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1. JNTRODUCTION 

The purpose of this report is t o  provide an initial evaluation of 

the dependence on chemical forms of estimates of health effects from 

radionuclides in high-level waste ( B L W ) .  It is assumed that the organ 

dose is a suitable index f0r health effects from exposure to radionu- 

clides, and our discussion is usually directed toward the metabolism and 

dosimetry of various chemical forms of a radionuclide rather than toward 

health effects per se. 

This study is needed because the chemical species of radioelements 

released t o  the environment from a high-level waste repository may not 

be adequately described by the metabolic and dosimetric models of Publi- 

cation 30 of the International Commission on Radiological Protection 

(ICRP 30). Discussion is limited t o  a review of studies that may be 

useful in identifying (a) those chemical forms of radionuclides which 

are likely t o  reach humans after migration from a waste repository and 

(b) differences in metabolism and organ doses that result from intake of 

various chemical forms of these radionuclides; we also attempt t o  iden- 

tify research needs in these two areas. Since a survey covering all 

radionuclides in high-level waste would be prohibitive, discussion is 

limited mainly to four radionuclides of critical importance in high- 

level waste  management: plutonium, americium, neptunium, and strontium. 

Because the metabolism of curium is often discussed in the literature 

along with that of the physiologically similar element americim, we 

include curium in our discussion of the metabolism of different com- 

pounds * 

There has been a great deal of work on the development of data con- 

cerning complexing, hydrolysis, and precipitation reactions of Pu, Am8 

Np, and Sr. With the assumption that the nnclides are present a t  

equilibrium with the environment, these data may be used to predict 

speciation in the environment. There are, however, substantial uncer- 

tainties associated with such predictions. In particular, the data were 

derived for relatively high Concentrations of the noclides, and verifi- 

cation for low environmental levels is an extremely difficult task.  

Also, the assumption that the nuclides are at equilibrium with tbe 

environment is often inaccurate. Thus, despite the relatively large 

body of information related t o  the speciation of nuclides i n  the 
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environment, a g r e a t  d e a l  of r e s e a r c h  i s  s t i l l  needed f o r  t he  purpose of 

v e r i f y i n g  p r e d i c t e d  s p e c i a t i o n  under r e a l i s t i c  environmental  c o n d i t i o n s .  

There have a l s o  been s e v e r a l  s t u d i e s  concerning t h e  metabolism and 

dosimetry of v a r i o u s  chemical and p h y s i c a l  forms of t h e s e  e l e  

t i c u l a r l i y  Pu. Unfor tuna te ly ,  t h e  chemical forms s t u d i e d  i n  l a b o r a t o r y  

experiments  o f t e n  a r e  not  t hose  o f  i n t e r e s t  €o r  e v a l u a t i o n  o f  environ- 

mental  exposures.  Rather ,  t h e  v a r i o a s  chemical forms o f t e n  a re  chosen 

f o r  convenience i n  expe r imen ta t ion  or  because o f  t h e i r  i n t e r e s t  i n  occu- 

p a t i o n a l  exposures .  For  t h i s  reason t h e r e  may be s u f f i c i e n t  d a t a  a v s i l -  

a b l e  ( s u c h  a s  i n  the case of Pu) t o  s tudy t h e  s e n s i t i v i t y  of uptake, 

metabolism, and o rgan  doses  t o  chemical form i n  a gene ra l  s ense ,  

a l though  few conc lus ions  can be drawn concerning s p e c i f i c  chemical forms 

t h a t  may b e  encountered i n  t h e  environment. 

Thus, i n  a d d i t i o n  to prov id ing  a l i m i t e d  review of t h e  l i t e r a t u r e  

t h a t  E R ~  be p e r t i n e n t  t o  e s t i m a t i n g  doses  t o  humans from r a d i o n u c l i d e s  

i n  high-level was t e s ,  t h i s  r e p o r t  i d e n t i f i e s  some of the problems 

involved i n  determining s p e s i e t i o n  of t h e s e  r a d i o n u c l i d e s  i n  t h e  

environment and p rov ides  a gene ra l  p i c t u r e  of t h e  p o t e n t i a l  erxors t h a t  

map be  involved i n  applying models assumed t o  be independent of chemical 

€ o m  t o  e s t i m a t e  metabolism and dose from exposure t o  d i f f e r e n t  chemical 

s p e c i e s  of a r a d i o n u c l i d e .  The r e p o r t  i s  d iv ided  i n t o  two main p a r t s .  

I n  S e c t i o n  2 we d i s c u s s  s p e c i a t i o n  of  PPI, Am, Np, and Sr i n  t h e  environ- 

ment. S e c t i o n  3 d e a l s  w i t h  the  behav io r  of v a r i o a s  chemical forms of 

t hese  elements (and Cm) a f t e r  they are i nha led  or i nges t ed .  I d e n t i f i c a -  

t i o n  of f u r t h e r  ~ e s e ~ r c h  needs  i s  made a t  t h e  end of each of t h e s e  sec-- 

t i o n s .  
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2 .  CHEMICAL SPECIES IN 'JXE ENVIRONMENT 

The task of determining the chemical form of radionuclides in the 

environment at trace concentrations is by no means a simple matter of 

laboratory investigation of appropriate samples with well-established 

procedures. Although certain procedures tend to be used regularly, 

there is always uncertainty in application of these experimental tech- 

niques to the positive identification of speciation. There is, in 

effect, a sort of uncertainty principle in these measurements when 

applied to trace concentrations of radionuclides in that it is always 

possible that the measurement itself may disturb the speciation of the 

nuclide. There i s  also a basic assumption in the literature concerning 

speciation of trace nuclides which states that chemistry observed at 

macro concentrations is applicable to tracer concentrations. This 

assumption appears justified for many cases, even for chemical proper- 

ties measured with only a few atoms. Thus, determination of standard 

redox potentials for nobelium, element 102, falls in line with poten- 

tials measured for larger concentrations of other comparable 

elements.+-3 These expesiments were performed on cyclotron produced 

nobelium in which only 100 to 500 atoms were produced in a given run. 

and data were taken in repeated runs, each producing only a few hundred 

atoms. In the application of this assumption, it is important to keep 

in mind that at low concentrations the relative proportion of various 

species of a given element may be quite different from the proportions 

at high concentrations.4 In particular, sparingly soluble neutral 
species can exist in relatively high proportions at low total concentra- 

tions of nuclides; at high total concentrations, solubility will often 

limit the concentrations of these neutral species so that these neutral 

species will be only a small fraction of the total concentration. 

In light of the difficulties of experimental determination of chem- 

ical speciation, it is not surprising tbat different approaches have 

been taken. A great deal of effort has been given to the construction 

of potential-pH diagrams and concentration-pH curves.5,C However, there 

has also been over the years a considerable literature on experimental 

determination of speciation. A truly sceptical chemist would have dif- 

ficulty accepting either approach exclusively, but faced with the task 
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of g i v i n g  b e s t  e s t i m a t e s  of s p e c i a t i o n  i n  t h e  environment,  an approach 

must be adopted. We w i l l  t h e r e f o r e  s t a r t  wi th  t h e  r e s u l t s  of e q u i l i -  

brium c a l c u l a t i o n s ,  bu t  we w i l l  p o i n t  o a t ,  sbenevcr  a p p r o p r i a t e ,  when 

experiments  rend o t h e r  c o n s i d e r a t i o n s  may a l t e r  conc lus ions  from these  

diagrams.  There a r e  a number of non-equilibrium e f f e c t s  such a s  forma- 

t i o n  o f  pseudoco l lo ids  and b i o l o g i c a l  phenomena t h a t  would ve ry  l i k e l y  

a l t e r  t hese  conc lus ions ,  and t hese  e f f e c t s  cannot be ignored,  We 

emphasize t h a t  t h e  r e s u l t s  of equ i l ib r ium c a l c u l a t i o n s  a r e  always j u s t  a 

beginning;  wi thout  experiments  t o  suppor t  t h e  conclus ions ,  t h e r e  can be 

l i t t l e  conf idence  i n  p r e d i c t i n g  s p e c i a t i o n  from these  diagrams. 

Because of t he  r a d i o a c t i v i t y  of t h e  n u c l i d e s ,  it i s  u s u a l l y  easy  t o  

determine t h e i r  c o n c e n t r a t i o n s  i n  t h e  environment provided,  of course ,  

t h a t  t h e i r  c o n c e n t r a t i o n s  a r e  h igh  enough. However, Beterminat  i ons  of 

t h e  c o n c e n t r a t i o n s  of Lbe n u c l i d e s  by r ad iomet r i c  means g ive  no d i r e c t  

in format ion  on t h e i r  s p e c i a t i o n  ( t h a t  i s ,  t h e i r  e x i s t i n g  o r  p o t e n t i a l  

chemical fo rms) .  A f r u s t r a t i n g  a spec t  of t h i s  t a s k  w a s  t o  f i n d  t h a t  by 

f a r  most of t h e  l i t e r a t u r e  021 t h e  s u b j e c t  of n u c l i d e s  i n  t h e  environment 

d e a l t  on ly  in  d e t e c t i n g  t h e  presence  and c o n c e n t r a t i o n s  o f  t h e  n u c l i d e s ,  

and by f a r  most of t hese  i n v e s t i g a t i o n s  d i d  not cons ide r  t h e  chemical 

form of the  n u c l i d e s .  However, t h e r e  has  r e c e n t l y  been an encouraging 

t r end  t o  t r y  t o  de te rmine  t h e  va lence  s t a t e s  of po lyva len t  n u c l i d e s  i n  

groundwaters ,  bu t  t h e  volume of t h i s  l i t e r a t u r e  i s  much sma l l e r  than t h e  

l i t e r a t u r e  d e a l  ing s o l e l y  wi th  concen t r a t ion .  

Refore proceeding w i t h  t h e  d i s c u s s i o n s  of s p e c i a t i o n ,  w e  w i l l  g ive  

a b r i e f  review of t h e  environmental  parameters  t h a t  may a f f e c t  specia-  

t i o n  and t h e  methods used t o  e s t ima te  o r  t o  determine exper imenta l ly  t h e  

chemical form of n u c l i d e s .  

S p e c i a t i o n  w i l l  depend t o  (P g r e a t e r  or l e s s  degree on a number of 

parameters .  Wa w i l l  d i s c u s s  t h e  most. important  parameters  i n  t h i s  sec- 

t i o n  and a l s o  p r e s e n t  a b r i e f  assessment  of methods of de t e rmina t ion  o f  

t hese  parameters .  
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The elements  Pu, Sr, Am, and Np a r e  included in t h i s  r e p o r t .  Of 

t h e s e ,  Sr and Am a r e  expected t o  e x i s t  i n  a s i n g l e  va lence  s t a t e  i n  t h e  

environment,  and Np and Pu can e x i s t  i n  s e v e r a l .  Therefore ,  t h e  oxid iz -  

ing o r  reducing c o n d i t i o n s  of t h e  groundwater and t h e  geo log ica l  forma- 

t i o n s  w i l l  a f f e c t  t h e  va lence  s t a t e  of Np and Pu. I n  t h e  geochemical 

l i t e x a t u r e ,  redox c o n d i t i o n s  a r e  o f t e n  desc r ibed  by a s i n g l e  parameter ,  

Eh7 which r e f e r s  t o  an o x i d a t i o n  r educ t ion  p o t e n t i a l .  However, a s  has  

been c l e a r l y  s t a t e d ,  7d  t h i s  parameter  a p p l i e s  only t o  c o n d i t i o n s  where 

t h e r e  i s  complete equ i l ib r ium between a l l  redox couples  i n  the  n a t u r a l  

system. Ac tua l ly ,  complete equ i l ib r ium i s  r a r e l y  achieved i n  n a t u r a l  

systems,  and p o t e n t i a l s  measured on i n d i c a t o r  e l e c t r o d e s  w i l l  g e n e r a l l y  

be mixed p o t e n t i a l s  which a r e  r e l a t e d  t o  k i n e t i c  e f fec ts .7-1°  Me a s  ar e- 

ments on an i n d i c a t o r  e l e c t r o d e  can be r e l a t e d  t o  oxygen con ten t  of the  

bu t  t h e  r e l a t i o n s h i p  may be complicated.  There is o f t e n  no 

c o r r e l a t i o n  between redox p o t e n t i a l s  c a l c u l a t e d  from ana lyses  of redox 

couples  and measurements made on i n d i c a t o r  e l e c t r o d e s . l *  P e r t i n e n t  

parameters  a r e  t h e  d i s so lved  oxygen con ten t  of the  groundwaters and the  

c o n c e n t r a t i o n s  of o t h e r  e l e c t r o a c t i v e  s p e c i e s ,  such a s  iron and s u l f u r  

con ta in ing  spec ie s .  The reducing o r  ox id i z ing  a b i l i t i e s  of t he  s o l i d s  

i n  the  f lowpaths  of t he  n u c l i d e s  must a l s o  be cons idered ,  because reac-  

t i o n s  a l t e r i n g  t h e  va lence  s t a t e  of t he  n u c l i d e s  could be heterogeneous,  

i . e . ,  t a k e  p l a c e  by r e a c t i o n  wi th  s p e c i e s  on t h e  su r face  of t h e  s o l i d s .  

The c o n c e n t r a t i o n s  of groundwater s p e c i e s  can o f t e n  be e s t ima ted  w i t h  

cons ide rab le  p r e c i s i o n  by s t anda rd  a n a l y t i c a l  t echniques .  It i s  much 

more d i f f i c n l t  t o  c h a r a c t e r i z e  t h e  redox p r o p e r t i e s  of t h e  s o l i d s ,  espe- 

c i a l l y  a t  normal formation-groundwater c o n d i t i o n s  of temperature  and 

p r e s s u r e  where k i n e t i c  c o n s i d e r a t i o n s  a r e  u s u a l l y  so important .  

The pH of groundwaters i s  o€ cons ide rab le  importance f o r  those 

s p e c i e s  which tend t o  hydro lyse  s t r o n g l y  i n  the  gH range of n a t u r a l  

groundwaters.  The pH was o r i g i n a l l y  de f ined  as t h e  nega t ive  logar i thm 

(base  1 0 )  of t he  hydrogen ion concen t r a t ion .  I n  many tex tbooks  and 

r e f e r e n c e s ,  pH is def ined  as t he  nega t ive  logar i thm of t h e  hydrogen ion 

a c t i v i t y ,  a d e f i n i t i o n  which i s  not  p r a c t i c a l  because s i n g l e  ion a c t i v i -  

t i e s  cannot be determined enperimental ly . l2""4 T h i s  d e f i n i t i o n  there-  

f o r e  cannot  be used t o  d e v i s e  a p r a c t i c a l  l a b o r a t o r y  pEl s c a l e .  In  o r d e r  

t o  overcome t h i s  d i f f  i c u l t y ,  an o p e r a t i o n a l  d e f i n i t i o n  i s  used i n  which 
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pB r e f e r s  t o  measurements, e i t h e r  wi th  a hydrogen or  g l a s s  e l e c t r o d e ,  

u s ing  a s e r i e s  of r e f e r e n c e  b u f f e r  s o l u t i o n s  s p e c i f i e d  by the  Nat iona l  

Bplrernu of Standards.12,14 Measurement of pH i n  pure s o l u t i o n s  i s  a 

r e l a t i v e l y  s imple l a b o r a t o r y  procedure and can be done wi th  c o n s i d e r a b l e  

p r e c i s i o n ;  measurements i n  the f i e l d  a r e  complicated by the presence  of 

nnknown m a t e r i a l s  which can l i m i t  t h e  r e l i a b i l  i t y  of t he  measurement. 

The chemical composi t ion of t h e  groandwater w i l l  adso be ve ry  

important .  and t h e  pB w i l l  a f f e c t  t h e  r e l a t i v e  amounts of p o s s i b l e  com- 

p l ex ing  l i g a n d s  such a s  carbonate  ion. The c o n c e n t r a t i o n s  of ca rbona te  

and b i ca rbona te  ion i l l  s t r o n g l y  a f f e c t  t h e  t r a n s p o r t  and f i n a l  specia-  

t i o n  of those elements  which form n e g a t i v e l y  charged carbonate  com- 

p l e x e s ,  T i t r a t i o n  methods a r e  commonly %sed t o  determine carbonate  and 

b i c a r b o n a t e  c o n t e n t s  with cons ide rab le  p r e c i s i o n .  

The p a r t i c u l a t e  con ten t  of t h e  groundwater could be q u i t e  important  

w i t h  r e s p e c t  t o  format ion  o f  pseudoco l lo ids ,  a term which i s  now o f t e n  

used t o  d e s c r i b e  c o l l o i d a l  p a r t i c l e s  on which t h e  n u c l i d e s  a r e  sorbed.  

The presence  of c o l l o i d s  and o t h e r  p a r t i c u l a t e s  i s  o f t e n  determined 

e i t h e r  by f i l t r a t i o n  or u l t r a - c e n t r i f u g a t i o n .  

1, t h e  p rev ious  s e c t i o n .  we b r i e f l y  mentioned methods f o r  determi-  

n a t  ion  sf t he  env iromenta 1 pasameters  a f f e c t i n g  t h e  spec i a t  ion of the  

n i ic l ides .  In t h i s  s e c t i o n ,  we review methods used e i t h e x  t o  e s t i m a t e  

the  s p e c i a t i o n  i f  t h e  p e r t i n e n t  environmental  parameters  a r e  known o r  

methods used i n  a t t empt s  t o  determine t h e  s p e c i a t i o n  d i r e c t l y  by experi-  

ment, 

For t he  de t e rmina t ion  of s p e c i e s  i n  an aqueous s o l u t i o n ,  chemis ts  

would p r e f e r  spec t rophotometr ic  methods. However, o r d i n a r y  spectropho-  

tome t r i c  methods a r e  g e n e r a l l y  no t  s e n s i t i v e  enough f o r  de t e rmina t ion  of 

s p e c i a t i a n  a t  t r a c e  c o n c e n t r a t i o n s .  I n  p r a c t i c e ,  a lower l i m i t  of 

roughly IE-4 t o  1E-6 molar e l i m i n a t e s  t h i s  method f o r  t r a c e  cons t i -  

t u e n t s .  The lower l i m i t  for  a p a r t i c u l a x  s p e c i e s  w i l l ,  of course ,  

depend on the  e x t i n c t i o n  c o e f f i c i e n t  of t h e  spec ie s .  
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A g r e a t  d e a l  of e f f o r t  t h e r e f o r e  has  gone i n t o  a t t empt s  t o  p r e d i c t  

s p e c i a t i o n  a t  t r a c e  l e v e l s  from d a t a  ga the red  f o r  macro-concentrat ions 

of t h e  spec ie s .  Frequent ly ,  t h i s  t a k e s  t h e  form of poten t ia l -pH 

diagramss or  Eh-pR diagrams,  a s  they a r e  u s u a l l y  c a l l e d  in  the  geochemi- 

c a l  l i t e r a t u r e .  C lose ly  a l l i e d  t o  these  diagrams a r e  so-cal led 

' * spaghe t t i* '  diagrams, which f o r  c e r t a i n  assumptions,  p r e s e n t  l i n e s  of 

c o n c e n t r a t i o n  v s  pH f o r  a l l  of t h e  s p e c i e s  i n  equi l ibr ium.  In t h e  con- 

s t r u c t i o n  of t h e s e  concentration-pFI diagrams some assumption must be 

made r ega rd ing  v a r i a t i o n  of t he  c o n c e n t r a t i o n  of t h e  nuc l ide .  "his 

o f t e n  t akes  t h e  form of s p e c i e s  in equ i l ib r ium wi th  a s o l i d  phase. In 

applying these  diagrams t o  t r a c e  c o n s t i t u e n t s ,  one must assume t h a t  t h e  

system i s  a t  complete thermodynamic equ i l ib r ium,  t h a t  the  d a t a  base f o r  

t he  system is complete and a c c u r a t e ,  i . e .  t h a t  nothing has  been over- 

looked, and t h a t  c o n d i t i o n s  a p p l i c a b l e  t o  high c o n c e n t r a t i o n s  of t be  

n u c l i d e s  may be app l i ed  wi thout  change t o  ve ry  low concen t r a t ions .  The 

v a l i d i t y  of a l l  of t hese  assumption is by no means obvious o r  c e r t a i n .  

In i t s  most e l a b o r a t e  form, t h i s  method uses  complex mathematical  codes 

which a r e  solved by computer techniques .x5**6 I n  applying these  diagrams 

and codes t o  s p e c i f i c  s i t u a t i o n s ,  c e r t a i n  informat ion  must be known. 

