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INTRODUCTION 

In the t e r r e s t r i a l  environment, , s o i l s  represent the  principal 

repository of the transuranic elements over geologic time. The major 

fac tor  governing trans'uranic avai l ab i l  i  t y  t o  plants i n  soi 1 s wi-11 be 

so lub i l i t y  o f . t h e  transuranics associated w i t h  the so l i d  phase, s ince  a 

sGluble species must e x i s t  adjacent t o  the root  membrane f o r  some f i n i t e  

period f o r  root-uptake.  The form of t h i s  soluble species wil l  have a 

strong influence on i t s  s t a b i l i t y  i n  so i l  solution and on the r a t e  and 

extent  of uptake, and perhaps, mobility and t ox i c i t y  i n  t he ' p l an t .  

. . .  Furthermore, i t ' i s  the  so lub i l i t y  and form of the element which largely  

i governs mobility in s o i l .  Thus, any assessment of the long-term behavior" 

of the transuranics i n  the t e r r e s t r i a l  environment must be based on 

determination of the f ac to r s  influencing i o l u b i l i t y  i n  s o i l .  , These 

fac tors  a r e  ' i  11 ustrated in  Fig. 1 and include the '  concentration and. 

chemical form of the  element entering s o i l ,  so i l  proper t ies ,  as  these 

influence the elemental d i s t r ibu t ion  between the sol id  and l iquid  phase, 
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and s o i l  process.es, as these i n f l u e n c e  the  k i n e t i c s  o f  s o r p t i o n  reac t ions ,  

t ransuran ic '  concentrat ion,  and the  form o f  so lub le  and i n s o l u b l e  chemical .: 

species. . 

The t ransuran ic  elements (Pu, Am, Cm, Np) may enter .  the. s o i l  through 

. , severa l  avenues i n c l u d i n g  f a 1  l o u t  f rom atmospheric t e s t i n g ,  p a r t i c u l a t e s  

reprocessing and leachi,ng from waste storage f a c i l i t i e s .  The major 

sources o f  t he  t ransuran ics  may be c l a s s i f i e d  . . a c c o r d i n g ' t o  expected 

i n i t i a l  s o l u b i l i t y  i n  s o i l .  P a r t i c u l a t e  oxides . o f  the  transurani 'cs 

i n i t i a l l y  may be expected t o  be l a r g e l y  i 'nsoluble i n  the .  s o i l  s o l u t i o n .  

U l t i m a t e l y  s o l u b i l i t y  i s  expected t o  be a f u n c t i o n  o f  the  composit ion 

c o n f i g u r a t i o n  and'equiva. lent  diameter o f  t h e . p a r t i c l e  as w e l l  as s o i l  

p rope r t i es  and processes. Oxide' p a r t i c l e s  o f  t he  h ighef  t. s p e c i f i c  

, I a c t i v i t y  and the h ighes t  concent ra t ion  of i m p u r i t i e s  i n  t he  c r y s t a l  

i . . l a t t i c e  'are expected* t o  e x h i b i t  g rea tes t  s o l u b i l i t y .  The combination o f  

~ c o n f i g u r a t i o n  and equ iva len t  diamete'r .as r e f l e c t e d  i n  sur face area . 

exposed t o  so lu t i on '  w i l l  be the .  o ther  'main f a c t o r  governing ox ide s o l u b i l i t y .  

Once s o l  ub i  1 i zed  t h e  t ransu ran i c  elements w i  11 be sub jec t  t o t h e  chemical 

reac t i ons  governing so lub le  s a l t s .  Hydrolyzable t ransuran ics  such as 

.Pu, Am; and Cm en te r i ng  the  s o i l  as so lub le  sa l t s '  i n  a c i d  concentrat ions 

exceeding Zcmay be expected t o  b e  r a p i d l y  i n s o l u b i l  i z e d  due t o  hyd ro l ys i s  

I on d i  l u t i o n  and subsequent, p r e c i p i t a t i o n  on p a r t i c l e  surfaces. Conversely, 

i s  n o t  sub jec t  t o  marke.d hyd ro l ys i s  and may be i n i t . i a l l y  more so lub le .  

1mmobol.i z a t l o n  (Np02+) may occur through c a t i o n  exchange reac t i ons  w i t h ,  

. ,, . ..I.& I & .  

p a r t i c u l a t e  surfaces. 

I Transuranics en te r i ng  the  s.oi 1 as s t a b l e  organocomplexes as might  

occur i n .  the  v i c i n i t y  o f  a spent f u e l .  separat ion f a c i l i t y  .may be ' i n i t i a l l y  

h i g h l y  so lub le  (Wi ldung and Garland, 1975). The du ra t i on  o f  s o l u b i l i t y  



~ and mobility in the soil will -be a function of the stability of the 

complex to substitution by major competing ions, primari.1~ Ca and H 

(~ahar, and ~ochberg, 1976, Lindsay, 1972, Norvell, 1964) and the stability 

of the o,rganic l,i:gand to microbial .dec~mposi tion (Wi ldu,ng and Garland, 

1975). The distruption of the complex will lead to marked reduction in 

transuranic solubility through.hyd~olysis and precipitation reactions as 

described for acid solutions on .dilutio,n. The mobility of the complex, 

in turn, will be principal1y:a function of its chemical and microbiological 

stability.and. the charge on the intact complex which will govern the 

degree .of sorption of the complex on soil particulates. 

Further generaJizations of transuranic behavior on the basic source 

terms are complicated by the overwhelming importance of soil properties 
*C 

and processes in influencing, transuranic behavior on a regional and . ,  

local basis. Thi,s review will consider,.in detail, the icluence of 

soi 1 properties and abiotic. and biotic processes on the long-term sol ubi.1 i ty 

of the transuranics entering soi 1s. Principal emphasis will be directed 

toward the role of soi 1 mi croorgani csms in this phenomenon. Microorganisms , 

in intimate association with 'soil parti'cles, are known. to play an important 

role in affecting solubilization of elements considered insoluble in 

soils from strictly inorganic chemical considerations. However, to 
: t i  . . 

