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.. . ' In t roduct ion  
, . . .  .. , . 

Certa in  f ind ings  from' var ious  NAEG st 'udies suggest  t h e  presence  of a 

more mobile, oxidized form of plutonium i n  some NTS s o i l s ,  For exainple, 

Essington -- et  al . , . (1976) have repor ted  anomolous l e v e l s  of Pu a t  dep th  i n  

c e r t a i n  s o i l  p r o f i l e s  lruu the NTS. It has  bcen s p e s u l a t ~ d  t h a t  an 

oxidized,  r e l a t i v e l y  mobi le  sp,ecies of Pu such as PuO CO OH- might b e  ,' . 
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r e spons ib le  f o r  some of t h e  v e r t i c a l  migrat ion of PU through t h e  S o i l  

p r o f i l e .  Also, Komney et  a l .  (1970) have repor ted  t h e  inc reased  b i o l o g i c a l  
. . 

a v a i l a b i l i t y  o f  Pu i n  p o t  s t u d i e s ' o v e r  time. Perhaps t h i s  inc reased  a v a i l -  

a b i l i t y  is  due t o  t h e  presence of a more mobile form of Pu. Therefore,  i t  
. . 

seems.worthwhile t o  s tudy poss ib le  Pu s p e c i a t i o n  i n  NTS s o i l s .  . However, . . . 
. . 1 :  , .  

because of t h e  complex behavior  of Pu i n  s o i l s  a t  low l e v e l s ,  t h e  i n v e s t i -  
. . 

g a t o r  i s  bese t  w i t h  a myriad of problems. A -worthwhile course  of  a c t i o n  i s  . . 

t o  s tudy  t h e  s p e c i a t i o n  i n  s o i l s  of another  element t h a t  might show c e r t a i n  

s i m i l a r i t i e s  t o  Pu. W5th t h e  discovery by B a r t l e t t  and Janes  (1979) t h a t  

s o i l  manganese oxides  can o x i d i z e ~ r ( 1 1 1 )  t'o Cr(VI), ' t h e  s e l e c t i o n  of C r  a s  

a model t o  s tudy s o i l  Pu seems logica l . ,  s i n c e i t  may b e  p o s s i b l e  f o r  s o i l  

manganese oxides  t o  ox id ize  PuOt t o  Pu(V1) species .  In t h i s  paper,  t h e  
. . 

s i m i l a r i t i e s  between C r  and Pu w i l l  b e  pointed ou t ,  a hypo thes i s  concerning 

Pu s p e c i a t i o n  i n  NTS s o i l s  w i l l  b e  developed, and c e r t a i n  f i n d i n g s  from C r  

ox ida t ion  s t u d i e s  w i l l  be  c i t e d  t h a t '  may b e  r e l e v a n t  t o  t h e  problem of Pu . 

ox ida t ion  i n  s o i l s .  



~inilarities between the chemistries'of Cr and Pu - 

Certain findings in the literature on Cr (Bartlett and Kimble, 1976; 

Bartlett and James, 1979) 'and oil Pu (Rai and Serne, 1977; Bondietti and 

Sweeton, 1976; Bondietti and Reynolds, 1976; Cleveland, 1970; Francis, 

et a1 1976) lead to the following conclusions regarding the similarities - - 9 

between Cr and Pu behavior in aqueous environments: 

(1) Both elements can exist in multiple oxidation states in normal 

aqueous environments. Cr can exist in trivalent and hexavalent 

states, while Pu can exist in trivalent, quadrivalent, pentavalent, 

. . . . and hexavalent states. 

(2) Both elements can exist as cationic or anionic species in normal 
. . 

. . .  . . 3+ : . . . .  
: aqueous environments. ~riiaieilt Cr exists as the cation, Cr , 

. . .  - 
and its hydro.lysis products, or as the anion, Cr02 . Hexavalent . 

. . .  . . . . + . - .  

anions. has cationic f o m s  such as pu3+ aid PuOi and anionic ' ' . :. 
. . 

forms such as PUO co OH-. 
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. . 

' (3) Due to. low solubility, Cr (111) and Pu(1V) are relatively "immobile" 

in normal aqueous environments. . However, Cr (VI) and Pu(V1) are 

relatively "mobile. " 
. .  . 