The va lence  s t a t e s  of t h e  n u c l i d e s ,  t h e  pB, t h e  i d e n t i t y  of t he  s o l i d s  

in  con tac t  w i th  the  groundwater,  t h e  redox p r o p e r t i e s  of t h e  system, and 

groundwater composi t ion a l l  must be s p e c i f i e d .  It i s  ev iden t  t h a t  a 

h o s t  rock groundwater system is q u i t e  complicated,  and i t  i s  c e r t a i n l y  

d e b a t a b l e  whether t hese  methods could be app l i ed  t o  these  complex sys- 

tems. Bowever, j n v e s t i g a t o r s  i n  the  f i s l d  b e l i e v e  t h a t  equ i l ib r ium 

methods a r e  beginnings t o  t h e  p r e d i c t i o n  of s p e c i a t i o n .  Ry no means can 

e s t i m a t e s  of s p e c i a t i o n  taken  from t h e s e  codes o r  diagrams be taken a s  

s u f f i c i e n t  f o r  p r e d i c t i o n  of s p e c i a t i o n .  

Exper imenta l ly ,  t h e  methods used to determine s p e c i a t i o n  a r e  d i f f i -  

c u l t  and almost i n v a r i a b l y  r e l y  upon use of r a d i o t r a c e r s .  Coprec ip i ta -  

t i o n  and so lven t  e x t r a c t i o n  a r e  widely used t o  determine the  va lence  

s t a t e s  of spec ie s .  However. in t h e  u s e  o f  t h e s e  methods, g e n e r a l l y  one 

must a d j u s t  c o n d i t i o n s  o f  t he  s o l u t i o n  p r i o r  t o  t h e  so lven t  e x t r a c t i o n  

o r  p r e c i p i t a t i o n .  It i s  p o s s i b l e  t h a t  t hese  o p e r a t i o n s  may change the  

s p e c i a t i o n .  One must t h e r e f o r e  perform a number Qf experiments  under 
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known o x i d i z i n g  and reduc ing  conditions in order t o  accnmulate evidence 

that  the  vialcncc s t a t e  determination i s  reasonably jostified. 

M i g r a t i o n  methods are csmmomly pased in atte p t s  to determine speci- 

stion at t race  levels. For example, mertsuremcnts of diffusion r 

funct ion  of solntion composition, particularly a s  a function of pB, are 

a f t e n  used for estimation of radii 0f migrating species.l’ Electrw- 

pbaretic metbods are  allso used, arnd ideally this techniqne gives mohil- 

i t y  and charge sf t h e  specics.18 Frm these  parameters,  i t  i s  pcossible 

t u  obtain estimates of s p e c i a t i o n  of n u c l i d e s  by experiments in which 

solution paramstcss a r e  changed. In each of these  methods, radiotracers 

axe  usaarlly employed t o  d e t e c t  t h e  movement of  the? s p e c i e s .  Various 

foms o f  chromatography mag be used t o  detect the prrsenct: of r e l a t i v e l y  

h i g h  molecular w e i g h t  substances .  Gel chrmatsgraphy has been used t o  

determine the forms of heavy meta l s  in l ake  water, and the  r e s a l t s  indi-  

cate that  probably the metals are associated with humic s a b s t a n c e ~ . ~ ~  

llon exchange and adsorption reactions are often used t o  deduct: 

speciation, but  again use  of these  methods TequiTeS many assamptions. 

In a common form, the ion exchange wetbod C Q I I ~ ~ S ~ S  of p a s s i n g  solution 

thxsugb c a t i o n  and anion exchangers, e i t h e r  clollumns or membranes. It is 

assame8 that spec ie s  ad~or’bed on t h e  cation exchanger are cationic and 

s p e c i e s  adsorbed on anion exchangers are anionic. Unfortunately, t h i s  

is o f t e n  not the c a s e ,  and different r e s a l t s  BTE sometimes obtained in 

e x p e r i m e n t s  of this type if the  order of passage t b m n g h  the anion and 

c a t i o n  exchangers is reversed. Mere elaborate techniques must t h e r e f o r e  

be applied i n  which the  solntion co positions arc v a r i e d .  Bowever, with 

c ~ m ,  considerable information can be obtained f r  studies of t h i s  

t y p e . a o , z r  Adsorption metbods are a l s o  used where adsorption is studied 

as  a fnmction of selution composition an mater ia l s  sach as glass and 

silica,22 However, evidence o f  speciation obtained from t h i s  method i s  

qoitc indirect, and r e s u l t s  mast be j u d g e d  carefully. 

Electrochemical techniques, snch as polarography and electrsdsposi- 

tion, have also becw ~ s s d . ~ 3  Again, evidence obtained this way is quite 

sften indirect. 

One of the  main problems i n  these  methods i s  that  a t  very low con- 

centrations, c e r t a i n  factors enter that are not s i g n i f i c a n t  at high  con- 

centrations. Among theser are sorption of the s p e c i e s  on the w a l l s  sf 

the  container, formation o f  colloids and pseudocolloids, and the 
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presence  of t r a c e  amounts of organic  m a t e r i a l s  t h a t  may i n t e r a c t  chemi- 

c a l l y  by forming complexes o r  caus ing  redox r e a c t i o n s .  The format ion  Qf 

pseudoco l lo ids ,  i . e . *  c o l l o i d a l  p a r t i c l e s  of u s u a l l y  unknown composi t ion 

which so rb  t h e  nuc l ide  i n  ques t ion ,  i s  p a r t i c u l a r l y  troublesome. In 

o r d e r  t o  d e t e c t  them and t r u e  c o l ~ o i d s ,  u l t r a f i l t r a t i o n  and high-speed 

c e n t r i f u g a t i o n  a r e  o f t e n  used. Bowever, t b e  informat ion  so obta ined  i s  

u s u a l l y  d i f f i c u l t  t o  

Because methods of de t e rmina t ion  of s p e c i a t i o n  a t  t r a c e  concentra-  

t i o n s  a r e  d i f f i c u l t  and r e l y  on cons ide rab le  judgement concerning t h e  

i n t e r p r e t a t i o n  of t h e  d a t a ,  de t e rmina t ions  of in format ion  such a s  t h e  

charge and s i z e  of s p e c i e s  should always be v e r i f i e d  by one or two o t h e r  

methods, i f  p o s s i b l e .  

Although the  experimental  methods we d e s c r i b e  a r e  d i f f i c u l t ,  they 

have been used e x t e n s i v e l y .  A t  t imes ,  t h e  r e s u l t s  of t hese  experiments  

a r e  c o n s i s t e n t  w i th  p r e d i c t i o n s  from d a t a  a t  high c o n c e n t r a t i o n s ,  bu t  

q u i t e  o f t e n  t h e r e  a r e  c o n f l i c t s ,  p robably  due t o  t h e  e f f e c t s  mentioned 

above, which beg in  t o  become important  a t  t r a c e  c o n c e n t r a t i o n  l e v e l s .  

The re fo re ,  c o n s i d e r a b l e  c a u t i o n  must be exe rc i sed  i n  the  use of Eh-pH 

and concentration-pH diagrams for p r e d i c t i o n  of s p e c i a t i o n  a t  t r a c e  con- 

c e n t r a t i o n  l e v e l s .  

FACTORS WHICH CHANGE SPECIATJON DURING TRANSPORT 

I f  t h e  chemical s p e c i e s  were always a t  equ i l ib r ium w i t h  the  groand- 

wa te r ,  then it would only  be necessary  t o  cons ide r  the  f i n a l  a c c e s s i b l e  

environment i n  o r d e r  t o  p r e d i c t  o r  determine expe r imen ta l ly  t h e  f i n a l  

chemical form of n u c l i d e s  t h a t  might be r e l e a s e d  from a h igh  l e v e l  waste 

r e p o s i t o r y .  We cannot make t h i s  assumption, and t h e r e f o r e  some con- 

s i d e r a t i o n  must be g iven  t o  t h e  pa th  t h a t  could be taken. If a R L W  

r e p o s i t o r y  i n  b a s a l t  is  cons idered ,  it is  l i k e l y  t h a t  c o n d i t i o n s  i n  t h e  

b a s a l t  envixonment w i l l  be  reducing and those  elements  l i k e  Pu and Np 

t h a t  can e x i s t  i n  s e v e r a l  va lence  s t a t e s  w i l l  be reduced t o  a lower 

s t a t e .  In t h e  absence of l i g a n d s  t h a t  might form complexes and a t  t he  

pR range of about 8-10 of t h e  b a s a l t  groundwaters,  t h e  s o l u b i l i t y  pro- 

d u c t  of t h e  hydroxides  of t h e  lower va lence  s t a t e s  of t hese  elements  

could be exceeded. Severa l  p o s s i b i l i t i e s  now e x i s t :  (1) The hydroxides  



c o u l d  form a s  s e p a r a t e  d i s c r e t e  phases  i n  t h e  r e p o s i t o r y  on t he  s u r f a c e  

o f  m i n e r a l s ,  (2) The lower v a l e n t  s p e c i e s  of t h e  n u c l i d e s  could adsorb 

on t h e  s u r f a c e s  of t h e  m i n e r a l s  b e f o r e  they could fa rm d i s c r e t e  p a r t i -  

cles of hydroxide o r  oxide. ( 3 )  As t h e  s o l u b i l i t y  product  of t h e  

hydroxide i s  exceeded, s t a b l e  c o l l o i d s  of t h e  hydroxide could be formed. 

( 4 )  The lower v a l e n t  s p e c i e s  could adsorb on s t a b l e  c o l l o i d s  o f  o t h e r  

m a t e r i a l s  and form psuedoco l lo ids .  

If t h e  n u c l i d e s  a r e  i n  t h e  form of c o l l o i d s  o r  p seudoco l lo ids ,  then 

t h e  q u e s t i o n  i s  whether o r  not  t h e s e  forms can be t r a n s p o r t e d  t o  t h e  

a c c e s s i b l e  environment. The t r a n s p o r t  of f i n e  p a r t i c u l a t e s  has  r e c e n t l y  

been reviewed and discussed by Apps e t  a1. ,19 aud a number of experimental  

s t u d i e s  have been r e ~ o r t e d . ~ ~ ~ a o  Rawever, t h e r e  is r e a l l y  very l i t t l e  

research  on t h i s  s u b j e c t ,  and i f  we must t ake  a c o n s e r v a t i v e  approach, 

t h e r e  i s  l i t t l e  t h a t  can be s a i d  w i t h  c e r t a i n t y  concerning the  t r a n s p o r t  

p r o p e r t i e s  of fine p a r t i c u l a t e s .  Tt is w e l l  known t h a t  c o l l o i d a l  so lu -  

t i o n s  can be s t a b l e  f o r  long p e r i o d s  o f  time, but whether they  would be 

s t a b l e  i n  a long  f lowpath i s  no t  known. F u r t h e r ,  i t  i s  p o s s i b l e  t o  

e n v i s i o n  a mechanism by which c o l l o i d s  a r e  trapped o r  adsorbed by t h e  

fo rma t ions  b u t  then become r e d i s p e r s e d  aga in ,  A l t e r n a t i v e l y ,  t h e  

n u c l i d e s  could be r e d i s s o l v e d  i n t o  t h e  groundwater and a g a i n  be sorbed 

on c o l l o i d s .  Thus, t h e r e  would be a process  of cont inuous formation and 

r e d i s p e r s a l  of c o l l o i d a l  m a t e r i a l .  F u r t h e r  i n v e s t i g a t i o n  i n t o  the  t ran-  

s p o r t  of charged c o l l o i d a l  p a r t i c l e s  and s e n s i t i v i t y  s t u d i e s  of t he  

r e l a t i v e  importance of c o l l o i d a l  d i f f u s i o n a l  t r a n s p o r t  are recommended 

by Apps e t  a1.79 

Another p o s s i b i l i t y  t h a t  must be cons ide red  d a r i n g  t r a n s p o r t  i s  

b i o l o g i c a l  a l t e r a t i o n  of t h e  chemical s p e c i a t i o n  of t h e  n u c l i d e .  

Althongh we have no t  found evidence of any such e f f e c t s  w i t h  t h e  f o u r  

n u c l i d e s  covered i n  t h i s  work, Behrens has r e p o r t e d  evidence of snch an 

e f f e c t  w i t h  iod ide  ion.25 Re r e p o r t e d  that  i od ide  ion  i s  ox id ized  enay- 

m a t i c a l l y  and then inco rpora t ed  i n t o  l a r g e  o rgan ic  molecules ,  p o s s i b l y  

p r o t e i n s .  Such a mechanism would cause r e t a r d a t i o n  of mig ra t ion  i n  

s o i l s ,  b u t  it i s  p o s s i b l e  t h a t  t h e s e  m a t e r i a l s  coiild appear  i n  w a t e r s  

t h a t  B K ~  a c c e s s i b l e  t o  human consumption. 
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Colloid formation and b i o l o g i c a l  action are two examples of 

p r o c e s s e s  that  compl icate  the  p r e d i c t i o n  of s p e c i a t i o n  from equi l ibr ium 

type arguments. But probably the  most important e f f e c t s  t h a t  cause 

d e v i a t i o n s  from equi l ibr ium are k i n e t i c  e f f e c t s .  
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EXPECTED SPECIATION OF "HE NUCLIDES 

Stront ium 

The  primary i so tope  of concern t o  waste  mig ra t ion  i s  Sr-90 wi th  a 

h a l f - l i f e  of 2 9  y. Other  n u c l i d e s  a r e  produced b a t  t h e i r  h a l f - l i v e s  a r e  

too  s h o r t  t o  be of s i g n i f i c a n c e .  O f  t hese ,  Sr-85, with 8. h a l f - l i f e  of 

65 d,  i s  o f t e n  used a s  a t r a c e r  i n  l a b o r a t o r y  s t u d i e s .  The only  va lence  

s t a t e  which can e x i s t  i n  t h e  environment i s  Sr(l1). 

Severa l  reviews which dea l  wi th  chemical s p e c i a t i o n  of n n c l i d e s  i n  

t h e  environment g ive  the  r e s u l t  t h a t  t h e  most probable  spec ie  of s t ron -  

tium is Sr".26-2s  These reviews p r e s e n t  e q p l i l i b r i ~ m  c a l c u l a t i o n s  us ing  

c o n s t a n t s  taken  from some of t h e  s tandard  r e f e r e n c e s  for format ion  of 

complexes and h y d r o l y t i c  s p e c i e s . 2 s J 3 0  St ront ium does not  i n  gene ra l  

form s t r o n g  complexes w i t h  e i t h e r  organic  o r  inorganic  l i g a n d s ,  and, 

U D ~ E S S  l i g a n d s  a r e  p r e s e n t  i n  unusual ly  high concen t r a t ion ,  complexation 

i s  no t  expected t o  a l t e r  t h e  conc lus ion  t h a t  Sr(IS) w i l l  be  p r e s e n t  

p r i n c i p a l l y  a s  t h e  d i v a l e n t  ion. Xowever, d a t a  bases  f o r  equ i l ib r ium 

d i s t r i b u t i o n s  of s p e c i e s  never  take  i n t o  account  such nonequi l  ibrium 

types  of r e a c t i o n s  a s  format ion  of p seudoco l lo ids  o r  t h e  presence  of 

b i o l o g i c a l  phenomena. Thus, t h e  f a c t  t h a t  t hese  equ i l ib r inm ca lcn la -  

t i o n s  p r e d i c t  Sr2+ must be taken a s  on ly  a beginning.  

Most of t he  l i t e r a t u r e  concerning s t ron t ium i n  t h e  environment 

d e a l s  w i th  s o r p t i o n  on v a r i o n s  m i n e r a l s  and n a t u r a l  m a t e r i a l s .  With 

r e s p e c t  t o  s o r p t i o n  reac t ioms,  s t ron t ium i s  probably  t h e  most s t u d i e d  

nue l ide .  I n  one of t h e  l a r g e r  environmental  revJewsa26 da ted  August, 

1978, over  two hundred r e f e r e n c e s  0re l i s t e d  f o x  s o i l  and rock i n t e r a c -  

t i o n s  w i t h  Sr. Marly of these  r e f e r e n c e s  simply g ive  r e s u l t s  i n  terms of 

Kd (amount of t h e  n u c l i d e  p e r  s n i t  weight of sorbent  d iv ided  by concen- 

t r a t i o n  of t h e  nuc l ide  in t h e  groandwater)  w i t h o u t  spec i fy ing  completely 

t h e  c o n d i t i o n s  and parameters  of t h e  experiment .  Because Kd i s  a param- 

e t e r  t h a t  can be s e n s i t i v e  t o  s o l a t i o n  c o n c e n t r a t i o n s  of o t h e r  ions ,  

l o a d i n g  of t he  so rben t ,  pR, and v a r i o u s  parameters  d e s c r i b i n g  t h e  s o l i d ,  

Bd v a l u e s  wi thon t  s p e c i f i c a t i o n  of t h e  p e r t i n e n t  parameters  are of l i t-  

t l e  v a l u e ,  and  no t  mnch can Be l ea rned  concerning s p e c i a t i o n  of stron- 

tim. F a i r l y  complete s t u d i e s  of s t ron t ium s o r p t i o n  have beefs r e p o r t e d  

f o r  c l a y  m i n e r a l ~ , ~ l - 3 3  and it  i s  c l e a r  from t hese  l a b o r a t o r y  s t u d i e s  
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t h a t  Sr e x i s t s  a s  S r 2 f  i n  t h e s e  s o l u t i o n s .  However t h e  s o l u t i o n s  used 

were g e n e r a l l y  v a r i o u s  types  of l a b o r a t o r y  s o l u t i o n s  t h a t  have been 

e q u i l i b r a t e d  w i t h  l a b o r a t o r y  samples ( o f t e n  p u r i f i e d )  of c l a y  minera ls .  

S t ront ium a d s o r p t i o n  on mine ra l s  is  g e n e r a l l y  a r e v e r s i b l e  ion 

exchange process .  Thus. migra t ion  of s t ron t ium may proceed r e a d i l y  i f  

Kd v a l u e s  a r e  low. For a d s o r p t i o n  of s t ront ium on hydrous oxides ,  

v a l u e s  of Kd i n c r e a s e  sha rp ly  wi th  pH;14,35 f o r  a d s o r p t i o n  on c l a y  

mine ra l s ,  v a l u e s  of Kd g e n e r a l l y  remain cons t an t  or i nc rease  moderately 

w i t h  pH. Because many geo log ica l  format ions  c o n t a i n  i r o n  and aluminum 

hydroxy compounds, t h e  a d s o r p t i o n  p r o p e r t i e s  of such format ions  a t  high 

pH may t h e r e f o r e  be dominated by these  hydrous m a t e r i a l s .  J f  t hese  

hydroxides  e x i s t  a s  c o l l o i d a l  p a r t i c l e s ,  then  a t  h igher  pH v a l u e s ,  it is 

q u i t e  l i k e l y  t h a t  Srz+ could be adsorbed on them. Jf  t hese  c o l l o i d a l  

p a r t i c l e s  can be e a s i l y  t r a n s p o r t e d ,  then  the  f i n a l  form of S r  i n  t h e  

a c c e s s i b l e  environment could be S r  adsorbed on ve ry  f i n e  c o l l o i d s  of 

hydrous oxides .  Pseudocol lo ids  of Sr have been r e p o r t e d . a 6  I t  is  of 

some i n t e r e s t  t h a t  s t u d i e s  of chemica l ly  s i m i l a r  radium a t  t r a c e  concen- 

t r a t i o n s  show t h a t  a l a r g e  amount of t h e  radium has  a ve ry  low e l e c t r o -  

p h o r e t i c  mob i l i t y ,S '  an o b s e r v a t i o n  t h a t  sugges t s  t h a t  a s i g n i f i c a n t  por- 

t i o n  of the  radium may be p r e s e n t  a s  o rgan ic  Complexes o r  c o l l o i d s .  Tf 

s t ron t ium is adsorbed on c o l l o i d a l  hydroxides  a t  high pH, then ,  s i n c e  

t h e  p rocess  i s  probably  r e v e r s i b l e ,  any lowering of t h e  pH would prob- 

ably r e l e a s e  Sr2*. A study36 us ing  columns of s o i l s  from t h e  Hanford 

s i t e  showed t h a t  some Sr-90 appa ren t ly  passed  through the  column a s  col-  

l o i d a l  m a t e r i a l .  Fvidence f o r  p a r t i c u l a t e s  was obta ined  from c e n t r i f u -  

g a t i o n  experiments .  

S t u d i e s  of chemical s p e c i a t i o n  of S r  from Maxey F l a t s  sump water  

show t h a t  a v a r i e t y  of o rgan ic  a c i d s  and o t h e r  water  s o l u b l e ,  p o l a r  

o rgan ic  compounds co-eluted w i t h  Sr-9Q i n  chromatographic s t n d i e s . ~ *  

Another study'o wi th  s i l t y  c l a y  a l s o  gave evidence t h a t  s t ron t ium could  

be p r e s e n t  i n  t h e  form of low-molecular weight o rgan ic  complexes. 

D i a l y s i s  and g e l  f i l t r a t i o n  techniques  were used i n  t h i s  s tudy.  