. . date, studies of the microbio1,ogy of. the transwranic elements have been 
t . . ... , ,4  

l ~ r r r ~ ~ t a d  prfnelpnl ly to Pu. T h l  s rsvlew wel 11 ernphaslzc? Pu, bust;, where 

possible, the available information'will be used as a framework for 

broader discussions encompassing the long term behavior of other transuranic 
. .. , : :  . 

e'lements. . 



i,-' TRANSURANIC 'CHEMISTRY I N  SOIL 

Plutonium ' 

The p r i n c i p a l  chemical r e a c t i o n s  l i k e l y  i n f l u e n c i n g  P u , b e h a v i o r * i n  

s o i l  a r e  summarized i r i  Table 2. P lutonium ions 'may commonly e x i s t  i n  

aqueous s o l u t i o n  i n  valence s t a t e s  111, IV,V (PUO~') and V I  (PUO~" ) .  

Other valence s t a t e s  . a r e  known. ( I  I, V I  I )  and p r e d i c t e d  ( V I  11) b u t  these 

occur  under' unique cond i t i ons  (Cleveland, 1970). D i sp ropo r t i ona t i on  

reac t ions .  a re  common, and due t o  kine ti,^ fa 'c tors,  P.u i s  unique among the  

chemica.1 elements i n  t h a t  i t  may .s imul taneously  e x i s t  . i n  a.11 o f  t h e  

common valence s ta tes .  The tendency o f  Pu t o  hydro lyze  i n  aqueous 

s o l u t i o n s  o f  lqw a c i d i t y  f o l l o w s  the  order  P U + ~  > Pu02 2+ > P U + ~  > Pu02 
+ 

(Cleveland, 1970). Hydro lys is ,  which occurs i n  a stepwise fashion,  i s  

1 i k e l y  t h e  major mechanism wher.eby Pu i s  i n s o l u b l  i z e d  i n  the  environment. 
.* 

A t  h i gh  (g /e )  Pu concentrat ions,  h y d r o l y s i s  o f  P U + ~ ,  may l ead  t o  t h e  

fo rmat ion  o f  a  . c o l l o d i a l  Pu polymer. A t  these concentrat ions,  t he  --. 
polymer i s  cha rac te r i zed  b y . a  d i s t i n c t  adsorp t ion  spectrum. Although 

the  polymer has n o t  been f u l l y  charac ter ized ,  i t  i s  gene ra l l y  thought  t o  

be an i n te rmed ia te  h y d r o l y s i s  product  o f  P U + ~  c o n t a i n i n g  ox ide  o r  hydrox ide 

br idges, w i t h  an absorp t ion  spectrum d i f f e r e n t  than Pu(OHI4. However, 

s tud ies  b y  L loyd  and Ha i re ,  1973, have i .ndicated t h a t  t he  polymer may b e  

aggregates o f  smal-1, d i s c r e t e ,  amorphous o r  c r y s t a l l i n e ,  p r imary  p a ' r t i c l e s  . . 

5 t o  520 A 0  i n  ,diameter. It: is;oP i n t e r e s t  t h a t  x- ray d i f f r a c t i o n  

pa t te rns  o f  t he  polymer ic  Pu and t h a t  o f  Pu(OH)~ (Ochenden and 'welch, 

1956) bo th  show a p a t t e r n  c h a r a c t e r i s t i c  o f  t he  cub ic  Pu02 l a t t i c e ,  

suggest ing t h a t  t h e  polymer and t h e  hydroxide o f  put4 may bo th  be hydrated 

Pu02 w i t h  d i f f e r e n c e s  occu r r i ng  i n  p r imary  p a r t i c l e  s i z e  and c r y s t a l l i n i t y .  

A s i m i l a r  conc1,usion was reathed by L loyd and  ire (1973). The fo rmat ion  



of the  hydrated Pu02 i s  l i ke ly  d i r ec t l y  re la ted  t o  puf4  concentration 
. . . . 

and inversely re la ted t o  the acid concentration. 

Plutonium al'so tends t o  form many complexes w i t h  a . range  of s t a b i l i t i e s .  

The s t rqngest  complexes a re  general l y  formed by reaction 'of organic 
. . 

ligands w i t h  P U ' ~ .  However, many inorganic complexes and organic complexes 

, of a l l  valences may be s tab le  un 'de r .approp r ia tecond i t i ons .  The presence 

of organic ligands in s b i l s  l i ke ly  influences the equilibrium form of Pu 

through complexati on and subsequent inhibi t ion of ,hydrolysis, polymerization, 

o r  disproportionation. I t  is these reactions in various h,ighly complex . 

combinations re.su1 t ing from differences . i n  source .,term, so i l  proper t ies  

and processes that ,  govern Pu so lub i l i t y  i n  so i l  and a v a i l a b i l i t y  t o  

. . plants.  . ' 

Soil  chemical . . reactions are' of manifest importance. i n  governing the ** 

behav.ior. of the various forms of Pu entering s o i l .  I n i t i a l l y  soluble 

forms enteri,ng .soi l  have the potential  f o r  undergoing a, range of chemical 

tranformations (Fig. 1 , 2 ) .  i Insoluble P u ,  such.as high-fi.red oxide, entering 

so i l  l i ke ly 'w i l l '  be solubil ized w i t h  time, provided soluble,  s t ab l e  

complexes a r e  formed (F,ig. 2 ) .  However, regardless of the  form of Pu  

e'ntering s o i l ,  i t s  ultimate so lub i l i t y  wil l  be 'control led by i t s  aqueous 

chemi'stry and by so i l  f ac to rs .  The long-term behavior of Pu  in  so i l  

wil l  be a function . . of the  kinet ics  of t h e s e  reactions.  Soil  physiochemical 
. . 
:I,': . . 

.. . , 
.. . .!. 

proper t i es  may be expected, to  have complex, interdependent e f f ec t s  on Pu  
. . .. 

so lub i l i t y .  