(4) Cr(V1) and Pu(V1) species are. thermodynamically stable under approx- 

imately the same chemical environments in solution. 

(5) The oxidation of Cr(II1) to Cr(V1) by soil manganese 0xides.i~ 
. . 

. 'thermodynamically possible and has actually been observed in soils. 

This reaction occurs despite the presence of organic matter that 

would tend to keep Cr in the trivalent state. Pu(V1) species have 

been observed in natural waters, the oxidatiorr of Pu(1V) by mangznese 

oxide minerals is thermodynamically possible, and the oxidation of 

Pu(IV) by Ph02 has been observed. 



- . In pointing out the similarities between Cr and Pu behavior in 

aqueous environments, it must be remembered that there are also-many 

differences between the two elements and analogies can only be pushed so 

far. Nevertheless, the similarities lead us to the following hypothesis: 

If low valence, colloidal Pu such as a PuOZ particle comes in contact 

with soil manganese oxides in a high Eh environment, then the Pu can be 

oxidized by the manganese oxides to a nore i-tobTle, higher valence species, 

thus the solubility of Pu is increased under these conditions. . The 
. . 

. . 

question is whether this can occur in the soil'environment found at NTS. 

Having pointed out the similarities between Cr and Pv and formulated a , ' 

hypothesis concerning Pu oxidation in soils, it is' now instructive to . 

. . 

take a closer look at the thermodynamics of Pu and Cr reactions inno-1 .' 

soil environments. 



s t a b i l i t y  of C r  and Pu s p e c i e s  i n  s o i l  environments 

-12 
F igu re  1 shows t h e  s t a b i l i t y  of puo2(s) i n  a 1 0  M Pu s o l u t i o n  a t  

0 25 C, pC02 = 3.5, and 1 a t n  p r e s s u r e  under a wide range  o f  Eh and pH condi- 

t i o n s .  Superimposed over  t h i s  is a s t a b i l i t y  diagram of Cr203(s) i n  a 

-6 
10  - M Cr solurion under t h e  same condi t ions .  The thermodynamic d a t a  f o r  . 

t h e  c o n s t r u c t i o n  of t h e  Pu s t a b i l i t y  diagram w a s  t aken  from Ra i  'and Serne  

(1977)' and t h e  d a t a  f o r  t h e  C r  s t a b i l i t y  diagram was t aken  from Garrels 

and C h r i s t  (1965). The Pu s p e c i e s  s t a b i l i t y  f i e l d s  are enc losed  by s o l i d  

l i n e s ,  w h i l e  t h e  C r  s p e c i e s  s t a b i l i t y  f i e l d s  are enc losed  by d o t t e d . l i n e s .  . .  

The diagrams i n d i c a t e  t h a t  under  low Eh-pH c o n d i t i o n s  t h e ,  t r i v a l e n t  ' 

form of each element w i l l  be t h e  most s t a b l e .  Under h i g h  Eh cond i t i ons  
. . . .. 

t h e  hexavalen t  form of  each element i s  t h e  &st s t a b l e .  1i t h e  h i g h  . i 
. . 

Eh-pH environment of t h e '  NTS s o i l s ,  i t  i s  expected t h a t  P U O ~ @ ~ O H -  w i l l  

. . 
be  t h e  most s t a b l e  s o l u b l e  spec i e s .  Thus, i t  appea r s  ' t h a t  roughly under 

t h e  same Eh-pH c o n d i t i o n s  both  elements  w i l l  shown approximately t h e  same . . . . ,. 
. . 

behavior  w i t h  regard '  t6  o x i d a t i o n  s t a t e  s t a b i l i t y .  
. . . . 



. F i g u r e  1. S t a b i l i t y  o f  Pu02 and cr2d3 i n  10- l2  M Pu 
and  10-6 N C r  a t  25OC, pCO2 = 3.5, and 1 atm. 