Jn  summary, it appears  t h a t  i n  gene ra l  Sx ( I1 )  would be expected t o  

e x i s t  a s  t h e  d i v a l e n t  ion  S r a + .  There a r e  two o t h e r  p o s s i b i l i t i e s ,  how- 

eve r .  If t h e  s t ron t ium p a s s e s  through c e r t a i n  types  of s o i l s ,  t h e r e  i s  

t h e  p o s s i b i l i t y  of format ion  of n e g a t i v e l y  charged low molecular  weight  
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o rgan ic  eomplexes. In a d d i t i o n ,  t h e r e  is t h e  p o s s i b i l i t y  of t r a n s p o r t  

by c o l l o i d a l  p a r t i c l e s  of s o i l s .  

The americium n u c l i d e s  of i n t e r e s t  t o  n u c l e a r  was te  a r e  Anr-241 wi th  

a h a l f - l i f e  of 432 y and Am-243 wi th  a h a l f - l i f e  of 7380 y. Like  the 

o t h e r  a c t i n i d e s ,  i t  can e x i s t  i n  t h e  va l ence  s t a t e  111, IV, V, and VI. 

However, i n  t h e  environment,  on ly  t h e  111 s t a t e  is  expected t o  be i 

t a n t ,  because s t rong  o x i d i z i n g  a g e n t s  a r e  r e q u i r e d  t o  conver t  h(1II)  t o  

t h e  h ighe r  o x i d a t i o n  s t a t e s .  

' I lemodynamic d a t a  concerning h y d r o l y s i s  and conp lexa t ion  of 

h ( X I 1 )  have been somewbat spa r se  and c o n t r a d i c t o r y .  There have 

r e c e n t l y  been a number of caxe fu l  i n v e s t i g a t i o n s  of hydxolys is  of 

A m ( 1 1 1 )  i n  aqueous s o l n t i o n s . 4 1 ~ 4 3  I n  an  e a r l i e r  r epor t , 43  va lues  were 

g iven  for t he  logar i thm of t h e  f i r s t  h y d r o l y s i s  cons t an t  of -5 .9 a t  an 

i o n i c  strength o f  0.1 and -6.2 a t  i o n i c  s t r e n g t h  1.8. In Ref. 41, a 

1ue o f  -7 .2  i s  g iven  ( i o n i c  s t r e n g t h  = 1) and i n  Ref. 42,  t h e  

recent r e f e r e n c e ,  a va lue  of -7.7 a t  ze ro  i o n i c  s t r e n g t h  is suggested.  

Thus i t  appears  t h a t  t h e r e  is  some disagreement .  If we take  t h e  most 

r e c e n t  va lues ,  t hen  we can say  t h a t  i n  a c i d i c  s o l u t i o n s  i n  t h e  absence 

of complexing a g e n t s  t h e  primary s p e c i e s  of Am(II1) w i l l  be  h 3 + ,  and 

h y d r o l y s i s  w i l l  be a lmost  n e g l i g i b l e  a t  pH v a l a e s  below 7. Above pB 7 ,  

h y d r o l y t i c  s p e c i e s  w i l l  beg in  t o  be formed, presumably beginning  w i t h  

In Ref. 42 t h e  c o n s t a n t s  were i n f e r r e d  from R careful s tudy  

of t he  s o l u b i l i t y  of c r y s t a l l i n e  americium hydroxide.  The presence  or 

absence of t hese  h y d r o l y t i c  p roduc t s  could not be demonstrated from t h i s  

s tudy  or t h e  o t h e r  s t u d i e s ;  r a t h e r ,  they were i n f e r r e d  from t h e  gene ra l  

behavior  of t r i p o s i t i v e  ions.  The s o l u b i l i t y  of americium t r ihydrox ide  

i n  aqueous s o l u t i o n s  which do no t  have complexing a g e n t s  beg ins  t o  l i m i t  

americium c o n c e n t r a t i o n s  s i g n i f i c a n t l y  above pB 7 ,  and a t  pH 9 t h e  con- 

c e n t r a t i o n  of americium dec reases  t o  a ~ O W ~ E  l i m i t  of about $ 

s u f f i c i e n t  ca rbona te  i s  p r e s e n t ,  a s o l i d  ca rbona te  of americium could be 

formed which would f u r t h e r  dec rease  t h e  c o n c e n t r a t i o n . * l  In more alka-  

l i n e  s o l u t i o n s ,  t h e  s o l u b i l i t y  would probably r i s e  dne t o  f0rmat io1- i  of 

n e g a t i v e l y  charged h y d r o l y t i c  spec ie s .  Also,  i f  s u f f i c i e n t  ca rbona te  i s  



p r e s e n t r  fonna t ion  of carbonate  complexes may occur.41 Complexes could 

a l s o  occur  wi th  o t h e r  l i g a n d s  i f  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y ,  i n  par- 

t i c u l a r ,  f l u o r i d e  ion and s u l f a t e  ion.=6 

The i n t e r a c t i o n  of humic compounds w i t h  Am(II1) has  a l s o  been care-  

f u l l y  s t u d i e d  r e c e n t l y .  Cleveland and Rees.5 conclude t h a t  in n a t u r a l  

groundwaters ,  t h e r e  would be l i t t l e  s o l u b i l i z a t i o n  of Am (and Pu) by 

humic subs tances  f o r  t h e  p a r t i c u l a r  samples of humic cornpounds and 

exper imenta l  c o n d i t i o n s  t h a t  they t e s t e d .  However, they urge c a u t i o n  i n  

e x t r a p o l a t i n g  t h e s e  resu l t s  t o  o t h e r  cond i t ions .  On t h e  o t h e r  hand, t h e  

format ion  c o n s t a n t s  f o r  humic l i g a n d s  wi th  Am(1I.I) and Eu(II1) were 

found t o  be high,46 sugges t ing  r a t h e r  s t rong  i n t e r a c t i o n  wi th  humic sab- 

s t a n c e s  . 
One of t h e  u n c e r t a i n t i e s  of Am(III) chemis t ry  i s  t h e  p o s s i b i l i t y  of 

t h e  presence  of Am in  c o l l o i d a l  p a r t i c l e s ,  e i t h e r  as t r u e  c o l l o i d s  o r  

p seudoco l lo ids .  "he re  a r e  a number of r e p o r t s  on t h i s  subject,4,47--49 and 

in  Ref. 26 t h e r e  i s  an ex tens ive  review and d i s c u s s i o n  of t h e  i n t e r a c -  

t i o n  of Am w i t h  p a r t i c u l a t e  m a t e r i a l s .  Because of t h e  experimental  d i f -  

f i c u l  t i e s  i n  i n v e s t i g a t i n g  low c o n c e n t r a t i o n s  of c o l l o i d a l  m a t e r i a l s ,  i t  

i s  d i f f i c u l t  t o  p r e d i c t  from t h i s  l i t e r a t u r e  the  n a t u r e  of the  spec ie s .  

It  seems c e r t a i n ,  however, t h a t  i n  t h e  pH range of i n t e r e s t  i n  n a t u r a l  

wa te r s ,  pH 6 t o  1 0 ,  h ( I I 1 )  has  a s t r o n g  tendency t o  e x i s t  i n  t h e  col-  

l o i d a l  s t a t e .  Oloffson47 found t h a t  a s i g n i f i c a n t  f r a c t i o n  of Am can be 

c e n t r i f u g e d  in t h i s  pH range f o r  t h e  c o n d i t i o n s  t h a t  they  s tud ied .  "hey 

sugges t  t h a t  t h i s  f r a c t i o n  of Am may e x i s t  i n  p suedoco l lo ids ,  perhaps  on 

c o l l o i d a l  p a r t i c l e s  of oxides  o r  hydroxides  of o t h e r  meta ls .  They a l s o  

found, a s  have o t h e r  i n v e s t i g a t o r s  who have worked w i t h  t r i p o s i t i v e  ions  

of Am and l a n t h a n i d e s ,  t h a t  Am(II1) t ends  t o  adsorb on many s u r f a c e s  

from s o l u t i o n s  a t  t h e s e  in t e rmed ia t e  pH va lues .  Because of t h i s  ten- 

dency of Am t o  adsorb on many t ypes  of s u r f a c e s ,  i t  i s  q u i t e  p o s s i b l e  

t h a t  t he  primary form of Am i n  n a t u r a l  watexs i s  fm(III) adsorbed on 

c o l l o i d a l  p a r t i c l e s .  In more a c i d i c  s o l u t i o n s ,  t h e  t r i p o s i t i v e  ameri- 

cium ion,  Am0+, i s  t o  be expected.  

Recent ly ,  Cleveland t\t d . 5 0  have i n v e s t i g a t e d  t h e  s p e c i a t i o n  of Am 

i n  groundwaters of t h e  type a s s o c i a t e d  w i t h  v a r i o u s  types  of rocks which 

have been proposed a s  h o s t s  f o r  H L W  r e p o s i t o r i e s .  Americium was added 

t o  the  groundwaters a t  t r a c e  c o n c e n t r a t i o n s  (10 pM). A f t e r  a 27-day 
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e q u i l i b r a t i o n  p e r i o d  a t  25OC and 7SoC,  a l l  ~f the arnericirrao t h a t  was 

in t roduced  remained i n  the  g r a n i t e  g r ~ u ~ a w a t e r .  For experiments w i t h  

ericium was removed from the 

water  a f t e r  27 days.  FOP o t h e r  groundwaters, roughly h a l f  of t h e  

P eW0V ed  a (111) w a s  t h e  only o x i d a t i o n  s t a t e  d e t e c t e d .  A l l  s o l u t i o n s  

were f i l t e r e d  through 8 0 .05  micron f i l t e r  b e f o r e  count ing .  Thus ramneri- 

cium must have been preseaat e i t h e r  as  a v e ~ g  f i n e  c o l l o i d  or as a tras 

s o l u t i o n  spec ies .  

P r i e d  e t  a l ,  r e p o r t e d  mig ra t ion  experiments  w i th  s o l u t i o n s  i n  con- 

t a c t  w i t h  b a s a l t ,  t u f f ,  and They r e p o r t e d  e l e c t r s m i g r a t i o n  

experiments  w i t h  which  sngges ted  t h a t  i t  i s  p resen t  i n  the form of  

ne~ntraal ~ p ~ c i e ~ .  S i m i l a r  r e s u l t s  from migra t ion  experiments  

r epor t ed  by Oloffs0n.~7 

In  summary, t h e r e f o r e ,  i t  appears  t h a t  i n  a c i d  s o l u t i o n s  Am(SII) 

3 + *  In n e u t r a l  to b a s i c  s o l a t i o n s  i t  w i l l  very probably not  

e x i s t  as  h ( S I 1 )  bu t  a s  some form of n e u t r a l  spec ie s ,  perhaps a s  very 

f i n e  c s l l s i d s  04: as  true n e u t r a l  spec ie s .  It is evident t h a t  exac t  

s p e c i a t i o n  i s  not known for Am i n  t h e  n e u t r a l  t o  b a s i c  region. 

Tlhe only Np i so tope  of i n t e r e s t  t o  nuc lea r  waste  i s  Np-2318 which 

hns &L h a l f  l i f e  sf 2.14ES y. The valence  s t a t e s  of i n t e r e s t  t o  nnclear  

waste  a r c  Np(l7T) and N p ( V ) .  Np i n  aqueous s o l u t i o n s  can also e x i s t  as 

N p ( I I I ) ,  Np(VI1, and Np(VXI1. Unlike t h e  o t h e r  a c t i n i d e s ,  t he  ( V I  s t a t e  

i s  s t a b l e  over a s i d e  range of c o n d i t i o n s .  In  ac id  and newtral solu- 

t i o n s ,  t h e r e  i s  l i t t l e  doubt t h a t  Np(V) e x i s t s  8 s  the l a r g e ,  s i n g l y  

charged ion ,  NpO,+. Because of i t s  u n i t  charge and l a r g e  size, i t  is 

o f t e n  though t  t 0  be only  weakly adsorbed by most so rben t s .  However, 

r ecen t  r e s u l t s  show t h a t  i t  is s t r o n g l y  adsorbed by some ~ ~ ~ E S U S  oxides  

a t  pXi va lues  above 4 t o  5. '  

Also becanse of i t s  l a r g e  s i z e  end sin l e  c h a r g e ,  i t  i s  thought t o  

be r e l a t i v e l y  weakly complexes7 by most of t h e  C Q F B C I I O ~  complexing agents .  

Of  c r i t i c a l  importance t o  t h e  p r e d i c t i o n  o f  i t s  s p e c i a t i o n  i s  an e s t i -  

mate o f  tba e x t e n t  t o  which PJpB,+ undergoes h y d r o l y s i s  ana complexation 

w i t h  carbonate  ion. These r e a c t i o n s  are l i k e l y  t o  occur above about 

plig 6 OT 7 as  that s o l u t i o n  bec e s  more a lka l ime ,  
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The first reported measurement of the hydrolysis constant of Np(V) 

gives a value of 1,263-9 for the reaction NpO,* + H,Q = NpO,(OH) + H+.L2 
Because a later reference, Ref. 53,  reported a value much smaller than 

this, the hydrolysis constant was redet~rmined.~~ It is interesting that 

these authors reported hydrolysis constants of 1.22E-9 and 1.2UE-9, as 

determined by two different methods. Thus, these authors confirmed the 

earliest constant. The implication of these values is that there is a 

significant fraction of the hydrolyzed form of Np(V1 only above about 

pH 8 ;  at pE < 8 most of the Np(V) is present as NpO,+ in the absence of 

complexing agents. 

Formerly, there was no way to determine accnrately the formation 

constants of carbonate species of Np(V). Recently, Mayass investigated 

the formation of carbonate complexes, and his investigations show that 

at a carbon dioxide partial pressure of 1E-2 atm (a reasonable estimate 

for environmental carbon dioxide) carbonate complexation is substantial 

above pH 7. Thus at pE < 7, Np(V) exists as the NpQpC ion; but above 

pH 7 ,  Np(V) will exist in several forms, depending on the solution con- 

ditions. Between pH 7.5 and 8,  the complex NpOzCO,- will predominate, 

and at higher pH values the di- and tricarbonate complexes will progrts- 

sively tend t o  form. Because these are negatively charged complexes, 

they will tend tu migrate easily and not be adsorbed. 

If nuclear waste is buried in host rocks that ate reducing (e.g., 

basalt). then the most likely valence state of Np w i l l  be Np(1V). 

Experiments with NpCIV) have shown that it is adsorbed readily by almost 

any surface.' Np(N) is expectod t o  hydrolyze strongly in solution and 

form a number of species such as Ng(OH),+ and Np(OH1,. 

species will adsorb strongly on finely divided particulates, and it is 

possible that these particulates might be transported fur considerable 

distances. If these particulates are transported to a substantial 

degree to the environment, then speciation in the environment might be 

forms of Np(IV) adsorbed on particulate matter. 

These hydrolytic 

In summary, it is not difficult t o  say what the speciation might be 

if Np is in the V valence state. It will exist either as NpO,+ in mote 

acid solutions and probably as carbonate complexes in carbonate contain- 

ing neutral and basic solutions. If the Np were present as Np(IV) at 
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some time i n  i t s  t r a n s p o r t  t o  t h e  e n v i r o m e n t  it wonld probably  be 

adsorbed and p a r t i c u l a t e  t r a n s p o r t  would be t h e  only  mechanism by which 

i t  could r each  t h e  environment. Thus, it i s  p o s s i b l e  t h a t  p a r t i c u l a t e  

forms of N p ( I V )  could  be p r e s e n t .  

Plutonium 

I s o t o p e s  of plutonium w i t h  a l l  t he  mass numbers from 232 through 

246 have been d i scove red .56 ,57  The l i g h t  plutonium i so topes  a r e  produced 

mainly i n  acce lera tor - induced  r e a c t i o n s  and so a x e  no t  of importance t o  

mucleat- waste  chemistry.  "%e plutonium i so topes  of p o s s i b l e  concern t o  

waste  d i s p o s a l  a r e  l i s t e d  i n  Table  2 , l .  Those t a b u l a t e d  a r e  a l l  pro- 

d u c t s  of neut ron  r e a c t i o n s  and so may be p r e s e n t  a t  v a r i o u s  concentxa- 

tions i n  r e a c t o r  f u e l  r ep rocess ing  was tes .  The long- l ived  i s o t o p e s  of 

h i g h e s t  y i e l d  and, t h e r e f o r e ,  of most concern t o  waste  c o n s i d e r a t i o n s  

a r e  Pu-239 and Pu-240. Since long i r r a d i a t i o n  t imes  and i n t e n s e  neut ron  

f l n x e s  a r e  r equ i r ed  t o  produce Pu-242 and Pu-244 by m u l t i p l e  neut ron  

c a p t u r e ,  t hese  n u c l i d e s  w i l l  be p r e s e n t  i n  ve ry  small  amounts i n  power 

r e a c t o r  p rocess ing  was te s .  

Table  2.1.  Decay P r o p e r t i e s  of Plutonium Iso topes57  

I so tope  H a l f - l i f e ,  y 

Pu-23 8 

Yu-2 3 9 

Pu-2 40 

Pu-2 41 

Pu-242 

Pu-244 
-.--_-.I- ..- . .. 

8.78B1 

2.41E4 

6.5733 

1.44E1 

3.76E5 

8.27E7 
i - -_  -._ -1 .- 

a lpha  

a lpha  

a lpha  

b e t a  

a lpha  

a lpha  
.- 

The complexi ty  of t h e  environmental  chemis t ry  of plutoninm i s  due, 

in  p a r t ,  t o  t h e  l a r g e  number of o x i d a t i o n  s t a t e s  p o s s i b l e .  I n  aqueous 

s o l u t i o n s  f i v e  o x i d a t i o n  s t a t e s  a r e  known:' Pu(IIlC), Pu(IV), Pu(V), 

Pu(VE), and Pn(VI1). "he hep tava len t  aqus ion,  be l i eved  t o  occur  a s  

P u Q ~ ~ - ,  i s  u n s t a b l e  and i s  r e a d i l y  reduced by water.58 Thus, t h e  f i r s t  

four o x i d a t i o n  s t a t e s  are of most environmental  i n t e r e s t  and a r e  p r e s e n t  



in aqueous solution as the hydrated ions Pus+, h a + ,  PuO,+, and 
P U Q ~ ~ + . ~ ~ - ~ O  

tionation into higher and lower oxidation states,$a.S* and all oxidation 

states from Pu(II1) through Pu(V1) can be present simultaneously in a 

thermodynamically stable solutionesa It is important to recognize that 

disproportionation reactions may be involved in oxidation-reduction 

reactions between plutonium and other reagents. Tn such C B S ~ S ,  dispro- 

portionation might occur first, followed by direct oxidation or reduc- 

tion of the appropriate pr0duct.~9aso 

Pta(IV) and Pu(V) are both unstable with respect to dispropor- 

The large number of plutonium oxidation s t a t e s ,  together with the 

closely-spaced values of reduction potentials fox these states, leads to 

the obvious conclusion that the concentrations of plutonium ions in the 

possible oxidation states will be very sensitive to the redox conditions 

of an aqueous system. Although the reduction potentials for the four 

principal valence states are well known in standard, aoncomplexing 

media, it should be borne in mind that these well-determined potentials 

can change in the strongly complexing media of some groundwaters. A 
number of authors have attempted to predict the species of plutonium 

expected under specific redox conditions, assming equilibrium between 

the solids and the aqueous sOlation.26,27,(4,63-65 These efforts have been 

met with only indifferent success to date, because of large uncertain- 

ties in much of the thermodynamic data employed and because of a paucity 

of experimental data for verifying the models. Many of the calculations 

predict that in natural waters under oxic conditions and for the pR 

range 6-10, Pu(V) would be the dominant oxidation state under these con- 

ditions, and Pu(V) would dominate only above pB 8-9 ,  in solutions with 

high carbonate concentrations.44 Bondietti and Trabalka66 reported evi- 

dence for Pu(V) in an alkaline, freshwater pond, and Rai, Serne, and 

Swanson inferred the presence of PuCV) in solutions contacting PuQ, or 

Pu(OB),. 

sion measurements that plutonium under oxic conditions at low carbonate 

concentration exists predominantly as Pu(IV). It is difficult to assess 

these experimental differences in terms of the models used to generate 

the results described, since the thermodynamic data needed a s  input are 

rather uncertain, especially for P u ( N ) .  Under reducing conditions, it 

seems generally agreed that species containing Pu(JI1) will predominate 

In contrast, Allard et a.67 concluded from sorption and diffu- 
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i n  the: environmental  range of pH, a l though o t h e r  o x i d a t i o n  s t a t e s  would, 

of C O W S @ ,  be p r e s e n t .  