.On the bas.i s of. .research ' w i t h  o t he r .  t r ace  metals recent ly  summarized 

by Keeney and Wi ldu,ng . (1 976),, . and 1 imi ted information on the transuranic 

- elements ' i t  may be conc.luded t h a t  the so i l  physicochemical parameters 

most important i n  influencing the  so lub i l i t y  of the  transuran.ics include: 

(1)  solut ion,  composition, Eh and pH, (2 )  type and . density of charge on 

so i l  co l lo ids ,  and (,3) react ive  sur face  . . . .  . .... area.  These phenomena will  in 
.. . . ., . 



turn be dependent upo'n soi 1 proper t ies ,  incl  udi,ng pa r t i c l e .  s i z e  d i s t r i bu t i on ,  

organic matter content, pa r t i c l e  mineralogy,. , . degree of aera t ion and 

microbial a c t i v i t y .  . The delination of the influence of these fac tors  on 

Pu so lub i l i t y  i s  complicated by the  complex chemistry of P u .  

Perhaps the simplest  approach t o  the study, of t he .  chemistry of Pu 

i n  so i l  i s  t o  d i r e c t  i n i t i a l  a t t en t ion  to  the  fac tors  influencing i t s  

s o l u b i l i t y i n  s o i l .  However,'it i s  d i f f4cu l t  t o  define Pu so lub i l i t y  

in  so i l  because solubi ' l i ty  wil l  depend upon the method of measurement 

and because solubil  i  t y  must be a r b i t r a r i l y  evaluated due"to: ttie .:. . . : 
. . 

s o r p t i o n  of Pu on submicron c l a y  par t i c les  or  t o  the  formation of submicron 
. . 

pa r t i c l e s  of hydrated Pu oxide.which may'pass membrane f i l t e r s  and a r e  

d i f f i c u l t  to  .centrif,uge. These e f f ec t s  may be i l l u s t r a t e d  by comparison 

of t h e  differences i n  t h e , s q l u b i ~ i t y o f  Pu in s o i l s  (100 days a f t e r  

amendment a s  Pu ( N O  ) ;assdeherm,i.ned-: by:.water:-extracti on. : a n  subsequent 3 4 .  -. 
I membrane f i l t r a t i o n  using membranes of d i f fe ren t  average pore s izes  . 

I (Table 1 ) .  The major' f ract ion of the  Pu added was sorbed on the  s o i l ,  

I .  as  a maximuti of 10% of the extracted Pu passed. through the  5 u membran0. 

I Successive f i l t r a t i o n  through membranes w i t h  decreasing pore s i ze  resu l ted  

in decreases in Pu.concentration i n  the  f i l t r a t e .  Thus, Pu  i n  the 

aqueous ex t r ac t  appeared t o . b e . i n  a wide range of p a r t i c l e  s izes .  
c . . 

:.(.., . . .  . .  . . . 
,. . A1 tho,ugh membranes with pore s i ze s  of 0.45 u are '  commonly used t o  separate 

" \ . .. , J *  

so1,uble from par t i cu la te  matter ,  i t  i s  evident th.at Pu  i n  these f i l t r a t e s  

I may be i n  collodial .  forms. The Pu. i n  the 0.0010 p f i l t r a t e  appeared 

soluble,  was s tab le  i n  solut ion,  and approximated the  quanti ty of P u  

I . . . taken up by plants (Wildung and Garland, > 1974). Of the  soluble Pu  
I forms 1 i ke1.y t o  en te r  . . s o i l s  (jhB$doi$ . . , sec t ion) ,  . 



P u ( N O ~ ) ~  and Pu-DTPA i i k e l y  represent ,  i n  t h e i r  r espec t i ve  chemis t r ies  ,. 

t he  range i n  s o i l  behavior l i k e l y  t o  occur.  The .water s o l u b i l i t y  (de f i ned  

a s  d e s c r i b e d  above) o f  2 3 8 ~ u  and 2 3 9 ~ u  amended t o  a  ~ i t z v i l  l e  s i l t  lodm 

(or,ganic C con ten t  0.7%, pH 6.2)  i n  the  P u ( N O ~ ) ~  and Pu-DTPA forms 

d i f f e r s  markedly. (Wildung and Garland, 1975). The DTPA complexes o f  

bo th  i so topes  were water -so lub le  i n  s o i l  and appeared t o  be s t a b l e  over 
. ,  . 

t he  f i r s t  .40 days. o f  i ncuba t i on  . . (F ig .  3 ) .  A f t e r  7  days o f  incubat ion ,  

t h e  . 2 3 8 ~ u - ~ ~ ~ ~  . appeared t o  be s l i g h t l y  l e s s  soluble'  than. t h e 2 3 9 ~ u - ~ ~ ~ ~ .  

A f t e r  95 days o f  incubat ion ,  bo th  isotopes,  i n i t i a l l y  added as t h e .  

complex, appeared t o  be decreasing i n  s o l u b i l i t y ;  perhaps as a  r e s u l t  o f  

m i c r o b i a l  degradat ion o f  t he  organ ic  moiety.and the  development o f  new 
. , 

chemical e q u i l i b r i a . .  

E q u i l i b r i u m  concent ra t ions  o f  m l u b l e  Pu added as the .  n i t r a t e  were 

n o t  obta ined u n t i l  7-10 days. The s o l u b i l i t y  o f  2 3 8 ~ u  and 2 3 9 ~ u  added 

t o  t he  s o i  1  .as  n i t r a t e s  was much lower than t h e  DTPA compl.eGs 1  i k e l y  

r e f l e c t i n g  h y d r o l y s i s  t o  t he  l a r g e l y  i n s o l u b l e  .hydrated ox ide.  The r a t e  

o f  decrease i n  s o l u b i l i t y  o f  each i so tope  added as the  n i t r a t e  was 

s i m i l a r .  However, i n  c o n t r a s t  t o  t h e  ' s l i g h t l y  lower s o l u b i l i t y  o f  t he  

2 3 8 ~ u - ~ ~ ~ ~ , c o m p a r e d  t o  t he  2 3 9 ~ u - ~ ~ ~ ~ ,  2 3 8 ~ u  added as t h e  n i t r a t e  was a  

cons i s ten t  f a c t o r  o f  2-3 t imes more so lub le  than 2 3 9 ~ u  i n i t i a l l y  added 

. . 
.. -.: . 

as t he  n i t r a t e .  Th is  d i f f e r e n c e  probably  r e s u l t e d  from t h e  fo rmat ion  o f  

, . . . .  
t .. .. . , . . I !  

l a r g e r  hydrated ox ide  p a r t i c l e s  a t  t he  h igher  Pu concent ra t ion  b u t  i t  

niay a l s o  have r e f l e c t e d  the  presence o f  a  s o i l  component such as an 

organic  l igand,. whi.ch s t a b i l i z e d  Pu i n  ' s o l u t i o n  b u t  was, present  i n  

1  i m i  t ed  concen t ra t i  ans and became impor tan t  o n l y  a t  1 ower Pu concent ra t ions .  