Thermodynamics of C r  and -Pu ox ida t ion  by s o i l  manganese oxides  

 a able 1 lists s e v e r a l  ox ida t ion  and r educ t ion  h a l f - r e a c t i o n s  involv ing  

C r ,  Pu, and Mn toge the r  w i t h  t h e  l o g  K va lues  f o r  t h e  r eac t ions .  The l o g  K 

v a l u e s  fo r .  t h e ' p u  ox ida t ion  r e a c t i o n s  were c a l c u l a t e d  from d a t a  taken from 

Rai  and Serne (1977).   he l o g  K va lues  f o r  t h e  C r  and Mn h a l f - r e a c t i o n s  

were . t aken  from B a r t l e t t  and James (1979).  The C r  ox ida t ion  r e a c t i o n s  'shown 

a r e  f o r  t h e  ox ida t ion  of Cr203, Cr(0H) 3, and aqueous t r i v a l e n t  C r  t o  aqueous 

hexavalen t  C r .  The Mn reduc t ion  reac t ions . shown a r e  f o r  t h e  r educ t ion  of f o u r  

common Mn(1V) oxide  m i n e r a l s ' t o  aqueous Mn(I1). The 'Pu ox ida t ion  r e a c t i o n s  

shown are f o r  t h e  o x i d a t i o n  of PuO ( s )  t o  t h e  aqueous s p e c i e s  i n d i c a t e d  i n  t h e  2 
. . . .. . . .  . . . . 

t a b l e .  

I f  one combines one of t h e  C r  'or Pu ox ida t ion  h a l f - r e a c t i o n s  wi th  -one of 

t h e  >In minera l  r educ t ion  h a l f - r e a c t i o n s  and adds t h e  l o g  K v a l u e s f o r  t h e  two 

h a l f - r e a c t i o n s ,  a  n e t  redox r e a c t i o n  and i t s  equ i l i b r ium cons tan t  a r e  obtained.  

By choosing a p p r o p r i a t e  r e a c t i o n  cond i t i ons ,  t h e  equ i l i b r ium pH of t h e  r e a c t i o n  

can be c a l c u l a t e d .  Sample c a l c u l a t i o n s  r e v e a l  t h a t  t h e  ox ida t ion  of C r  o r  Pu 
. . 

by manganese ox ide  mine ra l s  is  thermodynamically p o s s i b l e  a t  common s o i l  pH 

va lues .  A s  an example we w i l l  cons ider  t h e  ox ida t ion  of PuO ( s )  t o  PuO CO OH- 2  2 3 

by Mn02(s). F i r s t ,  t h e  two h a l f - r e a c t i o n s  and t h e i r  l o g  K va lues  a r e  added t o  

o b t a i n  t h e  n e t  redox r e a c t i o n  a n d . i t s  l o g  K va lue :  

l o g  K 

- 
0.5  MnO + 2 ~ '  + e = 0.5  Mn2+ + H20 21.8 

2. + - 0.5  Pu02 + 0.5 C02 + H20 = 0.5 P U O ~ C O ~ O H -  + 1.5 H + e -25.0 

+ 
0.5 Mn02 + 0.5 PuO + 0.5 C02 + 0.5 H = 

2 -3.2 

0.5 Mn2+ + 0.5 ~ ~ 0 ~ ~ 0 ~ 0 ~ -  

.The e q u i l i b r i u m  cons t an t  e x p r e s s i o n . f o r  t h i s  r e a c t i o n  i s  g iven  by 

pK = 0 .5  pMn2+ + 0.5 p ~ u 0 2 ~ 0 3 0 ~ -  - 0.5 pC02 - b .  5 pH = 3.2 



Solving f o r  pH leads '  t o  

By choosing r easonab le  v a l u e s  f o r  pMn, pPuO CO OH-, and pC02 t h e  e q u i l i b r i u m  pR 
2 3 

Since  t h e  s o i l s  of t h e  NTS have pH v a l u e s  most ly between 7 and 8.5, t h i s  r e a c t i o n  

could be i n  e q u i l i b r i u m  i n  t h e s e  s o i l s .  A t  h ighe r  pC02-values t h e  e q u i l i b r i u m  

. . 
w i l l  be  s h i f t e d  t o  h ighe r  pH va lues .  I f  t h e  pH o f , t h e  s o i l  s o l u t i o n  i s  below 

t h e  equ i l i b r ium pH, t h i s  i n d i c a t e s  t h a t  t h e  n e t  r e a c t i o n  i s  thermodynamically 
. . 

spontaneous t o  t h e  r i g h t .  Non-ideal i ty  . co r r ec t ions  were ignored  i n  t h i s  ca lcu-  

l a t i o n .  I f  inc luded  t h e  ca lcupated  pH would s h i f t  s l i g h t l y .  

