'2 I UI 

238~u02 and 239~u02. The 2 3 9 ~ u  was distributed between lungs and thoracic 

lymph nodes, whereas the 2 3 8 ~ u  was distributed among lungs, lymph nodes, 

l iver  and skeleton. Translocation of 2 4 1 ~ m  and 2 4 Y ~ m  to  skeleton and 1 iver  
. . 

was greater t h i n  f o r  2 3 8 ~ u ,  but very l i t t l e  2 4 1 ~ m  and 2 4 4 ~ m  was accumulated 

in the lymph nodes. 

Raabe ( ) has determined so lubi l i ty  ra te  constants f o r  several trans- 
! 
t 
i 
I 

uranic oxides prepared by passing transuranic chloride aerosols through a t 

t 

E 
heated quartz tube. While the resu l t s  may not be exactly applicable t o  the i 

i 
aerosols used by Craig, they do tend t o  agree with the observat.ions made i n  t 

24 1 animal experiments (Table X X ) .  The most soluble were 239~u02 and Am02; 

the* 1 east  soluble was 2 3 9 ~ u ~ 2 .  



. . 
Mixed Transuranics 

Trans locat ion  pa t te rns  f o r  t ransuran ics  deposi ted i n  t h e  r e s p i r a t o r y  

t r a c t  as mix tures  o f  so lub le  o r  i n s o l u b l e  compounds have n o t  been studied.  

Data from plutonium s tud ies  i n  which 239-240~u- to241~m r a t i o s  were de te r -  

mined i n  the  i nha led  aerosol and i n  t he  t i ssues  o f  dogs t h a t  i nha led  t h e  

aerosols may i n d i c a t e  some d i f f e rences  i n  t r a n s l o c a t i o n  (Table X X I ) .  Com- 

par ison o f  the Pu-Am r a t i o  i n  t h e  aerosols w i t h  those i n  t he  t i ssues  i n d i -  

cates t h a t  Am and Pu were d i f f e r e n t i a l l y  t rans loca ted  o n l y  i n  t h e  case of 

inha led  P u ( N O ~ ) ~ .  Americium was t rans loca ted  f rom lung t o  l i v e r  more 

r a p i d l y  t han  plutonium. Separat ion o f  Am f rom Pu was n o t  de tec tab le  i n  

t i ssues  o f  dogs as l ong  as 6 years a f t e r  i n h a l a t i o n  o f  2 3 9 ~ u ~  ( ). 

However, t h e  v a l i d i t y  o f  e x t r a p o l a t i n g  these r e s u l t s  t o  mixed ox ides o f  

. 
In recen t  years experimental  animal s tud ies  have been extended t o  

i nc lude  t ransu ran ics  o the r  than plutonium.  he r e s u l t s  o f  these experiments 

i n d i c a t e  t h a t  americium and curium, regardless o f  t h e  chemical form i n  which 

they. are inhaled,  a re  l a r g e l y  t rans loca ted  t o  l i v e r  and ske le ton  and do n o t  

accumulate i n  t h o r a c i c  lymph nodes as does 239~u02.  There i s  evidence t h a t  

2 3 8 ~ y 0 2  a l s o  t rans loca tes  t o  l i v e r  and skeleton, a l thdugh i n  l e s s e r  amounts 

than Am and Cm. When cons ider ing  poss ib le  b i o l o g i c a l  ' e f f e c t s  r e s u l t i n g  f rom 

i n h a l a t i o n  o f  t ransu ran i c  elements, there fore ,  these f i n d i n g s  s h i f t  some o f  

, t h e  emphasis f rom the  lungs t o  o t h e r  t i ssues .  

These t r a n s l o c a t i o n  pa t te rns  apply when the  t ransu ran i cs  are' i nha led  

i n d i v i d u a l l y ;  they  may n o t  app ly  when t ransu ran ics  a re  i nha led  i n  mixed 



oxides with uranium, a l ikely form in the developing breeder reactor program, 

or i n  any of the other exotic fuel 'forms. Biological studies of mixed trans- 

uranium oxides and possibly of other ' fuel forms a re  urgently needed to deter- 

mine th is .  

The finding that  americium, curium and sometimes 2 3 8 ~ u  deposits in 

l iver  and skeleton emphasizes the need for  continued development of thera- 

peutic measures to  remove the transuranics from blood, skeleton and s o f t  

t issues.  Of course, we must continue to  emphasize the need ' to  develop mea- 

sures f o r  removing transuranics promptly from the lungs. 