Groundwaters c o n t a i n  low c o n c e n t r a t i o n s  of a ownber of i no rgan ic  

complexing a g e n t s  such a s  ca rbona te ,  phosphate ,  s u l f a t e ,  and f l u o r i d e  

ions ,  end o rgan ic  l i g a n d s  d e r i v e d  from snbs t ances  such as h m i c  and f u l -  

v i c  acids.44961-70 I n  nonsa l ine  wa te r s ,  t h e s e  l i g a n d s  a r e  p r e s e n t  a t  lev-- 

e13 o f  a few m o l / L  o r  l e s s ,  a l though c o n c e n t r a t i o n s  i n  equ i l ib r ium w i t h  

p a r t i c u l a r  hos t  rocks  may be h ighe r  i n  s p e c i a l  ca5es.69 The f i r s t  s t e p  i n  

ana lyz ing  s o l u b i l i t y  and s p e c i a t i o n  of t h e  a c t i n i d e s  is t o  d e s c r i b e  the  

composi t ion of systems a t  e q u i l  i b r i m ,  us ing  thermodynamic d a t a ,  For 

a c c u r a t e  r e s u l t s  k i n e t i c  in format ion  should be inc luded ,  s i n c e  many 

groundwater systems of i n t e r e s t  a r e  no t  at equil i b r i m ;  however, because 

t h e  needed k i n e t i c  f a c t o r s  a r e  e i t h e r  known poor ly  or no t  a t  a l l ,  t h e  

o x i d a t i o n  s t a t e l s p e c i a t i o n  c a l c u l a t i o n s  a l r e a d y  d i s c u s s e d  a r e  of t h e  

equ i l ib r ium thermodynamic types25,21,44,63--65 To CalcQlate  t h e  concentra-  

tions of plutonium complexes r e q u i r e s  a grest dea l  of thermodynamic 

d a t a ,  bu t  t h e  s t a b i l i t y  c o n s t a n t s  f o r  i no rgan ic  complexes of plutonium 

a r e ,  i n  g e n e r a l ,  no t  w e l l  known. Severa l  au tho r s  have assembled d a t a  

bases  which a r e  u s e f u l  i n  t h i s  c o n n e c t i o n . 2 9 , 3 ~ , 6 ~ , 1 1 - 1 5  I n  c a s e s  where 

measured s t a b i l i t y  c o n s t a n t s  of platonium complexes a r e  not known, t h e  

approach has  been t o  e x t r a p o l a t e  v a l u e s  from s y s t e m a t i c s  o r  to o b t a i n  

rough e s t i m a t e s  by comparisons w i t h  analogous ions  (e .g . .  La3+ f o r  Pus+, 

Th4' for h4+, f o r  Pu02+, UO,*" f o r  PU~,~+). Although v a l u e s  

o b t a i n e d  i n  t h i s  way o f t e n  must be employed, t h e  inhe ren t  u n c e r t a i n t i e s  

must be recognized.  

Natura l  waters  e x h i b i t  a cons ide rab le  v a r i a t i o n  i n  t h e  amonnt of 

d i s s o l v e d  o rgan ic  m a t t e r  which might be involved i n  complexation. Con- 

c e n t r a t i o n s  a s  low a s  0.1 mg/L of d i s s o l v e d  o rgan ic  m a t t e r  a r e  t y p i c a l  

of unpo l lu t ed  and nonproduct ive f r e shwa te r  and sea wate r ,  whi le  concen- 

t r a t i o n s  of 10 mg/L might be expected i n  p o l l u t e d  l a k e s ,  s t reams,  and 

e s t u a r i e s . 6 '  About h a l f  of t h e  organic  carbon may appear  as  h m i c  o r  f u l -  

v i e  a c i d s .  These subs t ances  have h igh  molecular  weights  and c o n t a i n  

a romat ic  hydroxyl and carboxyl  groups which can b ind  meta l  ions.  Sur- 

f a c e  w a t e r s  t y p i c a l l y  c o n t a i n  5-18 mg/L of humic a c i d s  wi th  an ion 

exchange c a p a c i t y  of 5-18 m o l / g ,  due mainly t o  carboxyl  gronps.76 Clas- 

s i f i c a t i o n  of humic compounds i s  based c h i e f l y  upon s o l u b i l i t y ;  humic 



a c i d  i s  t he  f r a c t i o n  s o l u b l e  only  in base ,  and t h e  f t a o t i o n  which i s  

s o l u b l e  i n  both  a c i d  and base  is known a s  f u l v i c  ac id .  A l l a rd  and 

Bydberg's have made e s t i m a t e s  of t h e  complexation of p l u t o n i m  by humic 

subs tances ,  based on t y p i c a l  c o n c e n t r a t i o n s  and unpubl ished d a t a  on t h e  

va lue  of t h e  s t a b i l i t y  c o n s t a n t  f o r  t h e  Th4+ complex a s  an analog f o r  

t h a t  of t he  Pa4+. The r e s u l t  is t h a t  humic complexes of Fu'lf should be 

n e g l i g i b l e  in n a t u r a l  wa te r s  of pH - 6 ,  bu t  t h e s e  complexes might become 

ve ry  important  in s o l u b i l i z i n g  plutonium a t  v a l u e s  of pH below 4 o r  5 .  

These c a l c u l a t i o n s  a r e  c o n s i s t e n t  w i t h  r e s u l t s  of experiments  by Clieve- 

land  and Rees, 's who found t h a t  s o l a b i l i z a t i o n  of plutoniwa by f u l v i c  

a c i d  was s l i g h t  a t  environmental  v a l a e s  of pH. The r e s u l t i n g  s o l u t i o n s  

of plutonium were u n s t a b l e  and t h e  plutonium even tua l ly  p r e c i p i t a t e d ,  

a p p a r e n t l y  e i t h e r  by f l o c c u l a t i o n  of c o l l o i d s  o r  by slow h y d r o l y s i s  

r e a c t i o n s .  

A t  t h e  near -neut ra l  o r  b a s i c  c o n d i t i o n s  c h a r a c t e r i s t i c  of many 

n a t u r a l  aqueous systems, hydrolysis p l a y s  8 major r o l e  i n  de te rmining  

t h e  n a t u r e  of t h e  s p e c i e s  i n  s o l u t i o n .  Hydrolys is  may be viewed a s  a 

complexat ion p rocess  w i t h  OH- a s  t h e  l i gand ,  and so i t  is easy  t o  under- 

s t and  t h a t  t h e  e x t e n t  of h y d r o l y s i s  q u i t e  g e n e r a l l y  i n c r e a s e s  wi th  pH, 

i , e . ,  w i t h  i nc reas ing  c o n c e n t r a t i o n  of OH- ions.  I n  n a t u r a l  r a t e r s  t h e  

s p e c i e s  which l i m i t s  t he  s o l u b i l i t y  may be a pxoduct of h y d r o l y s i s ,  such 

a s  PuO,. 

ured ( c . f . ,  Ref. 651, bu t  t h e  r e s u l t s  a r e  d i f f i c u l t  t o  i n t e r p r e t .  

Po lynuc lea r  h y d r o l y t i c  s p e c i e s  of plutonium form slowly, and s o l u b i l i t y  

r e s u l t s  a r e  o f t e n  obscured by k i n e t i c  e f f e c t s .  The p r e c i p i t a t e s  which 

form through h y d r o l y s i s  a r e  g e n e r a l l y  amorphous, and so their s t r u c t u r e s  

a r e  no t  w e l l  def insd .Z6 Data bases  con ta in ing  h y d r o l y s i s  c o n s t a n t s  from 

experiments  and from t h e  kind of analog e x t r a p o l a t i o n  procedure 

described e a r l i e r  f o r  s t a b i l i t y  cons tangs  of plutonium complexes have 

been compiled by seve rb l  au tho r s  f o r  u s e  i n  modeling t h e  s p e c i a t i o n  i n  

groandw a t e r  systems . a  9 9 

S o l u b i l i t i e s  of plutonium a t  near -neut ra l  pH have been meas- 

s 6 1,' 1- 7 5 

A f u r t h e r  a spec t  of h y d r o l y s i s  is t h a t  po lynuc lea r  spec ie s ,  p a r t i c -  

u l a r l y  of P a ( r V ) ,  tend t o  form polymers of high molecular  weight  which 

d i s p e r s e  r e a d i l y  a s   colloid^.^*^^^^^^ 

c l e a r  t h a t  i t  may become p r a c t i c a l l y  impossible  t o  f i n d  t h e i r  exac t  com- 

These aggrega te s  may become so polynu- 

The c o l l o i d a l  p a r t i c l e s  c a r r y  a lowI r e s i d u a l  p o s i t i v e  
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charge a t  l o a  v a l u e s  of pB, bu t  a nega t ive  charge d o m h a t e s  a t  pB above 

7 .  A s  a r e s u l t  of i t s  low charge ,  t h e  Pu(W) polymer does n o t  so rb  on 

c a t i o n  exchange r e s i n s  as t h e  f r e e  ions  would do, bu t  sorbs  s t r o n g l y  

onto  srarfaces,  

Thns, t h e  format ion  of c o l l o i d s  by h y d r o l y s i s  may provide  a mechan- 

i s m  whereby n u c l i d e s  a r e  mobi l ized  under  c o n d i t i o n s  for which p r e c i p i t a -  

ou ld  have been expected.  F a r t h e r ,  t h e  c o l l o i d a l  p a r t i c l e s  can 

d e p o s i t  r e a d i l y  on mine ra l s  or o t h e r  s u r f a c e s ,  O X  they may sorb on t h e  

surfaces .  o f  c o l l o i d a l  p a r t i c l e s  of c l a y ,  s i l i c a ,  o r  meta l  hydroxides  t o  

form pseudocol lo ids .*  The slow k i n e t i c s  f o r  polymer format ion  and t h e  

wide range of polymer p r o p e r t i e s  under v a r i o u s  c o n d i t i o n s  make i t  impos- 

s i b l e  t o  p r e d i c t  with much conf idence  t h e  behavior  of p l n t o n i  

a t  a given  s i t e .  

In summary, t h e  s p e c i a t i o n  of plutonium depends mainly upon t h e  

redox c o n d i t i o n s ,  which de termine  t h e  o x i d a t i o n  s t a t e  p r e s e n t ;  the  

groundwater composi t ion,  which de termines  t h e  n a t n r e  of the  complexa- 

which e x e r t s  a powerfol i n f luence  through h y d r o l y s i s  reac-  

t i o n s ;  and t h e  tempera ture ,  which a f f e c t s  t h e  v a l u e s  of t h e  equ i l ib r ium 

c o n s t a n t s  involved.  As d i scussed  e a r l i e r ,  a number of a u t h o r s  have 

a t tempted  t o  e s t i m a t e  t h e  c o n c e n t r a t i o n s  of plutonium s p e c i e s  p r e s e n t  

under r e p r e s e n t a t i v e  ox ic  and anoxic  c o n d i t i o n s ,  u s u a l l y  i n  t h e  form of 

s t a b i l i t y  f i e l d s  on an Eh-pB diagram. Some of t h e  a u t h o r s  omi t ted  

h y d r o l y s i s  and complexat ion r e a c t i o n s  of Pu(1V) on t h e  grounds t h a t  t h e  

necessary equ i l ib r ium c o n s t a n t s  were poor ly  known, e . g . ,  Refs.  26, 61, 

63, 6 5 .  Below we summarize t h e  conc lus ions  oE Allaxd44 and of A l l a r d  

and Rydberg,T5 who eva lua ted  a l l  a v a i l a b l e  d a t a ,  e s t ima ted  and extrago-  

l a t e d  some v a l u e s ,  and, most impor tan t ly ,  cons idered  a l l  r e l e v a n t  

spec ie s .  

Under ox ic  c o n d i t i o n s  and f o r  groundwaters of average compesi- 

tion, 4 4  , 7 5 t h e  sol isbi l  i t y  of plutonium i s  1 imited by PuO, ( s )  , with  Pu(OlR), 

a s  the dominant s p e c i e s  i n  s o l u t i o n  i n  t h e  range of pH 5 - 9 .  Below 

pIl 5 - 6 ,  t h e  pen tava len t  PuO,* would dominate,  and below t h a t  Pus+ would 

be t h e  major spec ie s .  High carbonate  c o n c e n t r a t i o n s  would s t a b i l i z e  the 

p e n t a v a l e n t  s t a t e  under c o n d i t i o n s  of high a l k a l i n i t y ,  so t h a t  s p e c i e s  

l i k e  P U O , ( C O ~ ) ~ S -  wenld  dominate a t  v a l u e s  of pW above 8-9. 

s p e c i e s  would no t  be expected t o  c o n t r i b u t e  s i g n i f i c a n t l y .  

Rexavalent 
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Under reducing  c o n d i t i o n s ,  t h e  s o l u b i l i t y  would s t i l l  be l i m i t e d  by 

PuO,(s) a t  pH v a l n e s  above 7-8 b u t  by Pu,(CO,),(s) i n  t h e  low range of 

pH. The t r i v a l e n t  aqueous s p e c i e s  such 8s Pu(CO,)+, Pn(OH)Z+, and 

Pu(CO,),- would dominate in t h e  range of pH 7 - 9 ,  b u t  t e t r a v a l e n t  s p e c i e s  

l i k e  Pu((PB), or Pn(lPH),- would become impor tan t  above pH 9-10. These 

r e s u l t s  suggest  t h a t ,  in t h e  p re sence  of ca rbona te ,  t h e  s o l u b i l i t y  of 

plutonium would be h ighe r  under reducing  c o n d i t i o n s  than under o x i d i z i n g  

c o n d i t i o n s .  Any of t h e  o x i d a t i o n  s t a t e s  (III), (IV), o r  (VI would be 

expected. 

To i n v e s t i g a t e  t h e  s t r o n g  e f f e c t  of groundwater compositions on 

s p e c i a t i o n ,  Cleve land ,  Rees, and Nash69 s t u d i e d  t h e  o x i d a t i o n  s t a t e s  and 

s o l u b i l i t y  of plutonium (1111, (IV), and (V)/(VI) in groundwaters from 

t u f f ,  g r a n i t e ,  b a s a l t ,  and s h a l e  format ions .  Plutonium was s u r p r i s i n g l y  

s o l u b l e  i n  t h e  b a s a l t  wa te r ,  which was no t  a t y p i c a l  b a s a l t  groundwater 

i n  t h a t  i t  con ta ined  a h igh  c o n c e n t s a t i o n  of f l u o r i d e  ions (52  mg/L); 

t h i s  h igh  c o n c e n t r a t i o n  of f l u o r i d e  ions  was presumed t o  s t a b i l i z e  solu- 

b l e  fluoro-complexes, p r i m a r i l y  of Pu(PV). On the o t h e r  hand, t h e  plu-  

tonium was very  i n s o l u b l e  i n  t b e  s h a l e  groundwater, which con ta ined  t h e  

h i g h e s t  c o n c e n t r a t i a n  of s u l f a t e  i ons  (2000 mg/L). T h e  i n s o l u b l e  pla- 

tonium was p r e s e n t  predominantly a s  Pu(IV) .  Stoichiometry sugges ted  

t h a t  t h e  i n s o l u b l e  s p e c i e s  was n o t  a simple s u l f a t e  but  t h a t  Pu(Tv) 

polymeric s p e c i e s  were involved. 

FURTBER RESEARCH NEEDS 

I n  sumary, t h e r e  has  been B g r e a t  d e a l  of work on d a t a  bases con- 

s i s t i n g  of e q u i l i b r i u m  c o n s t a n t s  f o r  complexing, h y d r o l y s i s ,  and p rec ip -  

i t a t i o n  r e a c t i o n s ,  With t h e  assumption t h a t  t h e  n u c l i d e s  a r e  p r e s e n t  a t  

e q u i l i b r i u m  w i t h  t h e  e n v i r o m e n t ,  it i s  r e l a t i v e l y  easy  t o  p r e d i c t  t h e  

s p e c i a t i o n  of t h e  form from t h e s e  d a t a .  There a r e  s t i l l  d a t a  t h a t  need 

t o  be c l a r i f i e d ,  p a r t i c u l a r l y  wi th  r e s p e c t  t o  ca rbona te  complexation of 

t h e  a c t i n i d e  e lements  inc luded  i n  t h i s  r e p o r t  bnt  t h e r e  a r e  a t  p r e s e n t  a 

number of groups a c t i v e l y  s tudy ing  t h e s e  problems. 

Although it  is no t  d i f f i c u l t  t o  p r e d i c t  s p e c i a t i o n  from d a t a  bases ,  

i t  is  not  a t  a l l  easy t o  v e r i f y  these  p r e d i c t i o n s .  The d i r e c t  determi- 

n a t i o n  of s p e c i a t i o n  a t  t r a c e r  l e v e l s  i s  an ext remely  d i f f i c u l t  f i e l d  of 
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r e s e a r c h  bo th  f o r  r e l a t i v e l y  pure  s o l u t i o n s  prepared  i n  t h e  l a b o r a t o r y  

and for s o l u t i o n s  i n  t h e  f i e l d ,  The l a t t e r  i s  made more d i f f i c u l t  by 

t h e  f a c t  t h a t  t h e  s p e c i e s  must f i r s t  be concen t r a t ed  s i n c e  they w i l l  

g e n e r a l l y  be p r e s e n t  i n  s o l u t i o n s  too  d i l u t e  t o  d e t e c t .  

We recommend. t h e r e f o r e ,  t h a t  i nc reased  a t t e n t i o n  should be given 

t o  r e s e a r c h  i n  t h e  l a b o r a t o r y  f o r  t h e  d i r e c t  de t e rmina t ion  of s p e c i a t i o n  

of n u c l i d e s  a t  t r a c e r  l e v e l s .  We f e e l  t h a t  s u f f i c i e n t  a t t e n t i o n  has  

been g iven  Po d a t a  base  g e n e r a t i o n  and computer codes t o  gene ra t e  speci-  

a t i o n  diagrams. Of course ,  f o r  c a s e s  where thermodynamic d a t a  are 

Reeded or e x i s t i n g  d a t a  v e r i f i e d ,  t h e r e  should be cont inued  exper imenta l  

work;  our  f i r s t  recommendation below d e a l s  w i t h  one of t hese  needs.  

1. 

2 .  

3 ,  

4 .  

5 .  

6 .  

S p e c i f i c a l l y ,  we recommend t h e  fo l lowing:  

Experimental  de t e rmina t ion  of format ion  c o n s t a n t s  f o r  a c t i n i d e  CQUI- 

p l e x e s ,  e s p e c i a l l y  ca rbona te  complexes, i n  t h e  pB r e g i o n  5-10 of 

n a t u r a l  wa te r s .  V e r i f i c a t i o n  of e x i s t i n g  da ta  which have no t  been 

dlnpl i c a t e d  by s e v e r a l  i n v e s t i g a t o r s .  

A c r i t i c a l  review and examinat ion of experimental  methods of de t e r -  

mining s p e c i a t i o n  in  t h e  l a b o r a t o r y  and i n  t h e  f i e l d .  

Inc reased  a t t e n t i o n  t o  exper imenta l  de t e rmina t ion  of t h e  presence  

and, i f  p r e s e n t ,  t h e  composi t ion of c o l l o i d a l  p a r t i c l e s  i n  groond- 

wa te r s .  

Inc reased  a t t e n t i o n  t o  t h e  de t e rmina t ion  of p o s s i b l e  b i o l o g i c a l  

r e a c t i o n s  such a s  o x i d a t i o n  o r  xeduct ion  of n u c l i d e s  and t h e  incor-  

p o r a t i o n  of n u c l i d e s  i n  l a r g e  o rgan ic  molecules .  

A review of e x i s t i n g  d a t a  on mig ra t ion  of c o l l o i d s ,  and an exper i -  

mental  s tudy  of migra t ion  of c o l l o i d s .  

F i n a l l y ,  reviews of s p e c i a t i o n  should be updated a t  r e g u l a r  i n t e r -  

v a l s ,  p a r t i c u l a r l y  becanse i n v e s t i g a t o r s  now a r e  beginning  t o  g ive  

inc reased  a t t e n t i o n  t o  t h i s  s u b j e c t .  
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3.  DEPENDENCE OF W,TABOLISAI ON CEEMICBU, FORM 

BIOPHYSICAL AND BIOCHEMICAL PKOPERTlES OF Pu, Am, Cm, Np, AND Sr 

Some of t h e  phys ica l  and chemical p r o p e r t i e s  of t h e  r a d i o n u c l i d e s  

d i scussed  i n  t h e  fo l lowing  paragraphs  have a l r eady  been mentioned i n  t h e  

preceding  s e c t i o n .  Desp i t e  t h e  r e p e t i t i o n ,  however, r e  t h i n k  i t  is 

worthwhile  t o  c o l l e c t  and summarize those  p r o p e r t i e s  which a r e  important  

i n  unders tanding  t h e  metabolism of t h e s e  r ad ionuc l ides .  