.. . .. . 
. . 
' . :  I . .  

.. .' 7 



. . 
. .- . 

. . 

. , 

The water s o l u b i l i t y  of 2 3 8 ~ u ,  when incorpora ted  i n  r e l a t i v e l y  

large. Pu ox ide  p a r t i c l e s  (>1  p), would be expected t o  be g rea te r  than 

the  s o l u b i l i t y  o f  2 3 9 ~ u  ox ide  p a r t i c l e s  o f  s i m i l a r  s i z e  due t o  c r y s t a l  

damage and r a d i o l y s i s  . a r i s . i n g  f rom the, g rea te r  ' s p e c i f i c  a c t i v i t y  o f  t h e  
, 

2 3 8 ~ u  (an approximate fac to r  of 270) 1 .  However, the .  behavior  o f  t h e  two ' 
' 

. i so topes  on so l  ub i  1  i z a t i o n  o f  t h e  o x i d e  m,ight be expected t o  f o l  l o w  a  , . 

course s i m i l a r  t o  t h a t  e x h i b i t e d  by the  n i t r a t e s .  

E q u i l i b r i u m  s o l u b i l i t y  a f t e r  6  days of i ncuba t i on  (Garland e t  a1 . 
1976) ' o f  Pu added as ' P U ( N O ~ ) ~ ,  i n  s b i l s  of d i f f e r e n t  p r o p e r t i e s  occured 

a f t e r  approx imate ly  20 hours (Fig.. 4) .  The qua.nti t i e s  o f  Pu, so lub le  

a t  e q u i l i b r i u m  i n  water and 0.01 M CaC12 d i f f e r e d  w i t h  s o i l  type. I n  

t he  cic12 solut ion, ,  s o l u b i l i t y  was l o w e s t  i n  t h e  Muscatine s o i  1  which 

e x h i b i t e d  h igher  s i l t  and c l a y  conten t .  than the  o t h e r  s o i l s .  Impor tan t l y ,  

a t . e q u i l i b r i u m  the re  was a  ,marked inc rease i n  t he  q u a n t i t y  o f . P u  ex t rac ted  
' 

b y  water r e l a t i v e  t o  0.01 M CaC12 i n  t he  Muscatine s o i l  r e l a t i v e  t'o . . t he  

Hesson and R i t z v i l l ' e  s o i l s .  Th i s  may be r e l a t e d  t o  a  d i f f e rence  i n  t he  

d i s p e r s i  b i ' l  i t y  . o f  f i n e  c o l l o i d s  . i n  t h i s  so i  1  .and/.or .the presence o f  

h igher  concent ra t ion  o f  s t a b i l i z i n g  l igands .  However, t he  l a c k  o f  a  

p ropo r t i ona l  d i l u t i o n  e f f e c t  ( n o t  shown i n  F ig .  4 )  i n  t h e  water e x t r a c t a b i l i t i t y  

o f  Pu a t  lower s o l u t i o n  t o  s o i l  r a t i o s  i n  t h i s  s o i l  as compared t o  t he  

R i  t z v i  1  l e  and Hesson s o i l s ,  prov ided presumpt ive  evidence f o r  t he  presence 

o f  a d* lspers l  b l e  'I Agand 'In h,lgher conccn t ra t l on  I n  t he  Muscatlne s o l  1. 

Apply ing d i f f u s i o n  p r i n c i p l e s  t o  c h a r a c t e r i z a t i o n '  of mob i le  Pu 

species i n  s o i l s ,  Garland and W i  . , ldung (1976 )  es t imated  t h e  concent ra t ions  



and molecular  weight  o f  mobi,le Pu i n  f i v e  surface s o i l s  represent ing  a ..:__-:___-...- 

range i n  , p a r t i c l e  s i z e  d i s t r i ' bu t i ons  ,;pH (4.4-6.2) organ.ic C (0.7 t o  

12.5%) and c a t i o n  .excha,nge capaci't ies ( . I4  t o  45 me./100 g) .  
, , 

The d i f f u s i o n ,  c o e f f i c i e n t s  ca l cu la ted  f o r  the  most mobi le  species 

2 i n  t he  f i v e  s o i l s  va r i ed  from 1.9 t o  3.0 x  cm /sec  a able 2) .  

Estimated concentrat ions and molecular  . weights . o f  the 'most  mobi le  'PU 
. . 

components i n  the  f i v e  s o i l s  ranged from 9 t o  55 . .  pg/g . and from 5000 t o  

21,000,' r espec t i ve l y .  Thus, ,estimated concentrat ions.  of .the most mobi le  

Pu species were o f  the  same order  of magni.tude as thcise observed by 

'water e x t r a c t i o n  and subsequent u l  t r a f i  1 t r a t i o n  through the  0.0030 p 

membrane (Table 1 ) . This membrane r e t a i n e d  Pu-DTPA (molecu1a.r weight  

1600). Hypothet ical .  g lobu la r  pept ides  o f  molecular  'weights l e s s  than 

500 would pass.thro,ugh t h i s  membrane. However, i f  the  molecule was a 

hydrated PuOp sphere o f  s i m i l a r  di%ensions, i t  would have a molecular  

we,ight between 10,000 and 25,000 approximating the  molecula'r weights o f  
.--. 

. the  most, mobi le  Pu species as determined from d i f f u s i o n c o e f f i c i e n t s .  

This  f r a c t i o n ,  there fore ,  l i k e l y  consis ted o f  small p a r t i c l e s  o f  Pu (OH)~  

o.r hydrated oxide. 