In th i s  review I have not discussed the urinary and fecal excretion of 

inhaled transuranics. This i s  largely because i n  recent years we seem t o  

have l o s t  i n t e re s t  in determining the relationships between t i s s u e  burdens , 

nf t h e  tra.nslrranjcr 2nd ycC_ef sf a;:c-etion. ,Ti",';z ~ 3 ~ : d  be u f i f o , - t ~ ~ ~ t e  - 

because animal data may be very useful in interpreting bioassay data fr,om 

human exposures. 
-.* 



TABLE I 
. . . . 0 

Gast ro in tes t ina l  Tract  Absorption o f .  .,., -.:. 

Transurani cs i n Rats 
(~e rcen . t  o f  Administered Dose) 

Transurani c  Compound Newborn Adul t  

2331: N i t r a t e  7  0.2 

2 3 7 ~ 4 p  N i t r a t e  1  0.9 

2 3 8 ~ u  Ni t ra te  2 0.03 

2 3 9 ~ u  Ni  tnate  

Chi o r i  de 

Oxi de 

N i t r a t e  9 0.07 

Chloride - 0.03 

Oxi de 0.5 0.01 

N i t r a t e  6 0.2 

Chloride - 0.05 

Oxide (aged i n  H20) 2 0'. 1  

Oxide ( f resh)  0.3 0.03 

24gB Chloride - 0.01 

N i t r a t e  

2 5 3 ~ s  - Ni t r a t e  4 0.03 
. . 

Chlor ide - 0.06 

In format ion i n  . t h i s  t ab l e  was developed from pub1 ished repor ts  
f r o m  r esu l t s  o f  cur rent  r e s e r a c h a t  ,PNL by M. 'F. Su l l i van .  



TABLE 11. 

. . 0 
Absorption o f  Pu and Es through I n t a c t  a Skin-". . _. . 

. Ani ma1 Duration o f  Percent 
2 3 9 ~ u  o r  2 5 3 ~ s  Compound Species , Exposure Absorbed 

Pu(NO3I4 i n  10 N HN03 Rat 1 Hour 0.05 

Pu- tri bu t y l  phosphate i n  Rat 15 Min 0.04 
cc14 

P U ( N O ~ ) ~  i n  0.1 N HN03 Ra t 5 Days 0.1-0.3 

Rat 1-2 P U ( N O ~ ) ~  i n  10 N HN03 . 5  Days 

P u ( N ~ ~ ) ~  Rabbit 1 4 Days 0.15 

Pu c i t r a t e  Swine 10 Days 0.25 

Pu i n  9% HC1 + EDTA Man - 0.01 

Pu(N0 -3 ) .?: i n  0.4 N HNO,: Man 1 Hour . 0.002 

E S ( N O ~ ) ~  i n  0.01 N HN03 Rat 7 Days 0.05 

*Extracted from Durbin [ ] 



TABLE I11 

Reten t ion  o f  P l  u ton i  um Deposi t e d  i n  t h e  ~ o w e r  Respi r a t o r y  T r a c t  (A1 veol i ) a  

b I P a r t i c l e  Size (un) 
Compound CMD MMD 

0.12 0.6 --- 0. gd 
(0.1-1 o ) ~  - - - 0.3-0.5 

2 3 8 P ~ ( ~ ~ 3 ) t ,  --- 
239Pu c i t r a t e  (0.1-1 0)C 

Sodi urn p l  u t o n y l -  
t r i a c e t a  t e  
( 2 3 9 8 u )  . 

239Pu (111) 
c h l o r i d e  

Amnonium p l  u t o n i  urn 
pentacarbonate i n  
10% carbonate 
( 2  39Pu) 

Ammonium p l  u t o n i  urn 
I V  pentacarbonate 
i n  H20 ( 2 3 9 P ~ )  
9 P ~ F 4  
'Pu02 
Fume 
350" o x a l a t e  

Species 
(Number o f  
Animal s) 

Rat 
Rat 

Dog (14 
Rat 
Rat (6 )  
Rat 
Ra t 

Rat 

Rat  

Dog (6)e 
Rat 
Ra t 
Mouse (1 60) 
Dog (16) 

Dura t ion  
o f  Study 

(days) 

90 
L i f e  Span 

~ e t e n t ' i o n .  
Half-Time (days) 