The terms "monomeric" and "polymeric"  axe o f t e n  used i n  metabol ic  

s t u d i e s  t o  d e s c r i b e  t h e  phys ica l  s t a t e  of chemical compounds. Gen- 

e r a l l y ,  "monomeric" r e f e r s  t o  l a b o r a t o r y  p r e p a r a t i o n s  i n  wbich any par- 

t i c u l a t e s  formed a r e  below about 0.01 pm in diameter ,  whi le  "polymeric"  

p a r t i c l e s  a r e  those  of d iameter  0.01 ~ r a  or grea te r . '  

Plutonium 

Plutonium can e x i s t  i n  s o l u t i o n  mainly i n  ioar va lence  s t a t e s :  

P u ( I I I ) ,  P u ( N ) ,  Pu(V), and Pu(V1). The tendency to r e a c t  w i th  water  

(hydro lyze)  d e c r e a s e s  i n  t h e  o r d e r  Pa(TV) > Pu(VI) > Pu(1IX) > Pn(V).2,3 

B i o l o g i c a l  evidence and chemical p r o p e r t i e s  of Pa s u g g e s t  t h a t  most sys- 

temic Pu would be i n  t h e  I I V )  s t a t e .  Hydrolys is  of Pu(IV) may r e s u l t  i n  

a change from t h e  monomeric form to an i n s o l u b l e  polymeric  form of Pu. 

I n  h igh  concen t r a t ions ,  Pu may beg in  t o  polymerize a t  pH v a l u e s  as low 

a s  pB 1. In f a i r l y  d i l u t e  s o l u t i o n s  sach  a s  those  t h a t  might be 

expected i n  body f l u i d s  i n  t y p i c a l  exposure s i t u a t i o n s ,  p seudoco l lo ida l  

format ion  begins  a t  pH 2 . 8 ,  and genuine aggrega te s  form above about pH 

7 . 5 . 2 ~ 3  In t h e  human body, t h e  pB of pure  g a s t r i c  j u i c e  i s  about 1.0, 

of i n t r a c e l l u l a r  f l u i d  a f  muscle is about 6.8, and of blood is u s u a l l y  

about 7.4,  s l though  t h e  pH of b lood  can exceed 7.5 i n  some cases.4 

A l a r g e  f r a c t i o n  of Pn(1TV) i n t roduced  i n t o  t h e  bloodstream i n  

monomeric form is q u i c k l y  bound t o  t h e  i ron - t r anspor t  p r o t e i n  t r a n s f e r -  

r i n  and i s  e v e n t u a l l y  c a r r i e d  t o  t h e  bone marrow, t h e  l i v e r ,  and o t h e r  

i r o n  depots.5-14 Pu(IV) may t r a n s f e r  from t r a n s f e r r i n  t o  f e r r i t i n ,  t h e  

major iron s t o r a g e  p r o t e i n  i n  t h e  l i v e r ,  & a t  phys io log ica l  p€l.lS 

The f e r r i t i n - P u ( I V )  complex may be more s t a b l e  than t h e  

t r a n s f e r r i n - P u ( N )  complex."$ 
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It appears from exper imenta l  r e s u l t s  for l a b o r a t o r y  animals  t h a t  Pn 

i n j e c t e d  in p a r t i c u l a t e  or leol loidal  form is  c l e a r e d  ve ry  r a p i d l y  from 

blood and i s  d e p o s i t e d  i n  c e l l s  of t h e  r e t i c n l o - e n d o t h e l i a l  (RE)  sys-  

t e r n , ~ l B l 6 t 1 ~  I n  f a c t ,  c o l l o i d a l  p a r t i c l c s  o f  any composi t ion a r e  r a p i d l y  

taken  lap by RF cells.2 These c e l l s  arc found i n  a l l  t i s s u e s  b u t  a r e  

most concen t r a t ed  i n  l i v e r ,  sp l een ,  lymph nodes, e r y t h r o p o i e t i c  marrow, 

and Xawg 

Biophysical rand biochemical  p r o p e r t i e s  of Am and Cm have been 

desc r ibed  by D. M, Taylor.1a Ama(1IZ) i s  t h e  common o x i d a t i o n  s t a t e  of 

i n  s o l a t i o n .  Cmas(lII9 i s  t h e  only  s t a b l e  o x i d a t i o n  s t a t e  i n  s o l a t i o n  

which i s  known. The s m a l l e r  i o n i c  p o t e n t i a l  of and cm compared with 

h, ~ e s o l t i n g  frola the  lower i o n i c  chasge and larger i o n i c  r a d i u s ,  ind i -  

c a t e s  t h a $  these  t r i v a l e n t  ions w i l l  hydrolyze much less  r e a d i l y  than  

P.a(XV) i ons ,  H o w E v ~ ~ . ,  a s  w i t h  Pa(IY), h y d r o l y t i c  r e a c t i o n s  and complex 

formation a r e  s t i l l  imp r t a n t  t o  t h e  s o l u t i o n  chemis t ry  of Am and Cm. 

h ( I I I b  may be  p r e s e n t  i n  i o n i c  form from pH 1 t o  pA 4 . 5 ,  but above pH 

e h y d r o l y s i s  occur s ,  and genuine c o l l o i d s  of h a r e  formed above 

pHy 7. I t  has  a l so  been observed t h a t  t h e  format ion  of l arge  polymeric  

species of Cm(1II) occur s  above pX 4 . 5 .  

(111) and Cm(III1 bec e bound i n  plasma t o  transferrin, albumin, 

and other prote ins .7 ,"8  $lowevex, they  appear  t o  form only  weak complexes 

wi th  serum p r o t e i n s .  Am and Pu a l s o  are known t o  b ind  s t r o n g l y  t o  f e r -  

r i t i n  i n  t h e  l i ve+ .aa -23  Rapid a s s o c i a t i o n  of and Crm wi th  f e r r i t i n  i n  

t h e  cytoplasm of hepa tocy te s  i s  very d i f f e r e n t  from Pu, whose associa-  

t i o n  was no t  observed u n t i l  abont 3 days a f t e r  i n j e c t i o n n a 2  It is not 

c l e a r  whether t h i s  more r ap id  a s s o c i a t i o n  i s  due to a h ighe r  a f f i n i t y  of 

Am and Cm than Pa t o  f e r r i t i n  or a lower a f f i n i t y  of Am and elm t o  t h e  

p r o t e i n s  t h a t  transport t h e s e  elements  t o  t h e  c e l l  a ~ l e m b ~ ~ ~  ( c f .  Pop-- 

pe lwe l l  eff at.).23 In generaln i t  appears t h a t  d i f f e r e n c e s  i n  dep 

t i o n  and r e t e n t i o n  o f  a c t i n i d e s  i n  t h e  l i v e r  and o t h e r  t i s s u e s  may be 

r e l a t e d  t o  d i f f e r e n c e s  in chemical binding and so laabi l i ty  of t h e s e  e l e -  

ments and t h e i r  compounds. As w e  s h a l l  d i s c u s s  l a t e r ,  compounds and 
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colloids of Am and Cm are generally much more easily dissolved than 

those of Fu. This could lead t o  greater and more rapid transportability 

of Am and Car than Pa into blood frm the respiratory and gastrointesti- 

nal tracts, for example. 

Neu t unium 

Compared with Pu, Am, and Cm, there is relatively little informa- 

tion on the biophysical and biochemical properties of Np. The following 

information is gleaned from Refs. 24 and 25 and 3n unpublished summary 

by I). M. Taylor. 

In aqueous solutions, Np can exist in oxidation states 3+,  4+, 5+, 

6'snp+,and7sup+,withtheoxidationstates4sup+,4*s~p+, and 6f being the 

mast stable and the ones most frequently- used in experiments. In soln- 

tions of neptunium free from complexing anions the Np(V) oxidation state 

appears to predominate at pH values up to about 7. The oxidation state 

of neptunium under physiological conditions is not known, but Mp(V) 

probably predominates. The tendency of Np ions toward reactions of com- 

plex formation decreases in the sequence Np4+ Np'+ > NpB, > NpO,+, 
that is, in accordance with decreasing ionization potentials. The more 

stable the complex compound, the mote hydrolysis of Np ions is 

suppressed. 

hydrolyze below about pE 7. Thus it might be expected that NpO,+, and 

perhaps other forms of hlp, would tend toward polymerization inside t h e  

body less than most compounds of Pa, Am, and Cm. 

a t  

It is known that NpO,+ shows virtually no tendency t o  

Strontium 

Strontium is chemically similar to calcim and appears to behave 

similarly to calcium in the body, although there is s m e  discrimination 

against Sr at membranes.a6-28 Thus it is expected that Sr, like calcium, 

will be carried in body fluids botb in ionic and cmplexed formm. In 

normal human plasma, about half of the calcium exists as free ions, 

wbile most of the rest is bound to protein (mainly albumin).29 The 

remainder is carried 8 s  CaHm, and calcium citrate, and as unidentified 

complexes.29 The extent of complexing of Sr is probably similar. Stron- 

tium chloride, for example, is probably very soluble in the: lungs or 
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g a s t r o i n t e s t i n a l  whi le  strontium titanate (SrTiO,) i s  probably 

r e l a t i v e l y  i n s o l a b l e  i n  these regions.3".'3 
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ABSORPTION FROM THE LUNGS TO BLOOD 

In the  most r e c e n t  v e r s i o n  of the model of the  r e s p i r a t o r y  system 

approved by the  IcBp33,14 the  r e s p i r a t o r y  system i s  cons ide red  t o  be 

d iv ided  i n t o  four  r e g i o n s :  nasal-pharynx (NP), t r acheobronch ia l  r eg ion  

(TB), pulmonary r eg ion  ( P I ,  and lymphatic t i s s u e  ( L ) .  The f r a c t i o n  of 

m a t e r i a l  e n t e r i n g  the  body which d e p o s i t s  in  each o f  the  NP, TB, and P 

r e g i o n s  depends on the  s i z e  ( a c t i v i t y  median aerodynamic d iameter  or  

MAD) of the  p a r t i c l e  c a r r y i n g  t h e  r a d i o n u c l i d e .  The NP, TB, and P 

r e g i o n s  a r e  d i v i d e d  i n t o  compartments cor responding  t o  c l e a r a n c e  r o u t e s .  

B i o l o g i c a l  ha l f - t imes  f o r  c l e a r a n c e  a s  we l l  as  f r a c t i o n s  c l e a r e d  along 

v a r i o u s  r o u t e s  a r e  c l a s s i f i e d  accord ing  t o  the time p a r t i c l e s  a r e  

r e t a i n e d  i n  the pulmonary r eg ion .  Only t h r e e  c l e a r a n c e  ( s o l u b i l i t y )  

c l a s s e s  a r e  de f ined :  D ( d a y s ) ,  W (weeks),  and Y ( y e a r s ) .  According t o  

t h i s  model, 12% of d e p o s i t e d  c l a s s  H p a r t i c l e s  of s i z e  1 p w i l l  eventu- 

a l l y  r e a c h  blood,  compared w i t h  5% for c l a s s  Y cornpounds of the  same 

s i z e .  

Thus, accord ing  t o  t h e  I C W  model, the  chemical form of inha led  

a c t i v i t y  i n f l u e n c e s  the time course  of the  c l e a r a n c e  of a c t i v i t y  from 

t h e  lungs t o  blood, a s  we l l  a s  the t o t a l  amount e v e n t u a l l y  c l e a r e d  t o  

blood. T r a n s l o c a t i o n  is viewed l a r g e l y  a s  a p r o p e r t y  of p a r t i c l e  

d i s a g g r e g a t i o n  of: d i s s o l u t i o n ,  a l thongh b i o l o g i c a l  c leaxance  p rocesses  

such a s  mucoc i l i a ry  c l e a r a n c e  and phagocytos is  by macrophages a r e  Impli- 

c i t l y  inco rpora t ed  i n t o  t h e  model through t h e  c l ea rance  r a t e  c o n s t a n t s  

fo r  the  t h r e e  compartments. More s o l u b l e  or  more e a s i l y  d i s a g g r e g a t e d  

chemical forms a r e  expec ted  t o  have s h o r t e r  r e s idence  t imes i n  the  lungs 

than more r i g i d  coroplexes, and a l a r g e r  f r a c t i o n  of e a s i l y  decomposed 

compounds i s  expec ted  t o  e v e n t u a l l y  r each  blood. 

In the  fo l lowing  paragraphs  we s h a l l  d i s c u s s  the  importance of 

chemical form on t h e  c l e a r a n c e  of Pa. Am, Cma Np, and Sr  from the lungs.  

Experimental  d a t a  f o r  t h e s e  e lements  are, for the  most p a r t ,  i n  agree- 

ment wi th  the I W  lung model. Bowever, as we s h a l l  d i s c u s s  l a t e r ,  

t h e r e  a r e  some compounds whose behav io r s  do not Conform t o  the  ICRP 

mode 1. 
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There a r e  n~meroas exper imenta l  results concerning r e t e n t i o n  of 

various chemical forms of Pu .in t h e  lungs.  Re ten t ion  half--t imes of  

i nha led  c i t r a t e ,  o t h e r  organic  complexes, and n i t r a t e s  i n  t h e  pulmonary 

region of t h e  lung a r e  on t h e  o r d e r  of 3 0  t o  3 0 0  days i n  r a t s  and dogs.3s 

Pulmonary r e t e n t i o n  of plutoniilRm d iox ide ,  a l e s s  s o l u b l e  compound, 

v a r i e s  from 150 t o  500 days i n  r a t s  and from 200 t o  1250 days i n  

dogs. 3 I , = $  

Wesal ts  of experiments  w i t h  r a t s  and dogs i n d i c a t e  t h a t  Pa c i t r a t e  

i s  t r a n s p o r t e d  from t h e  lung more r a p i d l y  than Pn n i t r a t e ,  p robably  

becaasc  Pu n i t r a t e  hydro lyzes  more r a p i d l y  a t  p h y s i o l o g i c a l  pR and forms 

r e l a t i v e l y  i n s o l u b l e  polymers.'6 As i n d i c a t e d  i n  Table  3.1,  t h e r e  is 

l i t t l e  r e t e n t i o n  of Fu c i t r a t e  ox n i t r a t e  i n  t h e  t h o r a c i c  lymph nodes 

(TBLN).  T h i s  i s  i n  c o n t r a s t  t o  t h e  l e s s  s o l u b l e  compound, Pu d iox ide ;  

approximately 30% of t h e  pulmonary d e p o s i t  of Pu d iox ide  (Pu-239) was 

f o n d  i n  the lymph nodes o f  b e a g l e s  5 y e a r s  a f t e r  exposare ,  and about 

40% w a s  found i n  t h e  lymph nodes a f t e r  11 years.37 Lyubchanski i3 '  found 