The e.stima.ted . d i f f u s i o n  c o e f f i c i e n t s  f o r '  the  l e a s t  mobi le  Pu 
2 

components ranged f rom 2.3 - 3 . 1  x  cm/sec  w i t h  corresponding s o i l  

concentrat ions o f  150 - 1200 ,pg/g (Table 2) .  This  concent ra t ion  o f  Pu 

. ,. .. ..: ; . . .  . . i n  s o i l  approximated. t he  q u a n t i t y  of ,water-soluble Pu passing the  0.0015 p 

. . . . '  
b .. . I$. . . .  u l  t r a f i l  t r a t i o n  membrane (Table 1 ) . Hypothet ica l ,  g l o b u l a r  p r o t e i n s  i n  

t h i s  s i z e  ra,nge would have average molecular we,ights < 10,000. P a r t i c l e s  



I i-* 

o f  Pu (OH)~  o r  hydrated oxides would have molecular  weights o f  200,000 t o .  

I 500,000. . E'stimated molecular  .weights f o r  these l e a s t  mob i le  species 

I 
, 

ca l cu la ted .  from d i f f u s i o n  c o e f f i c i e n t s  were between 600,000 and 900,000. 

Thus, i t  would appear, .as i n  t he  case o f  t h e  mast mob i le  species, t h a t  

t he  l e a s t  mob i le  species o f  Pu were p a r t i c u l a t e '  Pu (OH)~  o r  hydrated,  

oxides . 
The comparison o f  f i 1 t r a t i o n .  'and d i f f u s i o n  data i n d i c a t e s  tha' t  t h e  

mobi le  Pu i n  incubated s o i l s  was i n  t he  ' form o f  hydrated ox ide  o f  'hydroxide.. . 

i n  a  continuum o f  s izes.  I f  i t  can be assumed t h a t  Pu i n  p a r t i c u l a t e  

form was n o t  a v a i l a b l e  t o '  p l an ts ,  i t  i s .  poss ib le  t h a t  t h e  small. f r a c t i o n  

I '  . ' .  
of Pu taken up by p l a n t s  was present  i n  s o i l  as r e a c t i o n  o r  d i s s o l u t i o n  

products w i t h  i n s u f f i c i e n t  s t a b i l i t y  and/or concen t ra t i on  t o  be de tec ted  

by t h e  methods employed. I n s i g h t  i n t o  t h i s  p o s s i b i l i t y  was n o t . p r o v i d e d  

by comparison o f  .Pu behav io r  i n  d i f f e r e n t  s o i l s ,  as m igh t  be expected, 

because the  est imated concent ra t ions  and molecular  weights o f  t he  mob i le  
-._. 

species were n o t  r e l a t e d ' t o  .the s o i l  p r o p e r t i e s  measured. 

Several conclus ions may be drawn f rom s tud ies  o f  t he  s o i l  chemist ry  
, 

o f  Pu .which have impor tan t  i m p l i c a t i o n s  i n  terms o f  t he  p o t e n t i a l  r o l e  

o f  t h e  so . i l  m ic rob io ta  i n  i n f l u e n c i n g  Pu behavior i n  s o i l .  D e f i n i t i o n  

. ,. . o f . P u  s o l u b i l i t y  by f i l t r a t i o n  o r  d i f f u s i o n ' a l o n e  i s  compl icated by Pu . . . 

, . 

chemistry,  bu t ,  i n  conj.unct ion, the  measurements suggest t h a t  mob i le  Pu 

. . . . ...,. ., . . . .  
i s  l a r g e l y  p a r t i c u l a t e .  However, a  f r a c t i o n  o f  t he  mob i le  Pu i s  a v a i l a b l e  

. . 
.. . . . 

...,,. , !, t o  p l a n t s .  Th is  mate, r ia l  i s  obv ious ly  n o t  p a r t i c u l a t e ,  b u t  i s  present  

i n  i n s u f f i c i e n t  concent ra t ion  f o r  c h a r a c t e r i z a t i o n  us ing  c u r r e n t  methods. 



. . The ques.t ion remains--what i s  t he  form o f  t he  smal l  q u a n t i t y  o f  Pu , _ _ -- . - 

I a v a i l a b l e  t o  p l a n t s ?  Th is  i n fo rma t i on  i s  e s s e n t i a l  t o  understanding t h e  

mechanisms whereby Pu may be resupp l i ed  t o  s o l u t i o n  f rom t h e  s o l i d  phase 

i n  a  range o f  s0 i i . s  and t o  p r e d i c t i o n s  o f  t he  long- term a v a i l a b i l i t y  o f  

I Pu t o  p lan ts .  From i n v e s t i g a t i o n s  o f  Pu v a l e n c e ' s t a t e  i n  a  n e u t r a l ,  

i 
i 0.0004 - M .  NH4 HC03 s o l u t i o n  equi 1  i bra ted  w i t h  Pu02 microspheres and i n  

b u r i a l  ground leachates, B o n d i e t t i  and Reynolds (1976) concluded t h a t  

PU('VI) may be s t a b l e  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  s o l u t i o n  and suggested 

t h a t  monomeric Pu(V1) and i t s  complexes may be impor tan t  i n  Pu m o b i l i z a t i o n .  

I n  t he  present  s t u d i e s .  severa l  1  i nes  o f  evidence were presented suggest ing ' . 

t h a t  t h a t  Pu i ons  are  s t a b i l i z e d  i n  s o i l  s o l u t i o n  by i no rgan i c  o r  o rgan ic  

l i gands  f o r  subsequent uptake by the  p l a n t .  Furthermore, e q u i l i b r a t i o n  

o f  weathered .Pu-contaminated s o i l  w i t h  c h e l a t i n g  r e s i n s  has been shown 

3' . ( B o n t ' i e t t i  e t  a1 . , 1975) t o  r e s u l t  i n  s i g n i f i c a n t  deso rp t i on  o f  Pu from 

t h e  so l  i d  phase. I t  i s  known t h a t  a rgan i c  l i gands  r e s u l t  i n  t h e  most 

s t a b l e  Pu complexes.. Most so lub le  o rgan ic  l i gands  i n  s o i l  a re  de r i ved  
, -. 

f rom m i c r o b i a l  processes. The ' o r g a n i c  complexat ion r e a c t i o n s  and the  

m i c r o b i o l o g i c a l  f a c t o r s  p o t e n t i a l l y  i n f l u e n c i n g  Pu behavior  i n  s o i l  w i l l  

be discussed i n  subsequent sect ions.  