Who1 e 
, Body Lung Reference 

50 Ba l l ou  [.I9751 
- - - 30 Tregubenko (1 966) 
600 120 P a r t  e t  aZ. (1 968) 

500-600 250 B a l l o u . a n d P a r k ( 1 9 7 2 )  
--- 212 , Lyubchansky (1967). 
--- 26-37 Suzuki e t  aZ. (1971) 

80 B a l l o u  (1975) --- 137-1 73 Lyubchansky (1964, 
1967) 

900 200 Bal l o u  and Park (1972) 
- - - 209 Lyubchansky (1964, 

1967) 

--- 169 Lyubchansky (1964, 
1967 ) --- 167 Lyubchansky(1964, 
1967) 

122' Lyubchansky! ( 1  964, 
1 967) 

240 180 D i l l e y . ( 1 9 7 0 b )  
--- 150 Sanders (1975) 
--- 180 Abrams e t  aZ. (1 946) 
--- 180-460 B a i r  e t  aZ. (1  961 ) 
--- 4 0 0  Morrow e t  aZ. (1 967) 



TABLE 111. (contd) 

. . . .. 

Re ten t ion  
Species Dura t i on  . Half-Time (days) 

(Number o f  o f  Study Whole 
Animals) (1:iays)' Body Lung Reference 

. - .. 
Dog (8 )  65-1 05 . 

- -- >350 West and B a i r  (1  954) 

P a r t i c l e  S ize  (pm) b 

CMD MMD Compound 

430" o x a l a t e  
(dus t )  

430" o x a l a t e  . >I000 B a i r  arid McClanahan 
(1  961 ) 

780 B a i r  and Park (1968) 
370 B a i r  and Park (1968) 
840 B a i r  and Park (1 968) 
700 B a i r  and Park (1 968) 
470 B a i r  (1970) 

1000 ' Park e t  aZ. (1972) 
220-580 H. M e t i v i e r  (1974) 

240 Johnson e t  aZ. (1 972) 
290 Ramsden e t  aZ. (1970) 

1000" oxa l  a t e  
350" o x a l a t e  
450" metz l  
123" meta l  
900" o x a l a t e  
350" o x a l a t e  
160" perox ide  

'Pu02 
2 3 9 P ~ 0 2 ,  1200° 

oxa l  a t e  
PuC13 

'Pu02 
F i e l d  s tud iesg  

Dog ( 3 )  
Dog (3)  
Dog (3 )  
Dog ( 3 )  
Dog (3)  
Dog ( 4 0 0 )  
Baboon (29) 
Man 
Man 

Man 356 - - - 
Dog (84) 0-456 - - - 

<Few days Ramsden e t  a2. (1970) 

174 W i  1 son and , 'Terry 
(1 968) 

399 Wilson and T e r r y  
(1  968) 

155 Wilson and T e r r y  
. (1 968) 

Sheep (132) 14-930 - - - F i e l d  stud. i  esg 

F i e l d  s tud iesg  Burro (84) 7-456 --- 
9 ? ~ 0 2  
700" o x a l a t e  300 Park e t  aZ. (1970) 

380 Morrow e t  a2. (1970) 



TABLE ' 111 (contd) 

Re ten t i  on 
Speci,es Dura t ion  Half-Time (days) 

P a r t i c l e  Size (Number o f  o f  Study Whole 
CMD MMD : Animals) (days) . Body Reference Compound Lung 

~ r l i s h e d  . . 0.18 . 0.64 Dog ( 6 )  50- '1 06 2200 600 W i l l a r d  and Park (1970) 
microspheres 

Crushed 0.18 0.64 Dog 73'3 ., 5600 1100 W i l l a r d  and Park (1970) 
microspheres 