Equi l ibr ium pH v a l u e s  f o r  the o x i d a t i o n  of PuO ( s )  by t h r e e  o t h e r  common 
2 

manganese oxide mine ra l s  a r e  shown,in Table 2 a long  w i t h  t h e  r e s u l t  from t h e  

sample c a l c u l a t i o n .  The c a l c u l a t e d  pH va lues  seem t o  i n d i c a t e  t h a t  t h e s e  oxida- 

t i o n  r e a c t i o n s  a r e  p o s s i b l e  i n  t h e  a l k a l i n e  s o i l s  found a t  t h e  NTS. provided such 

manganese oxide mine ra l s  e x i s t  i n  t hose  s o i l s .  



Sable I.. Oxidation or reduction half-reactions involving Cr, Ph, and Pu. 

MnOOH + 3 H+ + e- - Mn2+ + 2H20 

0.5 Mn203 + 3 H+ + e- - Mn2+ + 1.5 H20 



. . Table 2, . Equilibrium pH-values for the oxidation of Pu02(s) to PuO CO OH- by 
manganese .oxide minerals. 2 3 

Oxidation reaction Oxidizing Equilibrium 
(not balanced) Reaction conditions agent pH 

Pu02(s) - [PUO~CO~OH-] = lo-'' M 
%O4 7.58 

P U O ~ C O ~ O H -  (aq) [Mn2+] = M MnOOH 7.56 

25 O C  Mno 2 

1 atm total P 



Summary of C r  oxidat ion s t u d i e s  

B a r t l e t t  and James (1979) have s tud ied  t h e  problem of C= oxidation i n  

s o i l s .  Chromium oxidat ion experiments a r e  a l s o  being c a r r i e d  o u t  i n  t h e '  

authors '  l a b s ,  but  t h i s . d a t a ' h a s  not been published as ye t .  C e r t a i n  f ind ings  

from B a r t l e t t ' s  and t h e  authors '  experimentis that may p r n v ~ .  r e l e v a n t  t o  t h e  

problem of Pu o x i d a t i o n ' i n  ' so i l s  w i l l  be ci ted here: 

(1) B a r t l e t t  and James (1979) have found t h a t  when an unnamed serLes of 

L i t h i c  ~ u t r o c h r e ~ i s  was e q u i l i b r a t e d  wi th  a M C r C l  s o l u t i o n  a t  a . 3  
. . 

s o l u t i o n  t o  .soi.l. ratio- of 2000/1 and t h e  pH ad jus ted  wi th  HCI. and KHCO .3'  

v i r t u a l l y  a l l  of t h e  added Cr.(III)  w a s  oxidized a t  low pH,. and the  . . . 
. f r a c t i o n  of added C r  t h a t  was oxidized decreased.wi th  inc reas ing  pH. 

The amount of C r  ( V I )  t h a t  was adsorbed a l s o  decreased: w i t h  increas ing 
. . 

PR The oxidat ion of Pu and s o r p t i o n  of oxidized Pu by s o i l s  is  a l s o  

e x p e c t e d . t o  be a f f e c t e d  by pH. However, s i n c e  t h e  s o i l s  a t  t h e  NTS 

a r e  a l k a l i n e ,  one only needs t o  consider  t h e  e f f e c t  of pH on Pu 

ox ida t ion  over a narrow pH range (7 t o  9). 

(2) The oxidat ion of C r ( l I 1 )  t o  Cr(V1) i n  moist s o i l s  appears t o  be  almost . . . 

I1 instantaneous" once t h e  , C r ( I I I )  spec ies  a r e  i n  "contact" w i t h  the  
. . .  

oxid iz ing  agent  i n  t h e  s o i l .  The rate l i m i t i n g  s t e p  appears  t o  be  the  

d i f f u s i o n o f  Cr(I1I)  spec ies  t o  t h e  s o i l  ox id iz ing  a g e n t . ( B a r t l e t t  'and 

James, 1979'; Amacher and Baker, unpublished data) .  

(3 )  The oxida t ion  of Cr(I I1)  s o l u t i o n s  by moist s o i l s  occurs d e s p i t e  t h e  

presence of organic  matter .  Once t h e  Cr(-III) h a s l b e e n  oxidized,  i t  can 

be  reduced;probably by t h e  s o i l  organic  mat ter ,  and i t  can be 're-oxidized 

( B a r t l e t t  and James, 1979). 