Other .Transuranic Elements . - 

. The o the r  p r i n c i p l e  t r a n s u r a n i c  elements o f  concern i n  t h e  nuc lear  

..I,. . . .  
f u e l  c y c l e  a re  i s o t o p e s ' o f  americium, curium, and neptunium. P r i n c i p l e  

. I : 
. > 

k . .. ..$. i so topes  o f  o the r  t r ansu ran i cs  o f  concern i n '  t he  nuc lear  f u e l  cyc le  
. . 

i nc lude  2 4 1 ~ m ,  2 4 3 ~ m ,  2 4 2 ~ m ,  2 4 3 ~ m ,  244~m, 'and 2 3 7 ~ p .  A1 though d e t a i l e d  

s tud ies  o f  t he  i n t e r a c t i o n  o f  these elements w i t h  soi1.s a r e  l ack ing ,  

some , i 'n format i  o n  has become ava i  lab1  e  i n  r e c e n t  years. Furthermore, t h e  

aqueous chemis t r ies  o f  these elements have been f a i r l y  w e l l  .es tab l i shed 

(Burney and Harbour, 1974). The most stab1 e  ions  o f  Am and Cm i n  aqueous 



_ _ _  _. _ .. so lu t i ons  are  the' +3 c a t i o n s ;  Np i s  most s t a b l e  a s  ' the +1 oxy ion  

(N  0  +) . D i s p r o p o r t i o n a t i o n  among valence s ta tes  o f  these, elements 
P 2  

is . .a lso minor. Thus, major d i f f e rences  i n  the  environmental behav'io'r 

o f  these elements, as compared t o  Pu, would be expected. Hydro lys is  
e .  

reac t i ons  may s t i l l  be a  pr imary f a c t o r  governing i n  t h e  environmental 

behavior o f  Am and Cm b u t  g rea ter  m o b i l i t y  and' p l a n t  a v a i l a b i l i t y  i n  

s o i l s  might  be p red i c ted  on the  bas is  o f  g rea te r  so l 'ub i l  i t y  o f  the  hydroxides 
I.. 

i n  comparison t o  P U ( O H ) ~ .  The Np oxycat ion  should n o t  be s u b j e c t  t o  , . .  I :  3 . 

s i g n i f i c a n t  hyd ro l ys i s  . a t  environmental pH va l  ues. The environmental 

behavior o f  Np has been l e a s t  s tud ied  o f '  the t ransuran ics  b u t  because o f  i t s  

chemical c h a r a c t e r i s t i c s ,  i t  may be the  most a v a i l a b l e  to .  the  b i o t a .  A  

' comparison . o f  Pu, Am, and Np s o r p t i o n .  i n  several  s o i l s  (Routson, 1975) 

i n d i c a t e d  s o r p t i o n  i n  t h e . o r d e r  Pu > Am > Np. ,The chemi.stry o f  Cm should 

be very s i m i l a r  t o  Am i f  a t  equal mass concentrat ions.  

Organic Complexation Reactions 

Research to-date on the  chemist ry  o f  the '  t r ansu ran i c  elements i n  

s o i l  has po in ted  t o  the  importance o f  understanding t ransu ran i c  o rgan ic  

complexation reac t i ons  in' s o i l  ; p a r t i c u l a r l y  i n  sur face s o i l s  and aquat ic  , . ..' 

sediments where organ ic  mat te r  content  i s  genera l l y  h ighes t  o r  i n  

subso i ls  where the t ransuran ics  may be dispersed i n  conJunct ion w i t h  

syn the t i c  complexing agents. Very l i t t l e  i n fo rma t ion  i s  . a v a i l a b l e  

concerning the  i n t e r a c t i o n  o f , t h e  t ransuran ics  elements . w i t h  the  s o i l  

organic f r a c t i o n .  However, desp i te  the  d i f f i c u l t i e s  i n  c h a r a c t e r i z a t i o n  

of s o i l  organic complexes, much i s  known both t h e o r e t i c a l l y  and expe r i -  

menta l l y  regarding the  i n t e r a c t i o n s  o f  metals w i t h  f u n c t i o n a l  groups o f  

s o i l  organic mat te r  (Keeney and Wildung, 1976). Much o f  t h i s  i n fo rma t ion  
. . 

concerns m ic ronu t r i en ts  o f .  g rea tes t  agronomic importance (B, Co, CU, Fe, 

Mn, Mo, S.e, Zn) and t h i s  research has been the  sub jec t  o f  a  .number o f  



I e x c e l l e n t  rev iews oyer t he  l a s t  two decades ( M i t c h e l l ,  1964, 1972; -- - - 

Mortensen, 1963; Hodgson, 1963; Stevenson & Ardakani , 1972). I n  general ,  
. . 

e a r l  i e r  s tud ies  emphasized meta l  i n t e r a c t i  oris w i t h  i n t a c t .  s o i  1  o r  w i t h  

t he  h igher  molecular  we,ight huwic components o f  s o i  1  whereas more recen t  

s tud ies  have emphasized the  more so lub le  components of s o i  1. 

I t  i s  pract ica.1'  t o  ca tego r i ze  metal  complexes i n  s o i l  i n  terms o f  

t h e i r  ' s o l u b i l i t y  s ince, i n  general ,  i t  i s  t h i s  factor , ,  as p r e v i o u s l y  

noted, which most i n f l uences .  t h e i r  m o b i l i t y  and p l a n t  a v a i l a b i l i t y .  

Three p r i n c i p a l  ca tegor ies  :have been proposed (Hodgson, 1963) a1 though 

the  complex i ty  o f  t he  s o i l  system r e s u l t s  i n  cons iderab le  ove r l ap  between 

c a t e g o r i e s .  .These i nc lude  (1  ) t h e  r e l a t i v e l y  h i g h  molecular-weight  

humic substances. con ta in ing  condensed a r o m a t i c  n u c l e i  i n  complex polymers 

der ived  from secondary syntheses which have a  h i g h  a f f i n i t y  f o r  meta ls  

b u t  a r e  la , rge ly  ; insoluble ' i n  s o i  1, (2)  low molecul.ar .we,ight o rgan ic  

ac ids  and bases, c 1 a s s i f i e d . a ~  nonihumic substances, and de r i ved  la rgeqy  

f rom m i c r o b i a l  c e l l s  and metabolism which demonstrate r e l a t i v e l y  h igh  

s o l t l b i l i t y  i n  as.sociat ion w i t h  metals,  and (3 )  so lub le  1.igands which are  
' 

. 

p r e c i p i t a t e d  on r e a c t i o n  w i t h  metals.  