Pu02-ZrOz 0.12 0.26 Dog (3)  9 0 4 00 150 W i l l a r d  and Park (1 970) 
PuOn-Tho2 0.13 0.34 Dog (3 )  9.3 3600 310 W i l l a r d  and Park (1970) 

a. Values shown a re  means o r  ranges when ;nore than one i n d i v i d u a l  was observed. 
b. Count median d iameter  (CMD) and mass median diameter (MMD) o f  t h e  aerosol .  
c .  P a r t i c l e  s i z e  range o f  t he  aerosol .  
d. Aerodynamic median a c t i v i t y  d iameter  o f  . the  aeroso l .  
e. Three o f  s i x  dogs t r e a t e d  w i t h  DTPA, w i t h o u t  a f f e c t i n g  r e t e n t i o n .  
f. Mass median aerodynamic d iameter  est imated f rom the  mass median d iameter  and d e n s i t y  o f  t h e  

p l  u t o n i  urn compound. i 

g. These animals were exposed t o  a' c loud =ram the  h i g h  explos.ive de tonat ion  o f  a  p lu ton ium weapon. 
The average d e n s i t y  o f  t he  p a r t i c l e s  was 4.9 gmlcc, and t h l  mean p lutonium conten t  o f  each 
p a r t i c l e  was es t imated  t o  be s l i g h t l y  no re  than 10%. Othei* c o n s t i t u e n t s  i n c l u d e  metal  ox ides 
f rom the  device,  u rar ium d iox ide ,  and a minor component f r a ~ m  the  dese r t  environment. The 
au thors  suggest t h a t  p a r t i c l e s  l e s s  than 1 pm had a h ighe r  d e n s i t y  and were composed o f  
uranium and p l  utoniurr. ox ide.  



TABLE I V  

Compound 

CmOx 

CmOx 

Reten t ion  of  Transp'l u t o n i  urn Elements i n  
t he  Lower Resp i ra to ry  T r a c t  

. Re ten t ion  
P a r t i c l e  S ize  Dura t ion  o f  Hal f - t ime 

' APAD ag Species Study (days) ( days ) 

- - Rat L i  fespan 70 

- - Rat 100 . 10 . 
. . 

Reference 



. TABLE . - - . V . 
Dlsposl t ion  o f  Inhaled Soluble Plutonl um Compounds 

Rat Dog 

Lyubchansky Btl lou e t  a l .  
[ 1 -- A 

. Days After  Exposure 32 128 256 3Cl 100 

Tissue 

Total Body , - - 

Liver 1 0.3 0.3 5.3 . 16 

Skeleton 10 8 8 . 3E. . 38 . 

Ly~ph Nodes - 
Turbi nates 1 

Kidney . 0.5 0.4 

. I Spleen 0.4' .'. 0.2 
. .  . 

. . 
. . A1 1 .Other -. - 

Uri ne . . 2 2 

Feces . 156 208 

Pl utoni urn Ni t ra te  

Rat Dog Dog Dog 
Tregubenk.0 Bai r e t  a1 . Park e t  a l .  Ballou' & Park 
C3 C & 

32 ' .  30 . 75- 109- 172- 30 ' 100 
103 138 236 303 

(Percent o f  I ni t i  a1 ~ u n g '  Burden) 

9  1 88 86 80 80 

9 . 7  61 51 46 35 ' 32 32 41 . 



P 
/:. . ..:. 

TABLE VI 

C m a ra t ive  Tissue Distr ibution of 
43$u(N03)4 and ~ ~ ~ P u ( E I o ~ . ) ~  [ ] 

Inhaled* Intramuscular** 
238Pu 239Pu 238Pu z39Pu 

30 45 30 45 30 45 30 . 45 
Tissue Day Day Day Day Day Day Day Day 

Lung 53 42 40 30 -- - - - - - - 
0.9 3 5 L i v e r .  . 2.2 1.6 1 1.2 1.7 , 

Skeleton 18 17 7.6 6.5 48 41 4.8 16 

Kidney 0.2 0.2 0.1 0.1 0.9 0.1 0.8 0.2 

Feces 24 35 42 57 17 19 2 6 

Urine 2.5 3 9 5 13. 20 0;9 2.8 
Injection . -- - - -- - - 17 12 90 . 72 
P ' L 
J I  bS 

* Values a r e  means of 12 r a t s ,  10 pCi/rat.  
** Values a r e  means of 4 t o  6 r a t s ,  1 pci / ra t .  