t h a t  Pa c i t r a t e ,  Pa n i t r a t e ,  Pu c h l o r i d e ,  sodium p l u t o n y l t r i a c e t a t e ,  and 

~~~~i~ plutonium pen taca rbona te  a l l  behave a s  r e l a t i v e l y  s o l u b l e  forms 

of Pu a f t e r  i n h a l a t i o n  by r a t s .  However, i nha led  Pa f l u o r i d e  was t ran-  

spor ted  on ly  s lowly  from t h e  lungs  of dogs, and t h e r e  was a r e l a t i v e l y  

l a r g e  d e p o s i t  i n  t h e  t r acheobronch ia l  lymph nodes.3' 

As i n d i c a t e d  i n  Table  3.2,  t h e  tempera ture  of format ian  of i nha led  

p l u t s n i m  p a r t i c l e s  a f f e c t s  the  r e t e n t i o n  of plutonium i n  t h e  l ~ n g s . 4 ~  

In g e n e r a l ,  h i g h e r  t empera tu res  of product ion  l e a d  t o  longe r  r e t e n t i o n  

t imes.  These changes in r e t e n t i o n  a r e  probably due to d i f f e r e n c e s  in 

s o l a b i l i t y  o f  t h e  a e r o s o l  caased  by d i f f e r e n c e s  i n  chemical form pro- 

duced by hea t  t s e ~ t r n e n t . ~ ~ , 4 ~  Ai lower t empera tures  t h e  a e r o s o l  p a r t l -  

c l e s  c o n s i s t  of a mixture  of plutonium chloride, oxychloride, and plu- 

tonium d iox ide ,  while a t  h ighe r  tempera tures  prodoction of plutonium 

dioxide would be increased.36.4 'J  As sogges ted  by d a t a  i n  Table  3.2, par-  

t i c l e  s i a e  w i l l  also i n f l u e n c e  r e t e n t i o n ;  for v a r i o u s  s i z e d  p a r t i c l e s  

c a l c i n e d  at similar t empera tures ,  r e t e n t i o n  ha l f - t imes  a r e  generaf ly  

l e s s  f o r  aerosols  with a s m a l l e r  p a r t i c l e  s i z e  d i s t r i b u t i o n  ( s e e  a l s o  

B a i r  a d., 1 9 6 3 4 % ) .  
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Table 3.1. Distribution of plutonium after inhalation as nitrate or citrates6 
_ _  

5 Administered Plutonium 
Time Compound Species -__I---- ~ 

(dnys) 
c_ 

Thoraclc Lrvcr Skeleton plus 
lymph nodes other s o f t  tissues 

__^__ ___II_-I_ -_ _-_ll_l̂ --- ---_ 1__1---- 

~lntoni om--23 9 c it r a t e 

b 
Plutonium-239 citrate 

~lutonim-239 nitrate' 

~lntoniw-239 nitrate' 

~lutoninm-238 nitrste' 

d Plutanium-23 9 nit r a t c 

d 
Platonim-238 nit rn te 

Do B 1 

30 

100 

Rat 1 

28 

182 

Dog 1 

3 0  

100 

Rat 1 

30 

90 

Rat 1 

30 

Ra t 30 

100 

200 

Rat 30 

100 

200 

74 0.05 

31 0.20 

29 0.40 

2 1  

9 

1.8 L 

88 0.06 

32 0.4 

41 0.6 

78 - 
40 

1 5  - 
96 - 
53 - 
32 - 
12 - 

- .  

- 

- 

4 - 
18 - 

9 

3 

- 

1.4 

5.3 

16 

9.5 

4.3 

2.5 

0 . 3 2  

9 

10 

1 . 8  

1.0 

0.3  

0.6 

2.2 

1,5 

0.5 

0.4 

2.2 

5.8 

0.6 

6 

38 

38 

45 

59 

58 

1.8 

43 

28 

3 .2  

7.7 

4.4  

1.9 

18.1 

11 

9 

12 

18 

12 

21 
-- ___ ______- 1_ I_-_ _II--- -_I--̂ ___-̂  

'Percent inhaled activity less fnecal activity in first 6 days 

bAdministtred by pulmonary intubation 

'Percent inhaled activity less faecal activity in first 3 days 

dPercent initial lung burden 



Table 3.2. Summary of solubility of aerosol samples and long-term retention 
half-times in lung of beagle dog for aerosols of h - 2 3 9  and h-238 

Particle Per sent of acrivity Tung retention Size Production 
distribution temperature Radionusl ide size AMAD dissolved in 2 h0ars half-times in days 

( P )  in saline (long-term component) 

Pn-23 9 1.9 Poly 3 26 

1.9 POlg 600 

1.9 Poly 900 

1.9 Poly 1150 

Pu-23 8 0.8 Mono 1150 

1.9 Mono 11 50 

3 .o Bimodal 1150 

0 .82  

0.10 

0.01 

0.001 

0.60 

0.15 

7.4 

180 

3 40 

>WO 

>500 

450 

>500 

200 

1 .3  Poly 1150 2 .2  250 
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The residence time of Pu in the lungs may depend on the particular 

isotope inhaled. In animals exposed to aerosols of Pu-238 or Pa-239 

dioxide with similar particle size Characteristics, there was more rapid 

translocation of Pa-238 than Pa-239 from the lung to systemic 

organs.36,42 Similar results were found using Pu-238 and Pu-239 in the 

nitrate form.16,43,44 The increased transportability may be the result 

of higher specific activity of particles containing Pu-238; this higher 

specific activity map cause mort rapid breakdown and solabilizstion of 

the particles.3c 

Plutonium may have different clearance characteristics when mixed 

with oxides of other metals. A series of s tad ies  of rodents exposed to 

mixed aerosols of Pu and Na oxides have shown that with an excess o f  Na 

the transportable fraction O€ Pu may be increased to values characteris- 

tic of soluble forms of Pu,J6,4s-47 

Inhaled activity may leave the lungs through the bloodstream, i n  

macrophages which may be cleared from the tracheobronchial region and 

swallmed, or via lymphatics to lymph nodes.36 As Indicated by the 

experimental data discussed to tRis point, the xate of transport from 

the lung by these routes depends on the solubility and hence the chemi- 

cal farm of the particles as well a s  on their size. There is informa- 

tion on the distribution of some nuclides after they reach the 

bloodstream, and for the most part it would appear that the distribution 

to internal organs i s  independent of the physic6-chemical form deposited 

in the lungs  (although, a s  discussed later, there is s m e  evidence that 

particulate Po, which would deposit primarily in the fiver. may reach 

blood from the lungs). This is illustrated in Table 3 . 3  for the case of 

pulmconary intubation of various chemical forms of Pu in rats.3C,41,4a 

Although the total amount reaching blood varied considerably with chemi- 

cal farm a t  one week after intubation. the amoant in liver, for example, 

was between 13.1 and 17.4 percent of the total nan-pulmonary tissac 

deposit for all chemical forms considered. 
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Americium and curium 

Americium and curium compounds appear  t o  behave samewhat s i m i l a r l y  

{bu t  no t  i d e n t i c a l l y )  i n  t h e  r e s p i r a t o r y  systems of l a b o r a t o r y  animals.  

These elements w i l l  be  d i s c u s s e d  t o g e t h e r ,  and stme d i f f e r e n c e s  w i l l  be 

noted. 

Although Am and Cm a r e  m e t a b o l i c a l l y  s i m i l a r  t o  Pn i n  many 

r e ~ p e c t s , 1 , 7 , ~ ~ - - 5 ~  c l e a r a n c e  of Am and Cm compounds from t h e  lungs appea r s  

to be much mort r a p i d  than  c l e a r a n c e  of analogous Pn compounds.36 Th i s  

may r e s u l t  frola t h e  l e s s e r  tendency of Am and Cm t o  form polymers t h a n  

Pa and a g r e a t e r  r a t e  of s o l u b i l i t y  of any polymers t h a t  a r e  formed.36 

R e s u l t s  of animal exper iments  i n d i c a t e  t h a t  ox ides  of Am and Cm 

behave a s  r e l a t i v e l y  s o l u b l e  m a t e r i a l  i n  t h e  lungs.s4.55 I n  beag le  dogs 

about  45% of t h e  body burden of h-241 oxide and about 80% of t h e  burden 

of Cm-244 oxide  a t  30 days  a f t e r  i n h a l a t i o n  was in t i s s n e s  o t h e r  t han  

t h e  Genera l ly ,  Cas244 oxide  appears  t o  be mote s o l u b l e  than  

Am-241 oxide,  perhaps  because of t h e  s m a l l e r  p a r t i c l e  s i z e  8nd g r e a t e r  

s p e c i f i c  a c t i v i t y  of t h e  Cm-244 compared w i t h  A1n-241.~~ 

The n i t r a t e  and c i t r a t e  foxms of Am or Cm are a l s o  c l e a r e d  r a p i d l y  

from t h e  lungs  of exper imenta l  a n i r n a l ~ , ~ ~ , 5 ~  Following pulmonary adminis- 

t r a t i o n  of Am c i t r a t e  to  r a t s ,  about 80% of t h e  admin i s t e red  a c t i v i t y  

had t r a n s l o c a t e d  t o  extrapulmonary t i s s u e  a f t e r  one week.56 

These r e s u l t s  suggest t h a t  t h e r e  may be minor d i f f e r e n c e s  i n  t h e  

r e t e n t i o n  of d i f f e r e n t  chemical forms of Am ox Cm i n  t h e  lungs.  How- 

e v e r ,  t h e s e  d i f f e r e n c e s  appear  t o  be much less impor tan t  than t h e  

d i f f e r e n c e s  e x h i b i t e d  by d i f f e r e n t  forms of PP, s i n c e  a l l  forms of Am 

and Cm appear t o  l e a v e  t h e  lungs  f a i r l y  r a p i d l y .  

Ne P t un iug 

The b i o l o g i c a l  and envi ronmenta l  l i t e r a t u r e  on Np has been reviewed 

r e c e n t l y  by Thompson57 and a l s o  by ~ o s k a l c v . 2 4  These a u t h o r s  found t h a t  

d a t a  on t h e  i n h a l a t i o n  of Np was l i m i t e d  t o  one s p e c i e s ,  t h e  r a t .  

Np-237 i nha led  i n  t h e  form of i n d u s t r i a l  d u s t  was q u i c k l y  elim- 

i n a t e d  by r a t s . 5 '  A f t e r  t h r e e  weeks, 93% of the  i n i t i a l  burden of Np-237 

was e l i m i n a t e d  from t h e  lungs,  and about 11% had been absorbed t o  blood. 

The r a p i d  e l i m i n a t i o n  of f a i r l y  i n s o l u b l e  Np from t h e  lungs of r a t s  i s  

a p p a r e n t l y  due t o  c l e a r a n c e  by macrophages. % *  



4 2  

By c o n t r a s t ,  removal of a h igh ly  s o l u b l e  Np c i t r a t e  complex from 

the  lungs of r a t s  was r e l a t i v e l y  slow, w i t h  about 7 of t he  admin- 

i s t e r e d  Np removed w i t h  a balf-t ime of 133 d t a y ~ . ~ ~ ~ 4 Q  The long r e t e n t i o n  

t ime of t h i s  s o l u b l e  complex may have r e s u l t e d  from r a d i a t i o n  damage t o  

t h e  pulmonary parenchyma.24 Absorpt ion of t h i s  form of N p  t o  blood was 

about 2 t u  3 t imes h i g h e r  than f o r  Np i n  i n d u s t r i a l  d u s t . 2 4  

Experimental  d a t a  i n d i c a t e  t h a t  t h e r e  a re  some d i f f e r e n c e s  i n  elim- 

i n a t i o n  o f  Np n i t r a t e  and o x a l a t e  from the  lungs of r a t s .  Less  than 20% 

of Np n i t r a t e  was r e t a i n e d  wi th  a long half- t ime (-130 d a y s ) ,  while  

n e a r l y  40% of Np o x a l a t e  w a s  r e t a i n e d  w i t h  a s imi la r  h a l f - t i ~ n e . ~ '  A t  

7 days a f t e r  i n t r a t r a c h e a l  i n t r o d u c t i o n  of N p  o x a l a t e  o r  n i t r a t e  i n t o  

r a t s ,  t h e  s k e l e t o n  showed about 10 t imes as much a c t i v i t y  and t h e  bid- 

neys showed about 5 t imes  as much a c t i v i t y  in those rats r e c e i v i n g  Np 

n i t r a t e ;  the  a c t i v i t y  of Np i n  t he  l i v e r  was t h e  same i n  both s e t s  of 

r a t s . 2 4  I n  t h e  f i r s t  few days fol lowing a d m i n i s t r a t i o n ,  Np n i t r a t e  was 

d i s t r i b u t e d  more d i f f u s e l y  than N p  o x a l a t e ,  bu t  d i s t r i b u t i o n  was s i m i l a r  

by the  seventh Apparent ly  p e n e t r a t i a n  of  Np i n  t he  form of n i t r a t e  

proceeds much more e a s i l y  than p e n e t r a t i o n  of Np in  the  o x a l a t e  form. 

T h i s  may r e s u l t  from d i f f e r e n c e s  i n  c a p a b i l i t i e s  of o x a l a t e  of N p ( I V 1  

and n i t r a t e  of N p ( V , V I )  t o  e n t e r  i n t o  t h e  r e a c t i o n  of h y d r o l y s i s  and 

complex fo rma t ion .24  The o x a l a t e  of 237Np(IV) in t he  lungs may be 

a l t e r e d  t o  form a poor ly  s o l u b l e  hydroxide,  o r  i t  may form s t a b l e  com- 

p l e x e s  wi th  p r o t e i n s . 2 4  N p 0 2 +  and NpO, a r e  found l a r g e l y  i n  i o n i c  form 

because of t h e i r  low h y d r o l y t i c  arid complex-forming c a p a b i l i t i e s .  Lyub- 

c h a n s k i i  and Levdik61 found t h a t  about 25% of i nha led  " W p ( V , V X )  n i t r a t e  

was c l e a r e d  f r o m  t h e  lungs o f  r a t s  w i t h  a half- t ime of about 15 days,  

2+ 

wi th  a half- t ime of approximately 170 days; t h e  remainder 

was lost very r a p i d l y .  Those au tho r s  found t h a t ,  for t h e  o x a l a t e ,  about 

was l o s t  w i th  a half- t ime of 22 days and 20-25% w i t h  a half-t ime of 

150 days,  w i th  t h e  r e s t  l o s t  ve ry  r a p i d l y .  

Stront ium 

S t ron t ium is u s u a l l y  regarded as h i g h l y  s o l u b l e  i n  the  lungs,  par- 

t i c u l a r l y  i n  the  c h l o r i d e  form.30 However, i t  bas been found t h a t  

SrTiO, i s  poor ly  s o l u b l e . 3 1 g 3 2  In one case  of a c c i d e n t a l  i n h a l a t i o n  and 
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ingestion of SrTiO, by a worker, i t  was estimated that only a small 
fraction of Sr was absorbed to blood.3a In ICRP 30, soluble compounds 

of S r  such as  SrC1, are assigned to inhalation class D, while SrTiO, is 

assigned to inhalation class Yq3' 
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EFFECTS OF CHEMICAL FORRi ON GASTROINTESTINAL ABSORPTION 

There i s  s t r o n g  evidence t h a t ,  f o r  some elements ,  t h e  g a s t r o i n t e s -  

t i n a l  a b s o r p t i o n  f r a c t i o n  ( f , )  depends on the  chemical form of the  e l e -  

ment. For example, i n  1972 a T a s k  Group of the  I C  recornended t h a t  

a b s o r p t i o n  of plutonium should be taken R S  0,0001% f o r  i n s o l u b l e  corn- 

pounds ( o x i d e s )  aAdl 0.003% f o r  more s o l u b l e  compounds ( e . g . ,  n i t r a t e ,  

h a l i d e s 1 . l  I n  1979 t h e s e  v a l u e s  were r e v i s e d  t o  0.00191 f o r  i n s o l u b l e  

forms of plutonium and 0.01% f o r  a l l  o t h e r  commonly occur r ing  com- 

pounds," S i m i l a r l y ,  t h e  f ,  va lues  recommended i n  P a h l i c a t i o n  30 of t he  

ICW d i f f e r  by a f a c t o r  o f  1 6  f o r  c e r t a i n  chemical forms of selenium o r  

molybdenum, by a f a c t o r  of 30 f o r  compounds of s t ron t ium,  and by a fac- 

t o r  of 25 f o r  compounds of uranium.'* I n  t h e  fol lowing we s h a l l  summar- 

i z e  experimental  d a t a  On f l  va lues  f o r  d i f f e r e n t  chemical forms of each 

of t he  elements Pu, Am. Cm, Np, and S r .  

Plutonium 

There have been n u e r o u s  experimental  s t u d i e s  on t h e  g a s t r o i n t e s t i -  

nal  a b s o r p t i o n  of plutonium. These s t u d i e s  a r e  reviewed i n  a r e c e n t  

r e p o r t  by Data on t h e  percentage of i nges t ed  plutonium 

absorbed from the g a s t r o i n t e s t i n a l  t r a c t  (from Tab les  1, 2,  4 ,  5 of 

H a r r i s o n ' s  r e p o r t )  a r e  summarized i n  F i g .  3.1,  which shows the  range of 

t h e  measured v a l u e s  a s  we l l  as t h e  median ( c i r c l e )  f o r  each i n d i c a t e d  

chemical form, 

Ranges and median v a l u e s  f o r  a l l  s p e c i e s  combined a r e  i n d i c a t e d  a t  

t h e  top ofi F i g .  3.1, f o r  oxides ,  n i t r a t e s ,  c i t r a t e s ,  and o rgan ic  com- 

p l exes  o t h e r  than c i t r a t e .  Since it seemed l i k e l y  t h a t  t h e r e  would be 

d i f f e r e n c e s  among s p e c i e s  in g a s t r o i n t e s t i n a l  abso rp t ion ,  r anges  and 

median v a l u e s  f o r  a s i n g l e  s p e c i e s  ( r a t )  a r e  shown a t  t he  bottom of 

F i g ,  3 .1 .  The r a t  was chosen because i t  i s  t h e  only s p e c i e s  f o r  which 

t h e r e  e x i s t  s u f f i c i e n t ,  d a t a  f o r  a meaningful a n a l y s i s .  

Although the  d a t a  on which F i g .  3 .1  i s  based were not d e r i v e d  i n  

any uniform manner and do not r e p r e s e n t  random samples from any e a s i l y  

cha rac t e r i zabBe  d i s t r i b u t i o n ,  some general  p a t t e r n s  emerge. The proba- 

b i l i t y  o f  g a s t r o i n t e s t i n a l  a b s o r p t i o n  appears  t o  dec rease  i n  t h e  o r d e r :  

organic  compXexes>aitrates>oxides. Values of f ,  for o x i d e s  range from 



0.000003% t o  0.02% i n  t h e  v a r i o u s  spec ie s .  The l a r g e  v a r i a t i o n  may 

r e f l e c t  t h e  s o l u b i l i t y  of t h e  oxide p r e p a r a t i o n ,  which i s  a f f e c t e d  by 

t h e  tempera ture  of p r o d u c t i o n , J 0  t h e  p r o p o r t i o n  of small  p a r t i c l e s  

p r e s e n t e 4 7  and t h e  s p e c i f i c  a c t i v i t y  of t he  plutonium i so tope . e3  Absorp- 

t i o n  f r a c t i o n s  f o r  plutonium admin i s t e red  a s  t h e  n i t r a t e  w e r e  u s u a l l y  

between 0.001% and 0.01% but  were as  h igh  as  0.2% i n  f a s t e d  mice. Typi- 

c a l l y  h ighe r  a b s o r p t i o n  fox t h e  c i t r a t e  complex than  fox t h e  n i t r a t e  and 

o t h e r  i no rgan ic  forms is  thought  t o  be due t o  reduced h y d r o l y s i s  of plu- 

tonium i n  the  i n t e s t i n e  due t o  t h e  s t a b i l i t y  of t h e  c i t r a t e  complex.62 

Gut uptake of less so lub le  forms of plutonium, such as t h e  n i t r a t e  com- 

p l e x ,  may be  inc reased  by i t s  i n c o r p o r a t i o n  i n t o  p l a n t  and animal t i s -  

s u e s . 6 2  

Americium curium 

S t u d i e s  on t h e  g a s t r o i n t e s t i n a l  a b s o r p t i o n  of Am and Cm have been 

reviewed by H a r r i s o n i c 2  f ,  va lues  f o r  a d u l t  exper imenta l  animals  given i n  

t h a t  r e p o r t  a r e  l i s t e d  i n  Table  3 .4 .  These d a t a  suggest  t h a t  Am and Cm 

have s i m i l a r  abso rp t ion  f r a c t i o n s  i n  t h e  n i t r a t e ,  c h l o r i d e ,  or oxide 

form, except  t h a t  t h e  f ,  va lue  f o r  the oxide  form may be s l i g h t l y  lower 

under  some c o n d i t i o n s .  The h i g h e s t  va lue  ob ta ined  i n  a s i n g l e  exper i -  

ment was f o r  Cm n i t r a t e  (0 .4%) .  Most va lues  f o r  Am and Cm wexe f a i r l y  

s i m i l a r  f o r  t he  c i t r a t e ,  n i t r a t e ,  c h l o r i d e ,  and oxide forms. I n  con- 

t r a s t  t o  Pu, t h e r e  i s  some sugges t ion  of reduced f ,  va lues  f o r  Am (and 

p o s s i b l y  Cm) i n  " b i o l o g i c a l l y  inco rpora t ed"  forms, such as in l i v e r  o r  

tumbleweed. 

The a b s o r p t i o n  of Pa, Am, and Cm may be  l i m i t e d  by h y d r o l y s i s  of 

t h e i r  i o n s  i n  t h e  a l k a l i n e  c o n d i t i o n s  of t h e  small  i n t e s t i n e  (- pxf 8 )  

l e a d i n g  t o  t h e  format ion  of polymers and i n s o l u b l e  hydroxides .62  S ince  

t h e  predominant o x i d a t i o n  s t a t e  of plutonium, Pu(IV), i s  more r e a d i J y  

hydrolyzed than  t h e  t r i v a l e n t  Am and Cm i ons ,  abso rp t ion  from t he  small 

i n t e s t i n e  may be r e s t r i c t e d  more f o r  Pu t han  for Am and C m . 6 2  

Neo t un ium 

Ba l lou  a.64 d e s c r i b e d  g a s t r o i n t e s t i n a l  a b s o r p t i o n  of v a r i o u s  forms of 

Np-237 i n  r a t s .  The absorbed f r a c t i o n  vas r e p o r t e d  as 0.8% f o r  an 
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Table  3 . 4 .  The gut  up take  of v a r i o a s  chemica l  forms of smer ic iom and 
cur ium in a d u l t  an imals . "  

-_I___ __ .. __.l__-__l___ ~ ....... .- ._--__I__ 

I s o t o p e / C h e m i c a l  form P e r c e n t  
No. of 
a n i m a l s  

Animal 
s p e c i  e s in s tudy absorbed  

' * 'Am n i t r a t e  

"'Am c h l o r i d e  

14'Am o x i d e  

1 4 4 C m  nI t r a t e  

1 4 T m  c h l o r i d e  

' 4 4 C m  c h l o r i d e  

1 4 4 C m  o x i d e  
f r e s h  
aged 4 d a g s  
aged 4 months 

" 1 A m  c i t r a t e  

1 4 1 A m  i n  r a t  g i v e n  
n i t r a t e  gavage 

* 4 1 A m  i n  l i v e r  of ba:stcr 
g i v e n  i . p .  c i t r a t e  

1 4 1 A m  - f e r r i t i n  

1"Am i n  t m b l e w e c d  
added a s  n i t r a t e  

' 4 I A m  i n  t m h l e r e c d  
added a s  DTPA complex 

' 4 l A m  mixed w i t h  
tumhlcweed a s  n i t r a t e  

* 4 1 h  mixed w i t h  t u n h l e -  
weed a s  DTPA complex 

'4.Crn i n  tumblerced  
added a s  n i t r a t e  

~ 4 4 c m  in tumbleweed 
added a s  DTPA complex 

1 4 4 C m  mired  w i t h  
tumbleweed a s  n i t r a t e  

2 4 4 C m  mired  w i t h  tomhle-- 
r e e d  G S  DTPA complex 

Rat 

Eamstcr  
Guinea p i g  

Rat 

Rat 

Enmstcr 

Rat 

Rat 
Eamstcr  
R a b b i t  

Ra t 

Earns t e r  

Rat 

11 
7 
5 

11 
1 5  

3 
7 
? 

6 
5 

5 

14 
5 

3 

7 

3 
5 

11 

7 
13 
4 

6 

6 

5 

5 

5 

5 

5 

5 

5 