Wumic Substances. Humic substances ake, genera l l y  d i v i d e d  i n t o  t h ree  

ca.tegories based on t h e i r  s o l u b i l i t i e s  (Fe.1 beck,, 1965). The humin 

(a1 k a l i  and a c i d  i n s o l u b l e )  f r a c t i o n  i s  s o l u b l e , o n l y  under d r a s t i c  

.. .. . . . .  
cond i t i ons  and i s  apparent ly  o f  t h e  h,ighest molecular  we~ight .  The 

. . 
. . 

\ .. . .... I >  
humate ( a l k a l i  so lub le ,  a c i d  i n s o l u b l e )  and f u l v a t e  ( a l k a l i  and a c i d  

so lub le )  f r a c t i o n s  of s o i i  may c o n s t i t u t e  u p  t o  90% o f  t he  s o i l  o rgan ic  

f r a c t i o n  (Kononova, 1966). .The' humates and f u l v a t e s  a r e  charac ter ized ,  

i n  p a r t ,  by a  h i g h  charge . .  d e n s i t y  due t o  a c i d i c  func t iona l ,  groups (Stevenson . 

& Ardakani , 1972; Fel  beck,, 1965). Th i s  p rope r t y  leads ti a  h i g h  degree 

o f  r e a c t i v i t y ,  and 
. .  

. . . * 
' . . . 
. , 

. , . .  , . . . . ,  . . 
. . /3 

-... ..- - --. - .- --.--,+ 



- - -  - -  - - - - - -  
# s  these ma te r ia l s  e x h i b i t  a  s t rong pH-dependent a f f i n i t y  f o r  ca t i ons  i n  

s o l u t i o n  and a r e  l i k e l y  s t r o n g l y  bound t o  s o i l  m inera ls  and o the r  organic 

c o n s t i  tuents i n  s o i  1  (Greenland, 1965). The a c i d i c  f u n c t i o n a l  groups 

c o n s i s t  p r i n c i p a l l y  ( i n  general o rder  o f  a c i d i t y )  o f  carboxyl  , hydroxyl  

(phenol ic ,  a l c o h o l i c )  , en01 i c ,  an'd carbonyl groups (Broadbent and 

Bradfor'd, 1952; ..Fel beck, 1965; ,Schn i tzer  e t  a1 . , 1959). . To ta l  a c i d i t y  

has been est imated. t o  range , . betweenj.500. t o '  900 and 900 t o  1,400 me.1100. g  
. . 

f o r  humic ac ids  and f u l v i c .  ac ids,  r e s p e c t i v e l y  (Stevenson & Bu t l e r ,  

1959) .. The a c i d i c  H . o f  humic ac ids  'was d i f f e r e n t i a t e d  by Thompson 

(1  965) i n t o  th ree  groups a t  100. t o  200, 500 t o  700, and :1,000 t o  1,200 me. / I 0 0  g  

us ing  nonaqueous t i t r a t i o n  methods. Basic f u n c t i o n a l  groups, l i k e l y  

amides. and .heterocycl i c  n i  tr.ogen. compounds (Bremner, 1965),, . probably 

a l s o  c o n t r i b u t e  t o  r e t e n t i o n  o f ,me ta l s  b u t ' a r e  o f  much l e s s  importance 

than ac id ic ,  groups a t  most s o i l  pH values. 
.I 

I n  batch e q u i l i b r a t i o n  s tud ies  ( B o n d i e t t i ,  1974) Ca-saturated 

humates ' removed g rea te r  than 94% o f  t he  .Pu(IV) f rom pH 6.5 aqueous -- 

so lu t i ons  (composit ions n o t  g iven) .  It i s  unclear  whether t he  humates 

repesented a  sur face f o r .  p r e c i p i t a t i o n  o f  hydrolyzed species o r 'we re  

invo lved i n  compl exa t i on  o f '  Pu. . However, i n  s tud ies  o f  Pu desorp t ion  

, . f rom humates and re ference c lays,  c i t r a t e  r.emoved 10-30% o f  .sorbed Pu 

from the  .'clays b u t  l e s s  than 1% from the  humic ac ids.  Ligands forming 

s t ronger  complexes w i t h  Pu (DPTA and EDTA) were requ i red  t o  remove 

. . > ,  . . . .  . . 
,. . s i g n i f i c a n t  q u a n t i t i e s  (up t o  30%) of the  Pu. from the. humate complex. 

\ .  ..., ;!. 
A1 though humic and f u l v i c  ac ids  l i k e l y  account f o r  most o f  the  

metal i~nmobi l  i z a t i o n  a t t r i b u t e d  t o  the s o i l  organic mat ter ,  (e.g., 

Hodgson, 1963; Stev,enson & Ardakani, 1972), they have the  p o t e n t i a l  f o r  

. ' fo rmat ion  .'of so lub le  complexes w i  t 'h .  metals, p a r t i c u l a r l y  i n .  d i l u t e  

so lu t i ons .  Small q u a n t i t i e s  of metal. f u l v a t e s  .tho,ught t o  be of lower 

molecular  we,ight than the  humates, may be present  i n  s o i l  so lu t i on .  A 



-- . - ---- .- 

nond ia l yzab le  ma te r ia l  w i t h  i n f r a r e d  absorp t ion  spectra and elemental 

analyses s i m i l a r  t o  f u l v i c  ac ids  was i s o l a t e d  from a d i l u t e  s a l t  (0.01 M KBr) 

e 'x t ract  o f  a minera l  s o i l  by Geeri,ng and Hodgson (1969). The m a t e r i a l  . ' 

e x h i b i t e d  a concent ra t ion  equ iva len t  t o  2.5% o f  a d i a l y z a b l e  f r a c t i o n  

b u t w a s  mare e f f e c t i v e  i n  complexing Cu and Zn. 