TABLE VII 

Retention Parameters f o r  Inhaled 
P u  and Es Ni t ra te  i n  Rats [ ] 

Lung Liver Skeleton 
Compound Fraction Teff Fraction Teff Fraction Teff  

Inhaled o f 1  l b  (Days) o f 1  l b  (Days) o f 1  l b  (Days) 



TABLE VIII 

Comparison o f  Plutonium Content o f  Rat Lungs After 
I n h a l a t i o n  o f  Severa l  Pl utoni urn Compounds [ ] 

(Pe rcen t  o f  I n i  t i  a1 Lung Burden) 

- 
Pl utoni  urn Compound 

Pl utoni  urn C i  t r a t e  
(2% C i t r a t e )  

Sodi urn Pl utonyl tri  a c e t a t e  

Ammonium Plutonium Pentacarbonate  
[ l o% (NH412 C O j I  

Ammoni urn Pl u ton i  urn Pentacarbonate  
[ in  H20] 

Pl utonium Chlor ide  

1 Day 
pH Lung. SIO* 

256 Days 
Lung SIO 

* Sum o f  I n t e r n a l  Organs 



TABLE IX 

Comparati ve Pulmonary Retention of Different  Pl utoni urn 
Compounds i n  Rats 7 Days After  Pulmonary Intubation [ ] 

(Percent of I .T. Dose ) 

. -- Other 
2 3 9 ~ u  Compound Lungs Tissues 

Oxide 58 ~ 0 . 5  

Oxal a t e  6 1 2 7 

C i  t r a t e  18 7 0 

Ni t ra te  5 0 39 

DTPA Complex ~ 0 . 5  < 1 



TABLE X , . 

T rans loca t i on  o f  I n h a l e d  Cm i n  Beagle Dogs 

Erom McCl e l l  an e t  a1 . [ ] From Cra iq  e t  a1 ,. [ ] 
244~m01. 73: 244CrnC13** 244 CmOx*** 

Days 64 128 256 30 90 270 

Tissues: (Percent o f  I n i t i a l  Lung (Percent. o f  Body Burden) 
Burden) - 

Lung' 11 7 4 6 3 3 2 0  . 2 3  1 % -  18 8 15 

L i v e r  66 52 44 61 47 52 37 25 36 48 34 42 
Skeleton 44 45 51 35 53 56 20 37 30 25 27 32 

Muscle -- -- _ _  _ _  _ _  _ _  1 3. 9 10 4 27 6 
10 6 7 . 5  A l l  o t h e r  -- -- _ _  _- _ _  _ _  5 . . 5  

F i n a i  body - - _- _ _  _ _  _ _  _ _  0.07 0.4 . 0.2 3.3 0.08 1 
Burden 
( v c i  . . 

. 
* 244~m01.73; AMAD = 0.5, og = 1.6 

** CmC13; AMAD = 1.6, og = 1.8 

*** Oxalate c a l c i n e d  a t  700-750°C; AMAD = 0.5, ag = 2. . . 



TABLE XI 

Effect  of Dose on Distr ibution of 2 4 4 ~ m  i n  
Rats 30 Days After  Inhalation of 244cmox [ ] 

(Percentage of  Ini  t i a l  A1 veol a r  Burden) 

Dose - I n i t i a l  Alveolar Burden ( n ~ i )  0;44 5 32 710 1600 

Tissue 

Lungs . 5 16 25 15 17 

Liver 15 10 19 16 1 4. 

Skeleton 10 15 42 52 5 2 

Thoracic Lymph Nodes - - 4 1 0.8 0.7 



TABLE XI1 

Translocation o f  Inhaled 241~m0 i n  Beagle Dogs 

. , 
Ti (Fercent of  Body Bur en) 

From Thomas e t  a l .  [ 'I* From Craig e t  a l .  [ I** 
Days 127 256 512 1022 30 9 0 270 --- 

Tissues: 
Lung 9.9 6.8 3.6 2.6 . 55 53 2 9  44 14 17 

Liver " 41 51 34 24 ' 1 9  23 39 21 32 49 

Skeleton 47 39 59 70 11 17 18 . 2 4  45 31 

TBLN 0.25 3.14 0.13 0.0005 . -- -- -- - - - - - - 

Body Burden 
m i  24 1 5  20 15 0 . 1  1 .3  0.12 1 .2  0.15 0.59 

? .? ? 

* L * ' ~ m  ch lor ide  aerosol passed through heating column, a t  600°C; 
AMAD = 0.82 t o  0.99, ag = 1.5 

** Oxalate calcined a t  700-750°C; AMAD = 1.4, ag = 1.7. 



. . 

, Sex 

In i t i a l  Alveolar Burden, nCi  

Tissues 

Lungs 

Liver 

Skeleton 

Thoraci c Lymph Nodes 

Distribution o:i' P u  in Hamsters 
.3-12 Months After Inhalation of Pu02 [ ] 

(Percentage of Irsi t i  a1 Lung Burden). 