5 

5 

- 

0 . 0 2  
0 .03  
0.06 
0 .05  
0.02 

0 .05-0.10 
0.07 
0.03 

0 . 0 2  
0 . 0 0 9  
0 . 0 0 6  

0.06 
0 . 4  

0 . 0 5  -0.10 

0 . 0 2  

0.004 
0.05 
0.06 

0.1 
0.01 
0 . 0 2  

0.04 

0.003 

0.01 

0.006 

0.004 

0 . 0 0 4  

0.03 

0 . 0 0 9  

0 . 0 2  

0 .o2 

0 . 0 5  

a .  
1 . p .  = i n t r a p e r i t o n e a l  
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i n d u s t r i a l  dus t  con ta in ing  Np-237, 0.26% f o r  Np-237 c i t r a t e ,  and 0.1% 

f o r  Np-237 n i t r a t e .  F u r t h e r  s t u d i e s  r e p o r t e d  i n  the  same paper  sug- 

ges t ed  t h a t  t h e  abso rp t ion  f r a c t i o n  f o r  NpCV) may be 3-4 t imes  h ighe r  

than  f o r  N p ( I V 1 ,  and t h e  f r a c t i o n  f o r  Np(VI) may be 8 t imes  h ighe r  than 

f o r  Np(IV). R e s u l t s  of Mahlum e& d.65 from experiments  w i t h  r a t s  a l s o  

sugges t  t h a t  t he  o x i d a t i o n  s t a t e  may a f f e c t  t he  abso rp t ion  of Np-239 

wi th  h igher -va len t  forms of Np-239 having the  h ighes t  abso rp t ion .  Com- 

p a r i s o n  of r e s u l t s  of Bal lou  e t  a1 .64  w i t h  those  of Mahlum e t  a1.65 sugges t  

t h a t  t he  h i g h - s p e c i f i c - a c t i v i t y  i so tope  Np-239 i s  absorbed about 10 

t imes  more r e a d i l y  th sn  Np-237. 

For the  most p a r t ,  r e s e a r c h  on t h e  abso rp t ion  of Np from the  gas- 

t r o i n t e s t i n a l  t r a c t  has  been conducted w i t h  l a r g e  q u a n t i t i e s  of n i t r a t e  

o r  o t h e r  forms t h a t  a r e  not  b i o l o g i c a l l y  inco rpora t ed .  Thus t hese  

exper imenta l  r e s u l t s  comparing v a r i o u s  chemical forms of Np may not  be 

i n d i c a t i v e  of t he  s i t u a t i o n  i n  which animals  o r  humans i n g e s t  small  

amounts of Np i n  food. In f a c t ,  S u l l i v a n  and Crosby66 found t h a t  animals 

which were fed  b i o l o g i c a l l y  inco rpora t ed  Np-237 absorbed 10-20 t imes 

l e s s  t han  when adminis te red  t h i s  i so tope  i n  the  n i t r a t e  form. 

S t ront ium 

The f r a c t i o n a l  uptake of d i e t a r y  Sr and of so lub le  s a l t s  of Sx from 

the  g a s t r o i n t e s t i n a l  t r a c t  i s  u s u a l l y  i n  t h e  range 0 . 2  t o  O e 5 . 6 y , 6 g  One 

form of S r ,  SrTiO,, has  been found t o  be poor ly  absorbed; ,= an fl value  

of 0.01 for SrTiO, i s  recommended i n  ICRP 3 0 . 3 4  
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There i s  some evidence t h a t  small  p a r t i c l e s  c o n t a i n i n g  radiowu- 

c l i d e s  may p a s s  d i r e c t l y  from t h e  lungs t o  t h e  systemic c i a c n l n t i a n  

wi thou t  be ing  d i s s o l v e d  or o the rwise  d i s a g g r e g a t e d , 3 6  Also, depending on 

t h e  s o l i t b i l i t y  of t he  compound and t h e  e x t e n t  o f  v a s c u l a r  involvement at 

I wound s i t e ,  p a r t  of t h e  a c t i v i t y  i n  a wound may be introduced d i r e c t l y  

i n t o  the  b1oodstream.l In t h i s  s e c t i o n  w e  d i s c u s s  the: metabol i sm o f  

v a r i o u s  chemical foams of t he  same elements  d i s c u s s e d  e 

t h e s e  compounds have reached blood,  

Plutonium 

Although i t  is  conceivable  t h a t  Pu i n  the  body could e x i s t  i n  a 

wide d i s t r i b u t i o n  of s o l u b i l i t y  c l a s s e s ,  we s h a l l  d i s t i n g u i s h  only two 

ve ry  gene ra l  c l a s s e s  f o r  Pu t h a t  has  reached t h e  bloodstream, namely, 

s o l u b l e  Pi1 and p a s t i c u l a t e  or c o l l o i d a l  Bu. I n  t h e i r  review of t h e  

metabolism and t o x i c i t y  of Pu, Nenot and S t a t b e r 3 ' j  ciclnelraded t h a t  t h e  

c o l l o i d a l  form of Pu i s  not  a chemical form l i k e l y  t o  be of importance 

i n  the m a j o r i t y  of c a s e s  of human contaminat ion.  A l s o ,  i t  appears  t h a t  

t he  d i s t r i b u t i o n  of Pu i n  t i s s u e s  is  u s u a l l y  independent of t he  chemical 

form i nha led  o r  i n g e s t e d . 3 6  However, t h e r e  i s  evidence t h a t  r e l a t i v e l y  

i n s o l u b l e  forms of Pu can r e a c h  t h e  bloodstream under some c i r -  

cams tances .69 r  7 0  Thus it seems worthwhile t o  c o n s i d e r  t h e  d i f f e r e n c e s  i n  

the  metabolism of s o l u b l e  and p a r t i c u l a t e  Pu i n  blood. 

Soluble  Pa w i l l  p a r t i a l l y  t r a c e  the  i r o n  pathway. and Q s u b s t a n t i a l  

f r a c t i o n  of systemic Pu i s  c a r r i e d  t o  the bone m a m o w  and t o  t h e  

l i ~ e r . ~ - l 4  Pu i n j e c t e d  i n  p a s t i c u l a t e  or c o l l o i d a l  form is  c l e a r e d  much 

more r a p i d l y  than s o l u b l e  Pu from Xood and i s  d e p o s i t e d  in c e l l s  o f  the  

r e t i c u l o - e n d o t h e l i a l  (RE) system, as  are c o l l o i d a l  p a r t i c l e s  of any corn- 

p o s i t  ion .  2 ,  *Ip 16,x 7 

Stevens and co-workersl6 compared the distribution and exsretioaa o f  

t h r e e  chemical s p e c i e s  o f  23J'Pu(IY) - t h e  t r a n s f e r r i n  complex (Pu-Tf), Pu 

c i t r a t e  (Pu-Cit ) ,  and p a r t i c u l a t e  Pa i n  c o l l o i d a l  f o r m  (Pu-9) -- a f t e r  

i n j e c t i o n  i n t o  beag le s .  A t  14 days a f t e r  i n j e c t i o n  the d i s t r i b u t i o n  of 

Yu-Tf and Pu--Cit were n e a r l y  i n d i s t i n g u i s h a b l e ,  a l though  a s l i g h t l y  

l a r g e r  p e r c e n t a g e  of Pa--&lit had been e x c r e t e d  during t h a t  t ime. ,  
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Deposition, microdistribution, and retention of particulate Pu differed 

greatly from those seen with Pa-Tf and Pu-@it. Pu-Tf and Pu-Cit cleared 

slowly from blood, with approximately 30% depositing in liver, 5@% in 

the skeleton, and 2% in other soft tissues. Pu-P left the bloodstream 

very rapidly, with approximately 70% depositing in soft tissue, 2% in 

the skeleton, and 24% in other soft tissue. Moreover, the fractions of 

Pu-Tf and Pa-Cit excreted during the first 14 days were several times 

larger than the fraction of Pu-P excreted. In the liver, Pu-Tf and Pu- 

Cit initially were distributed uniformly; Pn was associated with a sola- 

ble protein and was gradually transferred to subcellular liver parti- 

cles. By contrast, the microdistribution of Pu-P in the liver was 

heterogeneous; most of the activity was in the reticuloendothelial cells 

and little was associated with soluble proteins. In the skeleton, 

Pu-Cit and Pu-Tf were deposited on bone surfaces, whereas the small 

quantity of Pu-P in the skeleton was located exclusively in the macro- 

phages of the bone marrow. 

Thus, initially there are large differences between the microdis- 

tribution as well as the macrodistribution o€ particulate and non- 

particulate Pu. These differences could be important in cases where the 

exposure level is high enough that harmful doses are incurred during the 

first few years after exposure. For chronic, low-level exposures to Pu, 

these differences may be less important because of the large amount of 

recycling of Pu that  occurs among the skeleton, liver, and other soft 

tissues over a period of several years. Experimental evidence suggests 

that originally particulate Pu is dissolved in the phagocytic cells of 

the body and, when released, Pu is translocated mainly as monomeric Pu 

regardless of its original form. For example, Bruenger a . 7 l  injected 

particulate Pu into beagles and observed that activity eventually 

released from the phagocytic cells of the liver, spleen, lung, and bone 

marrow deposited on bone surfaces and diffusely in the liver in a pat- 

tern similar to soluble Pu. Also, in the mouse, which shows a very 

short retention time for Pu in the liver, the skeletal distribution of 

initially polymeric Pu closely approximated that of initially monomeric 

Pu after only 15 days (Table 3.51.l' Thus secondary deposition of parti- 

culate Pu probably is similar t o  the primary deposition of soluble Pu. 



Americium and curium 

As i n d i c a t e d  e a r l i e r ,  Am and Can r e  l e s s  l i k e l y  t o  f o r  

body f l u i d s  than  i s  Pu, and most componnds of Am and Cm are much a ~ x e  

s o l u b l e  than  analogous compounds of Pu. Thus i t  does not  seem l i k e l y  

t h a t  t h e  i n i t i a l  chemical form of Am or  Cm inha led  o r  i nges t ed  would be 

a p a r t i c u l a r l y  important  f a c t o r  once t h e  rad ioe lement  reaches  blood. I n  

P u b l i c a t i o n  19 of t h e  xcRP1 i t  was concluded on the  b a s i s  of a v n i l a b l e  

d a t a  on t he  i n j e c t i o n  of d i f f e r e n t  chemieal forms of Am and Cm i n t o  

l a b o r a t o r y  animals  t h a t  t h e  t i s s u e  d i s t r i b u t i o n  i s  not  in f luenced  by the  

chemical form i n j e c t e d .  An excep t ion  is when t h e  element e n t e r s  blood 

as B s t a b l e  complex wi th  a non-metabolizable c h e l a t i n g  a g e n t ,  as i l l u s -  

t r a t e d  by Am- A . =  Most of t h e  d a t a  in ICW P u b l i c a t i o n  1 9  f o r  i n j ec -  

t i o n  of Am and Cm a re  f o r  t h e  c h l o r i d e ,  n i t r a t e ,  and c i t r a t e  forms 

( c i t r a t e  i s  a metabol izable  complexing a g e n t ) .  

lewhinney and C r a i g T 2  reviewed s t u d i e s  o f  inha led  h i n  l a b o r a t o r y  

animals  and concluded t h a t  t h e r e  i s  c l o s e  s i m i l a r i t y  i n  lung r e t e n t i o n ,  

t i s s u e  d i s t r i b u t i o n ,  and e x c r e t i o n  f o r  Am c i t r a t e ,  n i t r a t e ,  and 

c h l o r i d e .  Those au tho r s  found t h a t  Am d iox ide  i s  much more so lub le  i n  

t h e  lung and t h a t  much l a r g e r  f r a c t i o n s  r each  the bloodstream than Pa 

d iox ide .  It would appear  t h a t  t h e  u l t i m a t e  c o n c e n t r a t i o n s  i n  t i s s u e s  of 

t h e  d iox ide  form is not t o o  d i f f e r e n t  over t he  long term from that  of 

t h e  o t h e r  forms of Am. 

We ~t un i um 

I n  r e c e n t  reviews Thornpsoxa57 and l o s k a l e v a 4  p o i n t e d  out  d i f f e r e n c e s  

i n  t h e  d i s t r i b u t i o n s  of d i f f e r e n t  chemical forms of  Np i n j e c t e d  i n t o  

r a t s .  The n i t r a t e ,  presumably Np(V) or Np(VI) ,  i s  c l e a r e d  from blood 

more r a p i d l y  than t h e  o x a J a t e p  presumable N p ( I V ) .  Reten t ion  h a l f - t i n e s  

i n  r a t  bone d i f f e r e d  markedly f o r  d i f f e x e n t  chemical forms of N p ,  but 

some of t he  d a t a  a r e  f o r  i n h a l a t i o n  and m e  clouded cons ide rab ly  by 

d i f f e r e n c e s  i n  t h e  t ime course of e n t r y  of t h e  d i f f e r e n t  forms into the 

bloodstream as w e l l  as t he  p o s s i b i l i t y  of xecycl ing  of Np 

organs. Readi ly  s o l u b l e  compounds of N p ( V )  -- s i t r a t e ,  c h l o r i d e ,  and 

n i t r a t e  -- a r e  d i s t r i b u t e d  s i m i l a r l y  i n  t h e  ske le ton .  Np(VI1 o x a l a t e  

and c i t r a t e  a r e  s e l e c t i v e l y  b u i l t  up i n  t h e  l i v e r .  Desp i t e  t hese  



51 

apparent  d i f f e r e n c e s ,  ev idence  i s  l a c k i n g  concern ing  the  chemical form 

i n  which inha led  o r  i n g e s t e d  Np compounds r each  the  b loods t ream.a4 ,s7  

S t ron t ium 

No in fo rma t ion  was found on t h e  behav io r  of d i f f e r e n t  chemical 

forms of Sr in blood. Because of t h e  chemical s i m i l a r i t y  of Sr and Ca 

and t h e  body’s t i g h t  c o n t r o l  over e n t r y  of Ca, we would c o n j e c t u r e  t h a t  

t h e  form of Sr  o r  Ca e n t e r i n g  t h e  b loods t ream from the  small  i n t e s t i n e ,  

a t  l e a s t ,  would be independent of t h e  chemical form e n t e r i n g  the  

stomach . 
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ICRP-30 models assume that the deposition af a radionuclide that 

has entered the bloodstream is independent of the chemical form of the 

radionuclide taken in, and that the chemical fo of a radionuclide is 

not changed during its sojourn i n  the  Radioactive particles 

deposited in the langs arc ~sslarned to belung to one of three sol 

classes for purposes o f  classification of clearance from the lang .  FQPT 

uptake from the GI trast, usually only one value is given for the frac- 

tion absorbed into blood, although two values are given fot plutoninm, 

strontium, and a f e w  other elements.34 

I___) clearance L of activity f~ a 10- 
R e s n l t s  of animal studies have led same resenrehers to conclude 

that the lung model of the ICRP is not flexible enough to treat all 

chemical forms of some elements. For example, in a review 

Am in laboratory animals, Mewhinney and Craig73 conclude that t h e  

behavior of 241Am0, in the lung is not adequately described by any of 

the classifications of the ICRP mlodel. The retention carves for 2 4 x  

may resemble those of class W material, but  the fractional nptatke of 

2b1Am from the lnng t o  the systemic circulation is sabstwntially greater 

than the recommended value for a class W material. The a s s i g n  

z41Am02 ta c l a s s  W wonld probably produce predictsons that  underestimate 

the dose to the liver and skeleton.7' As B second example, 

Diel73 found in their experi ents that the class Y compound Pu-238 d i o x -  

ide is absorbed much more readily from the lungs of ani 

indicated by the XCBP model. 

Problems arising from the rigid s t ~ u c t i a r e  of the  ICRP lung model 

have been described in a general setting by Cuddihy and co-wox%ers.74,7s 

Those authors suggest an lternative clca~anc~: model which would facili- 

t a t e  the use of measurements of particle salability in laboratory 

animals or jg vPtf.Q chemical systems. Their ~bpproa~h is an empirical 

one that depends upon absorption rates derjved  separately for different 

radionuclides and different chemical forms o f  these radionuclides, 

Apparently, improvements can be achieved with their model in p~edictjng 



respiratory tract retention of particles having time-varying solubility 

and o f  radionuclides in particles composed of material with solubility 

greatly different from the simple radionuclide compounds commonly con- 

sidered. In their model, clearance of deposited material is represented 

by simple competition between mechanical clearance processes and disso- 

lution of particles with absorption into blood. The same regions o f  the 

lung as in the ICRP model are used, but all material in each region is 

available to both mechanical clearance and absorption to blood. For the 

most part, clearance rates are considered t o  'be functions of time. 

Absorption of e 4he tract & blood 

The ICRP model for movement of material through the GI tract 

includes four compartments: stomach, small intestine, upper large 

intestine, and lower large intestine. Absorption t o  blood usually is 

assumed to occur through the small intestine, and a characteristic 

absorption fraction f, is assigned tcr each element. FOP a few elements, 

a second value for f ,  is assigned to certain chemical fsrms.34 

It is apparent from the data discnssed earlier on gastrointestinal 

absorption of plutonium and neptunium that one or even two f ,  values are 

not sufficient t o  characterize gastrointestinal absorption for some ele- 

ments. For example, in adult xats the f ,  value for Pu varied by about 

four orders of magnitude for the different chemical forms. For Np the 

f ,  value also varied significantly with chemical formt oxidation szatt, 

and isotope. 

These examples suggest that it would be worthwhile to derive f ,  

values that depend not only on the element but also on the chemical form 

and possibly other factors such as oxidation state and isotope. 

important first step in this direction would be the development of a 

detailed, mechanistic model of absorption from the small intestine t o  

blood based on a thorough review of the basic physiological literature 

as well as the literature on absorption of radionuclides. 

An 
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etention - and translocation of activity that reached a bloo 
As discussed earlier, there are some indications that different 

forms of a radionuclide may enter ~ l ~ o d  and t h a t  the form of a radiona- 

clide may sametimes change after introduction of the  nuclide into the 

bloodstream. For example, Pu may enter the blood in particdatc 0r col- 

loidal form or may quickly change to this for in which c a s e  i t  is 

likely to be taken up by the phagocytic c e l l s  of t h e  l i v e r  and other 

organs. Eventroally the particle or colloid w i l l  be dissolved and may be 

released to the bloodstream in a for likely to be deposited in the 

skeleton. The effect on estimatcd dose o f  such change af chemical farm 

and recycling must be estimated using metabolic models. 

Unfortunately, the metabolic models given in ICWP 3 0  are not fleri- 

blc enctngh t o  allow proper treatment sf different chemical forms of a 

radionuclide, of change of chemical form of the nuclide, or of recycling 

of activity among organs. The primary p w p o s e  o f  t h e s e  models was foe 

use in estimatin dose commitment t o  organs over long  time periods. J h  

their development, little attention was given t o  identifying r e a l i s t i -  

cally the dynamic behavior of radionuclides during their sojoaxn in the 

body. FOP proper analysis o f  t h e  potentially differeat effects of dif- 

ferent chemical forms of redionnclides, it i s  essential t h  

models trace the movement of the preponderance of the  activity a t  all 

times after exposure. 

A physiological Iy-based metebol ic model for Pu i s  described in 

Ref. 76.  That model t race5  the deposition o f  Fu on bane surfaces,  in 

the cells of the liver, and in other soft tissues; the burial or removal 

of Pu on the skeleton during bone remodeling; the svement of (arigi- 

nally soluble) Pu from the hepatocytes to the reticuloendothelial cells 

of the liver; t h e  removal of Pn from the skeleton, liver, and o t h w  soft 

tissue to blood and the redistribution sf Pa among t h e  organs; and the 

removal of BPI f r m  the body via the kidneys, bile, and intestines. In 

Ref, 76 model parameters are developed only for osiginally soluble Pre; 

however, with suitable parameters the ode1 i s  applicable to originally 

particulate or colloidal Pu E P S  w e l l .  The relative activities of onigi- 

n a l l y  soluble and originally colloidal Pa PES a funct ion  of time in the 

skeleton and liver, a s  estimated using the model, are  shown in F i g .  3.2. 

ption was made that the original deposition fractions of sola- 

b l ~  Pu are 50% in skeleton, 30% in liver, and 2 in soft t i s s u e  pIe1s 
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Fig. 3.2. Relative a c t i v i t i e s  of o r i g i n a l l y  soluble and ori- 
g i n a l l y  c o l l o i d a l  Pu i n  the skeleton and l i v e r ,  as a function 
of time. as estimated using ~b mechanistic model of Pu retrn- 
tisn and t r a n s l o c a t i o n . ? '  
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rapid excretion, and the original deposition fractions of colloidal Pu 

arc 2% in skeleton, 7896 in lives, and the sa e as for solable Pa i n  so f t  

tiasae and excretion ( c f .  Ref. 16). Further, Pu was a s s  

removed from each organ in solable form, We have ignored the fact that 

soluble and colloidal Pa initially will have different distributions in 

the liver; this seems unimportant, however, since both forms will reside 

in RE cells daring most of their sojourn in the liver, and both  forms 

rill probably be released frm these c e l l s  in ~ ~ l i ~ b l e :  for 
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FURTHER RESEARCH NEEDS 

The comparative uptake and metabolism of various radionuclides in 

high-level waste have been considered in several studies, although the 