( 4 ) .  The r e l a t i v e l y  inso lub le  C r  0  can a l s o  be oxidized i n  moist  s o i l s ,  thus 
2 3 

inc reas ing  i ts  s c l u b i l i t y  ($~t~acher 2nd Baker, unpublished d a t a ) .  



5 .!hen cr(111) has been oxidized by moist s o i l  and t h e  sai-nple i S  then 

. dr ied ,  no Cr(V1) can be ex t rac ted  from the  s o i l .  Thus, t h e  reac t ion  

appears r e v e r s i b l e  upon drying. I f  t h e  s o i l  is  washed wi th  e thanol  

o r  acetone a f t e r  t h e  Cr(I I1)  is oxidized, some Cr(V1) can b e  ext rac ted  

by t h e  s o i l .  Thus, t h e  r e a c t i o n  i s  only p a r t i a l l y  r e v e r s i b l e  i n  t h i s  . 

case  and water  appears t o  be a necessary component i n  t h e  r e a c t i o n  

(Amacher and Baker, unpublished da ta ) .  

(6) The a b i l i t y  of a moist s o i l  t o  ox id ize  Cr(II1)  s o l u t i o n s  can be exhausted 

by s u c c e s s i v e ~ a d d i t i o n s  of Cr(1II )  t o  t h e  s o i l  (Anacher and Baker, unpub- . 

l i s h e d  da ta ) .  

. ( 7 )  -Oven-dry.soils  o x i d i z e - n o  added.Cr(I I1)  and..air-dry s o i l s  ok id ize .ve ry  
. . 

l i t t l e  C ~ ( I I I )  ( B a r t l e t t  and James, 1979; Amacher and Baker; unpublished 

da ta ) .  
. . 

(8) The amount of 1 N CaCl exchangeable P l n  inc reases  updn t h e  oxidation of 2 

C r ( I I 1 )  i n  moist s o i l s  and is a l s o  much higher i n  d ry  s o i l s  than i n  

moist s o i l s .  Cr( I I1)  oxidat ion does no t  occur i n  s o i l s  ve ry  low in  ?In . . 

and t h e  amount of Cr(111) t h a t  a moist s o i l s  can 'oxidize c o r r e l a t e s  w e l l  

'with t h e  amount'of Mn reducible  by hydroquinone. Thus, i t  appears t h a t  

,?ln(IV) ox ides  i n  s o i l s  can ox id ize  Cr(I I1)  and t h a t  some of t h e  s o i l  

?fn(IV)  oxides  a r e  reduced t o  y i e l d  exchangeable ?ln(II) upon drying 
- .  

( B a r t l e t t  and James, 1979; Amacher and Baker, unpublished da ta ) .  

Some of . the  above f ind ings  concerning C r  oxidat ion i n  s o i l s  may be 

o b s e r v e d . f o r  Pu ox ida t ion  i n  s o i l s .  Whether any of these  d i scover ies  prove 

a p p l i c a b l e  t o  t h e  problem of Pu oxidat ion i n  s o i l s  remains t o  be seen. 
. . 



Questions needing ans:.rered by future i n v e s t i g a t i o n s  

Despi te  the progress madc thus  f a r  i n  s t u d y i ~ l g  Llle behavior  of s o i l  

Pu a t  t h e  NTS, t h e  fol lowing ques t ions  s t i l l  need t o  be  answered: 

(1)  I n  view of t h e  f ind ings . r ega rd ing  C r  and Pu ox ida t ion  by manganese 

o x f d e , ~ ,  can PuO be oxidized t o  PU(VT) spec ies  by t h e  manganese oxides 
2 

i n  the  s o i l  environments at NTS? 

(2) I f  Pu(V1) s p e c i e s  e x i s t  i n  NTS s o i l s ,  how much do they  c o n t r i b u t e  t o  

the  migra t ion  and .p lan t  uptake of Pu a t  the.NTS? 
' 

(3) .  W i l l  clean-up opera t ions  a t  t h e  NTS produce' cond i t ions  f avor ing  t h e  - 

. . . . 

fonna t ion .o f  t h e  more mobile Pu(V1) spec ies?  
. . 
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