2 3 8 ~ u ~ 2  2 3 9 ~ u ~ 2  

Femal e ~ a l ' e  Fema 1 e Ma1 e 



Effect of Dose on Distr ibution of 2 3 8 ~ u  i n  Rats a t  
1-2 Years After  Inhalation of 2 3 8 ~ ~ 0 ~  [ 1 

(Percentage of Ini ' t i  a1 A1 veolar Burden) 

Dose - I n i t i a l  Alveolar Burden ( n C 8 , i i  - 7 13 220 890* 

Tissues 

Lungs 

Liver 

Skeleton 13  . 3  4 3 

4 4 4 Thoraci c Lymph Nodes ' 2 

*I 00-300 Days Pos texpos ure 



P 
/: . ..:. 

TABLE XV 

Effect  of Pa r t i c l e  Size on Translocation 
o f  Inhaled Monodisperse 238PuO2 i n  Dogs [ 1 

(32 Days Postexposure) 
- .  

Part i  c l  e Size* Percent of Body Burden 
( ~ m )  Lung Liver Bone T B L N  

0.75 97.351.85 0.45+0.41 0.61+0.70 0:56+0.29 

1 .5  98.8k0.06 0.07k0.02 0.2650.23 0.86k0.87 

* Aerodynamic Diameter 



. . 

? 
A: . ..;. 

TABLE XVI 

Comparative Disposition o f  Inhaled Pl utoni urn i n  Dogs 

2 3 9 ~ u  Aerosol 

Metal' oxidized a t  123"* 

PuC14 oxidized a t  325"** 

Oxalate calcined a t  350°* 

Oxalate calcined a t  450°* 

PuC14 oxidized a t  600°** 

PuC14 oxidized a t  900°** 

Oxalate calcined a t  1 000°* 

PuC14 oxidized a t  11 50°** 

Percent of Body Burden 
Luna Liver Bone TBLN Ref. - 

[a I 
[ b l  
r a I 
Ca I 
[ b l  
Cbl 

[a I 
,: [b] 

* 0.5 urn CMD, 3 Urn MMD (4 .8  prn MMD f o r  450°, 1 . 3  prn MMD f o r  123" 
ae roso l s ) :  dogs sac r i f i ced  90 days post exposure. 

** 1.9 Urn AMAD, 1 .8  ag: dogs s ac r i f i c ed  56 days post  exposure. 



TABLE X V I I  

Comparative D i s t r i b u t i o n  o f  Inha l f id  2 3 8 ~ u 0  and 2 3 9 ~ u ~ 2  i n  Rats [ ] 
(Percent o f  ~ o d y  ~ u r 8 e n )  

Days Past 2 3 9 ~ u ~ 2  -.- 2 3 8 ~ u ~ 7  
Exposure 13 28 68 113 20 48 78 127 320 465 481 - - - - - . - - - - - - -  
T i  ssue 

' Thorzc ic  0.3 1.4 1.8 -- 0.4 0.6 0.8 3.4 3.3 0.1 3.3 
Lymph Nodes 

Lung 97 - 96 9 7 9 9 8 2 8 4 77 78 64 40 68 

Spleen 0 0.02 0.04 0 :3.13 0.16 0.2 0.2 , 0.7 0.6 0.5 

Kidneys 0 0 0 0 0.5 0.4 0.4 1.1 0.5 3.3 0.5 
I 

L i v e r  0.02 0.4 0.3 0.3 2.4 1.3 1.9 1.7 1.6 3.6 3.6 

Skeleton - 0.01 0..1 0.1 0.16 11 12 2 3 15 30 4 9 2 3' 

Terminal ~ o d y  22.5 4 . 9 .  1 . 5  0.6 3.5 3.8 1.1 0.8 0.38 0.17 0.21 ' 

Burden (pCi )  

Pu02 was produced by c a l c i n i n g  t h e  oxa la te  i n  a i r  a t  350'. CMD = 0.1, s tandard geometr ic 
d e v i a t i o n  was 1.5-1.9 f o r  2 3 8 ~ ~  and 1.7-2.0 f o r  2 3 9 ~ ~ .  