chemical forms considered are often those of importance in occupational 

rather than environmental exposures, and experimental s t u d i e s  have often 

dealt with much higher concentrations of radionuclides than would be 

encountered in most environmental exposures. The trend in recent years 

has been towaxd studying the uptake and metabolism of lower concentra- 

tions of radionuclides and, as far as practical, of forms that may be 

encountered in the environment. If this trend continuesp the magnitude 

of the uncertainties now present in evaluating the metabolism and 

dosimetry of chemical forms of radionuclides released from high-level 

wastes may soon be reduced. 

For many radionuclides it appears that the greatest uncertainty now 

present in estimating organ doses from exposure to environmental contam- 

ination (assuming the level of contamination as well as the chemical 

form are known) is in the estimate of the fraction E, from the small 

intestine to blood.1 The absorbed fraction has always been an empiri- 

cally determined value, and farther experimental studies using environ- 

mental forms of radionuclides are certainly needed. A more immediate 

need, however, is for the development of a mechanistic model of the 

movement of radianuclides through the gastrointestinal tract that deals 

in detsil with absorption of material t o  blood. The development of such 

a model must be preceded by, and based on, a thorough review of the per- 

tinent physiological litexature as we13 as  the literatare an absorption 

of radionuclides. milt such a literature review and model development 

woald be a major task, this work may well lead t o  better estimates of 

absorption fractions of some radionuclides in the short term, and would 

certainly be valuable in guiding further experimental studies in the 

long term. 

There are indications that the  present  ICRP model for the respira- 

tory tract may not be very accurate for certain forms of various 

radionuclides. Alternative models have already been suggested by some 

researchers. Such models may represent a substantial improvement over 

the ICRP model for some chemical forms, although it would be surprising 
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i f  improved models f r e q u e n t l y  a l t e r  t h e  p r e d i c t e d  organ doses sf t he  

TCRP model by more than  a f a c t o r  of 5 .  Thus, a l though i t  i s  important. 

t o  improve t h e  ICRP lung model, t h e  magnitude of t h e  u n c e r t a i n t y  i n  

doses  in t roduced  by t h i s  wdel i s  small  compared w i t h  t h a t  i n t roduce  

t h e  e s t i m a t e  of f ,  f o r  poorly absorbed r a d i o n a c l i d e s .  

Work has begun on t h e  development of mechanis t ic  models t h a t  

d e s c r i b e  the  r e t e n t i o n  and t r a n s l o c a t i o n  of r a d i o n u c l i d e s  t h a t  have 

reached blaod.  These models a r t  needed f o r  many rcwsons, one of which 

i s  t o  s tudy  t h e  r e l a t i v e  metabolism of d i f f e r e n t  chemical forms of a 

r a d i o n u c l i d e .  Unfor tuna te ly ,  l i t t l e  i s  known concerning t h e  form in 

which r a d i o n n c l i d e s  r each  blood. Thus a p p l i c a t i o n  of mechanis t ic  models 

t o  s tudy  t h e  r e l a t i v e  metabolism of d i f f e r e n t  chemical forms w i l l  remain 

p r i m a r i l y  a t h e o r e t i c a l  s tudy i n  s e n s i t i v i t y  until mosc i n fo rma t ion  i s  

gained on t h e  form of r a d i o n u c l i d e s  i n  blood. 
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4.  SUMMARY AND CONCLUSIONS 

There has  been a g r e a t  dea l  of work on t h e  development of d a t a  con- 

ce rn ing  complexing. h y d r o l y s i s ,  and p r e c i p i t a t i o n  r e a c t i o n s  of Pu, Am, 
Np, and Sr. These d a t a  may be used t o  p r e d i c t  s p e c i a t i o n  i n  t h e  

environment under t h e  assumption t h a t  t h e  n u c l i d e s  a r e  p r e s e n t  a t  

e q u i l i b r i u m  wi th  t h e  environment. S i g n i f i c a n t  U n c e r t a i n t i e s  a r i s e ,  how- 

eve r ,  because the  d a t a  were de r ived  f o r  much h ighe r  c o n c e n t r a t i o n s  of 

t h e  n u c l i d e s  than  would be expected i n  most environmental  exposures ,  and 

because t b e  n u c l i d e s  o f t e n  would not a c t n a l l y  be a t  equ i l ib r ium wi th  t h e  

environment . 
Although t h e r e  have been s e v e r a l  s t u d i e s  concerning the: metabolism 

of v a r i o u s  chemical forms of t h e s e  rad ioe lements ,  t he  chemical forms 

cons ide red  o f t e n  a r e  no t  those  of g r e a t  i n t e r e s t  i n  environmental  expo- 

sures. The d a t a  a r e  s u f f i c i e n t ,  however, t o  provide  some unders tanding  

of t h e  s e n s i t i v i t y  of uptake,  metabolism, and organ doses  t o  v a r i a t i o n  

i n  t h e  cbemical form of a r ad ionuc l ide .  There is  a g r e a t  dea l  of in for -  

mation concerning d i f f e r e n t  chemical forms of Pu and t h e r e  i s  adequate  

informat ion  on Am and Cm t o  draw gene ra l  conc lus ions  wi th  some eonf i -  

dence. Severa l  r e s u l t s  on d i f f e r e n t  forms of Np i n  r a t s  have been pub- 

l i s h e d ,  bu t  it i s  d i f f i c u l t  t o  draw conc lus ions  from these r e s u l t s  w i th  

much conf idence  because t h e  r a t s  were u s u a l l y  adminis te red  l a r g e  doses  

of Np. Data on Sr appear  t o  be l i m i t e d  t o  s o l u b l e  forms of Sr and m e  

very  i n s o l u b l e  form, StTiO,, which has  been produced i n d u s t r i a l l y .  

S p e c i a t i o n  of Pu i n  t h e  environment depends mainly upon: t h e  redox 

c o n d i t i o n s ,  which determine t h e  o x i d a t i o n  s t a t e  p r e s e n t ;  t h e  groundwater 

composi t ion,  which de termines  t h e  n a t u r e  of t h e  complexation; t he  pB, 

which e x e r t s  a powerful i n f luence  through h y d r o l y s i s  r e a c t i o n s ;  and t h e  

tempera ture ,  which a f f e c t s  t h e  v a l u e s  of t h e  equ i l ib r ium c o n s t a n t s  

involved. I n  groundwater,  Pu may e x i s t  a s  PuO,(s), Pu(Ofl),, or v a r i o n s  

o t h e r  forms, depending on t h e s e  f a c t o r s .  I n  t h e  presence  of carbonate ,  

t h e  s o l u b i l i t y  of Pa would be h ighe r  under reducing  c o n d i t i o n s  than 

under o x i d i z i n g  c o n d i t i o n s ,  and any of t h e  o x i d a t i o n  s t a t e s  (III), (ICV), 

or (VI would be expected.  Pn is  r e l a t i v e l y  sollnble in  b a s a l t  wa te r  w i t h  

a high c o n c e n t r a t i o n  of f l u o r i d e  ions ,  bu t  is very  i n s o l u b l e  i n  shale 

groundwater w i th  a high  Concent ra t ion  of s u l f a t e  ions. Tn t he  l a t t e r  



case ,  i n s o l n b l e  Pu may be p r e s e n t  predominant ly  a s  P a ( P V ) ,  and t h e  inso- 

l u b l e  s p e c i e s  m y  involve polymeric  Pan(BV). 

The in f luence  of chemical o r  phys ic  on t h e  metabolism of Pu 

appears  t o  be s t rong  because t h e r e  a r e  l a r g e  d i f f e r e n c e s  i n  the propen- 

s i t i e s  of d i f f e r e n t  forms of Pn t o  d i s s o l v e ,  hydro lyze ,  o r  form i n so la -  

b l e  polymers. Pn d iox ide  i s  absorbed more poor ly  from the  lnngs and GI 

t r a c t  than  o t h e r  common forms of Pa axid i s  t r a n s p o r t e d  mechanical ly  from 

t h e  l angs  more s lowly than o t h e r  common forms of Pn. Thus vie would 

expect  h ighe r  doses  t o  t h e  r e s p i r a t o r y  t r a c t  fo l lowing  i n h a l a t i o n  of Po 

d i o x i d e ,  and h ighe r  doses  t o  l i v e r  and s k e l e t o n  fo l lowing  i n h a l a t i o n  o r  

i n g e s t i o n  of Pu n i t r a t e ,  c i t r a t e ,  or o t h e r  common forms of Pa. 

It appears  t h a t  t h e  a b s o r p t i o n  f r a c t i o n  from. t h e  g a s t r o i n t e s t i n a l  

t r a c t  t o  blood way va ry  by 4 o r d e r s  of magnitude f o r  d i f f e r e n t  chemical 

forms o f  Pu inges t ed  by a s i n g l e  s p e c i e s  ( r a t ) .  Organic complexes, par- 

t i c u l a r l y  c i t r a t e ,  may be the most e a s i l y  absorbed form of Bu, w h i % e  

ox ides  c o n s t i t u t e  t h e  l e a s t  e a s i l y  absorbed form. Even w i t h i n  ox ides  

t h e  abso rp t ion  f r a c t i o n  may vary  by 2-3 o r d e r s  of magnitude a s  t h e  soln-  

b i l  i t y  of t h e  p a r t i c l e s  v a r i e s ,  

There i s  some evidence t h a t  i n s o l u b l e  a s  wel l  a s  s o l u b l e  forms of 

Pu may reach  t h e  bloodstream, and t h e r e  is cons ide rab le  evidence t h a t  

s o l u b l e  and i n s o l n b l e  forms of Fa i n  blood i n i t i a l l y  are d i s t r i b u t e d  

much d i f f e r e n t l y .  However, we do not  know whether i n s o l u b l e  forms of IZe 

would reach  blood under c o n d i t i o n s  of t y p i c a l  environmental  exposnres.  

Moreover, since l i t t l e  systemic Pu i s  exc re t ed ,  and s i n c e  t h e  r e l o c a t i o n  

of Pu r e l e a s e d  from organs may be independent of t h e  i n i t i a l  chemical 

form, i t  would appear  t h a t  t h e  i n i t i a l  form o f  Pu e n t e r i n g  blood may no t  

be a p a r t i c u l a r l y  important  c o n s i d e r a t i o n  i n  computing i n t e g r a t e d  doses  

over  s e v e r a l  decades.  

The s u i t i b i l i t y  c l a s s i f i c a t i o n  f o r  Pu-239 recommended in 1 

( c l a s s  Y) appears  t o  d e s c r i b e  lung c l ea rance  r a t e s  of i n so lub le  com- 

pounds of t h a t  nuc l ide  adequate ly .  IAowcver, r e s i i l t s  of animal s t u d i e s  

sugges t  t h a t  Pa-238 d iox ide ,  a l s o  l i s t e d  a s  a c l a s s  Y m a t e r i a l ,  is  

absorbed more r e a d i l y  from t h e  lungs t o  blood t han  i s  Pu-239 and should 

perhaps  be cons idered  a c l a s s  compound, In f a c t ,  i t  i s  sugges ted  by 

these  s t u d i e s  t h a t  t h e  ICRP model may l e a d  eo an underes t imate  of the: 

cumulat ive dose to l i v e r  and s k e l e t o n  by a f a c t o r  o f  5 .  S i m i l a r l y ,  i t  



would appear  t h a t  t h e  absorbed f r a c t i o n  from t h e  GI t r a c t  of 10-S for 

i n s o l u b l e  cornpounds and lo-' f o r  so lub le  compounds may unde res t ima te  t h e  

a c t u a l  absorbed f r a c t i o n s  cons iderably .  As d i scussed  elsewhere ( see  

Ref. 76 of Sec t .  3 1 ,  t h e  ICRP 30 metabol ic  model for Pu appa ren t ly  does 

n o t  g ive  an a c c u r a t e  p i c t u r e  of t he  s o l u b l e  Pu i n  the  body, p a r t i c u l a r l y  

wi th  regard  t o  t h e  he te rogeneous ly  d i s t r i b u t e d  r a d i o s e n s i t i v e  t i s s n e s  of 

t h e  s k e l e t o n .  We c o n j e c t u r e  t h a t  t h i s  model would be even l e s s  a c c u r a t e  

when a p p l i e d  t o  i n s o l u b l e  Pu reaching  blood. 

Although Am may e x i s t  i n  t h e  va l ence  s t a t e  111. 1Iv, V, o r  VI, only  

t h e  I11 s t a t e  i s  espec ted  t o  be important  under environmental  c o n d i t i o n s  

because s t rong  ox id iz ing  agen t s  a r e  r equ i r ed  t o  conver t  Am(II1) t o  t h e  

h ighe r  o x i d a t i o n  s t a t e s .  Under a c i d i c  environmental  cond i t ions ,  Am(111) 

would probably  e x i s t  a s  hi3+. The exac t  s p e c i a t i o n  of Am i s  not  known 

i n  t h e  n e u t r a l  t o  b a s i c  r eg ion ,  b u t  Am w i l l  p robably  e x i s t  a s  some form 

of n e u t r a l  s p e c i e s  r a t h e r  than  a s  Am(JII), perhaps  a s  very  f i n e  col- 

l o i d s .  

Americium and curium have a l e s s e r  tendency than  Pn t o  form poly- 

mers and a g r e a t e r  r a t e  of s o l n b i l i t y  of any polymers t h a t  a r e  formed. 

As a r e s u l t ,  a l l  commonly s t u d i e d  compounds of Am and Cm appear to 

behave as r e l a t i v e l y  s o l u b l e  m a t e r i a l  i n  t h e  body. Tn ICRP 30 a l l  com- 

pounds of Am and Cm a r e  ass igned  t o  lung c l ea rance  Glass W. Animal 

experiments  i n d i c a t e  t h a t  t h i s  c l a s s i f i c a t i o n  may r e su l t :  i n  an underes- 

t ima te  of t h e  f r a c t i o n  of inha led  241Am0, t h a t  r eaches  blood. 

a b s o r p t i o n  f r a c t i o n  of 5 x 10-4 recommended i n  ILXP 30 f o r  Am and Cm 

seems a p p r o p r i a t e  f o r  a l l  compounds. I n  c o n t r a s t  t o  Pa, o rgan ic  forms 

of Am and Cm may be absorbed l e s s  r e a d i l y  than inorganic  forms. 

The GI 

The va lence  s t a t e s  of Np of i n t e r e s t  i n  n u c l e a r  was tes  a r e  IV and 

V, a l though Np i n  aqueous s o l u t i o n s  can a l s o  e x i s t  a s  Np(III1, N p ( V I ) ,  

and Np(VI1). The (VI s t a t e  i s  s t a b l e  over  a wide range of cond i t ions .  

I n  a c i d i c  s o l u t i o n s ,  &(VI e x i s t s  a s  t h e  l a r g e ,  s i n g l y  charged ion, 

NpO,+, and it probably  e x i s t s  a s  carbonate  complexes in carbonate  con- 

t a i n i n g  n e u t r a l  and b a s i c  s o l a t i o n s .  If Np is p r e s e n t  as Np(1V) a t  some 

t ime i n  i t s  t r a n s p o r t  t o  t h e  environment i t  would probably  be adsorbed 

and p a r t i c u l a t e  t r a n s p o r t  would be the  only  mechanism by which it coa ld  

reach  the  environment. Thus, i t  is p o s s i b l e  t h a t  p a r t i c u l a t e  forms of 

Np(1V) could be p r e s e n t  i n  t h e  environment. 



72 

Data on t h e  metabolism of Np a r e  somewhk~t CQafUSing. For example, 

the more s o l u b l e  Np c i t r a t e  was found t o  be r e t a i n e d  i n  t h e  Bung t o  a 

g r e a t e r  e x t e n t  than  l e s s  s o l u b l e  compounds. I t  is n o t  c l e a r  whether 

t h i s  i s  a l e g i t i m a t e  counterexample t o  t h e  ICRP lung mode4 os whether  

lung damage was incur red  due t o  l a r g e  doses  of Np c i t r a t e  being admin- 

i s t e r e d .  S i m i l a r l y ,  l a r g e  d i f f e r e n c e s  were observed i n  t h e  G I  absorp-- 

t i o n  f r a c t i o n  f o r  d i f f e r e n t  chemical forms, o x i d a t i o n  s t a t e s ,  and iso- 

t opes  of Np. ROWGYBX, l a r g e  q u a n t i t i e s  of Np were admin i s t e red  i n  most 

experiments ,  and t h e r e  is some q u e s t i o n  a s  t o  t h e  e x t e n d i b i l i t y  of the  

r e s u l t s  t o  t y p i c a l  environmental  exposures .  Tn one experiment where 

lower l e v e l s  of b i o l o g i c a l l y  inco rpora t ed  Np-237 WBKL: adminis te red ,  t h e  

absorbed f r a c t i o n s  were 10-20 t imes  I Q W ~ ~  t han  when Np-23’7 was admin- 

i s t e r e d  i n  the  n i t r a t e  form. 

The only valence  s t a t e  of Sr  t h a t  can e x i s t  i n  t h e  e n v i r o m e a t  i s  

S r ( 1 1 ) .  I n  gene ra l ,  Sr(X1) would be cxpecied t o  e x i s t  a s  t h e  d i v a l e n t  

ion Sr2+. There a r e  two o t h e r  p o s s i b i l i t i e s ,  however. T f  Sr  p a s s e s  

through c e r t a i n  types  of s o i l s ,  t h e r e  is the p o s s i b i l i t y  of format ion  of 

n e g a t i v e l y  charged,  low-molecular weight o rgan ic  complexes. la addi- 

t i o n ,  t h e r e  i s  t h e  p o s s i b i l i t y  of t r a n s p o r t  by c o l l o i d a l  p a r t i c l e s  of 

s o i l s .  

Although one m e t a b o l i c a l l y  in so lub le  form of Sr has  been i d e n t i -  

f i e d ,  it: i s  doub t fu l  whether t h i s  form (SrTiO,) would be enconntesed i n  

t y p i c a l  environmental  exposures .  S t ront iwn u s u a l l y  does not form strong 

complexes w i t h  e i t h e r  o rgan ic  o r  inorganic  l i g a n d s .  It i s  expec ted  t h a t  

i nges t ed  o r  inha led  S r  would u s u a l l y  be i n  the form of t h e  d i v a l e n t  ion, 

The metabol ic  d a t a  f o r  s o l u b l e  S r  given i n  I W  30 a r e  a p p l i c a b l e  t o  t h e  

most commonly encountered environmental  form, Sr-(-2. 

Al thoagh i t  is  n o t  d i f f i c u l t  t o  p r e d i c t  s p e c i a t i o n  of Pu, Am, Np, 

and S r  i n  t h e  environment from e x i s t i n g  d a t a  b a s e s ,  it i s  extremely d i f -  

f i c u l t  t o  v e r i f y  these  p r e d i c t  i ons .  mend t h a t  i nc reased  a t t e n -  

t i o n  be g iven  t o  reseanch  i n  t h e  l a b o r a t o r y  f o r  t h e  d i r e c t  de t e rmina t ion  

of s p e c i a t i o n  of n u c l i d e s  a t  environmental  ( t r a c e r )  l e v e l s .  Be th ink  

t h a t ,  fos t h e  most p a r t ,  s u f f i c i e n t  a t t e n t i o n  has  been given t o  genera-- 

t i o n  of d a t a  b a s e s  and t o  computer codes which gene ra t e  s p e c i a t i o n  

diagrams.  However, WE: do recommend exper imenta l  de t e rmina t ion  of forma- 

t i o n  c o n s t a n t s  f o r  a c t i n i d e  complexes, e s p e c i a l l y  ca rbona te  complexesp 
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i n  t h e  pH r e g i o n  5-10 of n a t u r a l  wa te r s ,  and t h e  v e r i f i c a t i o n  of e x i s t -  

ing c o n s t a n t s .  F u r t h e r ,  i nc reased  a t t e n t i o n  should be given t o  t h e  

de t e rmina t ion  of t h e  presence  and composi t ion of c o l l o i d a l  p a r t i c l e s  i n  

gronndwaters ,  t o  t h e  de t e rmina t ion  of p o s s i b l e  b i o l o g i c a l  r e a c t i o n s  such 

a s  o x i d a t i o n  o r  r e d u c t i o n  of n u c l i d e s  and t h e  inco rpora t ion  of n u c l i d e s  

i n  l a r g e  organic  molecules ,  and t o  t h e  mig ra t ion  of c o l l o i d s .  

I n  r e c e n t  y e a r s  s t u d i e s  of t h e  uptake and metabolism of radionu- 

c l i d e s  have s h i f t e d  s l i g h t l y  away from f a i r l y  high c o n c e n t r a t i o n s  of 

forms encountered i n  occupat iona l  exposures  t o  lower c o n c e n t r a t i o n s  of 

forms t h a t  may be encountered i n  environmental  exposures .  Data f o r  con- 

d i t i o n s  approximating environmental  exposures  a r e  s t i l l  r a t h e r  spa r se ,  

so t h a t  a d d i t i o n a l  s t u d i e s  i n  t h i s  d i r e c t i o n  a r e  needed. Of primary 

importance a r e  s t u d i e s  of t h e  g a s t r o i n t e s t i n a l  abso rp t ion  f r a c t i o n  of 

v a r i o u s  chemical forms of poor ly  absorbed spec ie s .  A n  immediate need is 

f o r  t h e  development of a mechanis t ic  model of t he  movement of radionu- 

c l i d e s  through the  g a s t r o i n t e s t i n a l  t r a c t  t h a t  d e a l s  i n  d e t a i l  w i th  

a b s o r p t i o n  of m a t e r i a l  t o  blood. The development of such a model must 

be preceded by, and based on, 8 thorough review of t h e  p e r t i n e n t  physio- 

l o g i c a l  l i t e r a t u r e  a s  w e l l  as t he  l i t e r a t u r e  on a b s o r p t i o n  of radionu- 

c l i d e s .  This work could l e a d  t o  b e t t e r  e s t i m a t e s  of abso rp t ion  f r a c -  

t i o n s  of some r a d i o n u c l i d e s  i n  t h e  s h o r t  term, and it would be v a l u a b l e  

i n  guid ing  f u r t h e r  exper imenta l  s t u d i e s  i n  t h e  long term. Some work h a s  

a l r e a d y  been devoted t o  improving e x i s t i n g  models of movement of 

r a d i o n u c l i d e s  through t h e  r e s p i r a t o r y  t r a c t ,  and t h i s  work should be 

cont inued .  Also,  f u r t h e r  mechanis t ic  models should be developed t o  

d e s c r i b e  t h e  r e t e n t i o n  o r  t r a n s l o c a t i o n  of r a d i o n u c l i d e s  t h a t  have 

reached blood. Although such models a r e  needed f o r  a v a r i e t y  sf rea- 

sons, f o r  purposes  of s tudying  the  metabolism of d i f f e r e n t  chemical 

forms of a r ad ionuc l ide  they w i l l  be a s e f u l  p r i m a r i l y  €or  s e n s i t i v i t y  

s t u d i e s  u n t i l  b e t t e r  in format ion  can be gained on t h e  form of radionn- 

Gl ides  i n  blood. 
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