TABLE X V I I I  

Comparative D i s t r i b u t i o n  o f  Two Forms o f  I n h a l e d  
2 3 8 ~ ~  i n  Beagle Dogs [ ] 

(Percentage o f  !=i n a l  Body Burden) 

Time . A f t e r  I 2 3 8 ~ u ~ 2  C ~ I  c i  nc 

Exposure (months) 23 ,- 36 - 38 - - - - -  

:d a t  350" Crushed 2 3 8 ~ u  M i  c rospheres 

54 58 60 62 70 22 34 52 60 62 70 75 76 --- - -  
Tissues 

. . 
Lungs 4 3 2  1 5 3 4  6 7 17 23 72 39 16 13 7 8 3 9 

, L i v e r  23 23 13  17 23 33 22 28 7 12 31 23 27 15 32 29 

Skel e ton  6 4 3 2 , 5 7 4 1  55 43 47 34 12 . 2 4  46 37 32 47 48 41 
Thorac ic  Lymph 4 10  11 5 10  11 9 10 7 21 3 23 26 19 9 15 
Nodls 

F i n a l  BodyBurden  3 8.1 7 2.6 2.5 2.3 2.2 2.6 3.1 1.1 0.2 0.5 2.5 0.8 0.4 1 . 4  
(IJci ) 



TABLE X I X  

Comparative Tissue Dis t r ibut ion o f  Inhaled 
Transuranic Oxides i n  Beagle Dogs* [ 1 

Tissue (% 370 days) (% 370 days) (270 days) 

, Lung 56 80 16 

. . Thora.ci c Lymph Nodes 9.5 18 1 
L i  ver 

Skeleton 2 3 0.9 38 

Muscle - - 

' .Aerosol Proper t ies  
3 Density (g/cm .) . 10.82 10.38 

AMAD . 2.1 2 . 3  

ug 2.3 1.9 
U l  t r o f i  1 ter abi 1 i ty ,  % 2.24 0.0002 

1270 days) 

*Prepared by ca lc in ing  the oxal a t e  a t  750' 



Oxide 

TABLE X X  

S o l u b i l i t y  Rate Constants f o r  Ameri c i  urn 
' 

and P l u t o n i  um Oxides [ 1 

S o l u b i l i t y  Rate 
P a r t i c l e  S ize  Constant  

Treatment AMAD (pm) (qcm-2 day-1 ) 



TABLE XXI 

239-240~u-241 ~m Ratios i n  Dog Tissues 
90 Days After  Inhalation of P u  

Tracheobronchial 
Pl utoni um Compound Aerosol L u n g  - Lymph Nodes Liver 

' 2 3 9 ~ ~    NO^)^ 38 70 . 50 12 

1 000". oxal a t e  

350" oxala te  

450' metal 

123" metal 

239~u02 (enriched w i t h  

. 240 241 pu and 
pu , 



2.8 2.8 4.8 1.3 .I2 
PARTICLE SIZE, MMD (pm) 

Figure 1 . 

Pulmonary Retention o f  Inhaled Pu02 i n  Dogs 



10 50 100 

TIME AFTER EXPOSURE. DAYS 

Figure  2 

R e n t i  n o f  t ransuranium elements i n  r a t  lungs  
2s$Pu, 941Ar and 2 4 2 ~ 1  - Nri-lot e t  d l . ,  1972; 25 
Ballou e t  a l . ,  submit ted f o r  p u b l i c a t i o n )  



L U N G  R E T E N T I O N  OF I N H A L E D  
T R A N S U R A N I C  E L E M E N T S  I N  B E A G L E  D O G S  

400 800 1200 

TIME AFTER EXPOSURE, DAYS 

F igu re  3 

(Redrawn from R .  0. McClellan, 1972) 



TIME AFTER EXPOSURE (DAYS) . 

STRIBUTDOM OF PLUTONIUM I N  DOGS AFTER 
HALATION OF * " P u ( N O ~ ) ~  - . 
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'DAYS POSTEXPOSURE DAYS POSTEXPOSURE DAYS POSTEXPOSURE 

Figure  5 . . 

D i s p o s i t i o n  ol: Irltldled P l  u ton i  urn and E i n s t e i n i  urn i n  Kats 
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IBUVION OF PLUTONIUM IN DOGS AFTER 
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TIME AFTER EXPOSURE, YEARS 

Figure  5 
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DISTRIBUTION OF PLUTONIUM irv TISSUES OF DOGS . 5 YEARS AFTER INHALING 238Pu02 OR 2 3 9 P ~ 0 2  
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