. . . . . . . , . , . , 

'Norihumic 'Substances 'Wi th  ' P o t e n t i a l  "For 'Metal  'Complexation. Lower molecular  , 

weight  biochemicals o f  recent  o r i g i n  have been i.mpli.cated i n  metal  

complexation and so lub i  1 i z a t i o n  i n  s o i  1. These m a t e r i a l s  represent  (1  ) 

com,ponents o f  1 i v i n g  c e l l  s of microorganisms and p l a n t  roo ts '  and t h e i r  

exudates and ( 2 )  t he  e n t i r e  spectrum of p o t e n t i a l  degradat ion products 

which' u l ' t ima te l y  serve as the  b u i l d i n g  u n i t s  o f  t he  s o i l  humic f r i c t i o n .  

The q u a n t i t y  .and composit ion o f  these m a t e r i a l s  w i  11 v a r y  w i t h  s o i  1, 

vegetat ion, and environmental cond i t i ons  (Alexander, 1961 ) . Readi l y  

decomposable wastes disposed t o  s o i l  under cond i t i ons  appropr ia te  . 
-._ 

f o r  m i c r o b i a l  growth may, f o r  example, r e s u l t  i n  immediate and marked* . 

increases i n  organic ma te r i a l s  i d e n t i f i e d  i n  category (1)  and longer  

term increases o f  m a t e r i a l s  .in category ( 2 ) .  Conversely, t o x i c  m a t e r i a l s  

may have the  opposi te e f f e c t s .  The s p e c i f i c  compounds produced w i l l  be 

dependent..upon the  p rope r t i es  o f  the  waste and s o i l  environmental cond i t i ons  

a f t e r  d isposal  (Routson and W i  ldung , 1969). 

A1 though the  concent ra t ion  o f  t he  t ransuran ics  and' o the r  metal  s  

so lub le  i n  t he  s o i l  s o l u t i o n  o r  i n  m i l d  ex t rac tan ts  i s  low, o f t e n  near 

minimum detec tab le  l eve l s ,  t he  major p o r t i o n  o f  Cu and Zn have.'been 

shown t o  be assoc.iated.with low molecular  weight  components. Most o f  

the  t i  t r a t a b l e  a c i d i t y  of : t h i s  f r a c t i o n  . . has been a t t r i b u t e d  (Geering & 

Hodgson, 1969) t o  a l i p h a t i c  ac i ' ds  7.0) and amino ac ids  ( pH 7.0). 

The product ion,  d i s t r i b u t i o n ,  and a c t i o n  o f  o rgan ic  ac ids  i n  s o i l  

has been reviewed 'by Stevenson (1967). ' A wide rang'e o f  o rgan ic  ac ids 
. . .  . . 



__.- 
a re  produced by microorganisms known t o  be present  i n  s o i l .  These -- 

i nc lude  ( 1  ) s imple ac ids  such as' ace t i c ,  p r o p i o n i . ~ ,  and b u t y r i c ,  produced 

i n  l a r g e s t  q u a n t i t i e s  by' b a c t e r i a  under anaerobic cond i t ions ,  (2) 

carboxyl i c  ac ids  der ived . from monosaccharides, such as g luconic,  g l  ucuronic, 

and a-ketogluconic ac ids  produced by bo th  b a c t e r i a  and fung i ,  ( 3 )  

products o f  t he  c i t r i c  a c i d  cyc le  such as succ in ic ,  fumaric,  malic., and 

c i t r i c  ac id ,  which a re  common metabol ic  exc re to ry  products o f  f ung i ,  and 
1 

( 4 )  aromatic ac ids  such a 0-hydroxybenzoic, vani 11 i c ,  and, s y r i n g i c  ac ids  

thought t o  be fungal  decomposi.tion products o f .  p l a n t  1 igni 'ns. A v a r i e t y  

o f  organic 'ac ids have a1 so been repo r ted  i n  r o o t  exudates. . 

The o the r  important  group o f  compounds i d e n t i f i e d  i n  s i g n i f i c a n t  

q u a n t i t i e s  i n  t he  s o i l  s o l u t i o n  by Geering and Hodgson (1969) .whi 

be expected t o  e x h i b i t  s t rong a f f i n i t y  f o r  meta ls  a re  the  amino ac ids.  

The qua1 i t a t i v e  aid q u a n t i t a t i v e  aspects o f  amino ac ids  and o the r  
.C ' 

n i t rogenous components i n  so i  1 s  have been revi.ewed by Bremner (1  967.). 

I t was concluded t h a t  s o i l  a c i d  hydro lysates do n o t  d i f f e r  -.. g r e a t l y  i n  

amino a c i d  composit ion b u t  q u a n t i t a t i v e  d i f f e rences  may. occur w i t h  
. . 

d i f f e rences  i n  s o i l ,  c l  imati 'c,  and c u l t u r a l  p rac t i ces .  A number, o f  

a c i d i c  and bas ic  amino ac ids  have been repor ted  i n  so i l . .  However, i t  " . , 

appears t h a t  the  major p o r t i o n  o f  amino'acid-N t h a t  i s  present  i n  hydro lysates 

i s  i n  (1 )  the  neu t ra l  amino acids, g l yc ine ,  a lanine,  ser ine ,  threonine,  

va l  ine,  l.eucine, i so leuc ine  amd pro1 ine,  (2 ) .  t he  a c i d i c  amino ac ids,  a s p a r t i c  
..? , . . 

. . ,ac id  and g lutamic ac id,  and (3 )  the  bas ic  amino ac ids  l ys ine ,  and a rg in ine .  
i .  
. ..:I 

Most o f  t he  amino:acids detected i n  s o i l  hydro lysates have a l s o  been 

shown t o  e x i s t  f r e e  i n  small q u a n t i t i e s  i n  s o i l s  w i t h  l e v e l s  seldom 

exceeding 2 l~g,/g.. I n  the  s o i l  s o l u t i o n  (Geering & Hodgson, 1969)., 

neu t ra l  amino aci.ds a1 so appea.red t o .  p,redomi nate. Basic ami.no ac ids  
. . 
, . 

were n o t  detected al thqugh. two ac id ic .amino ac ids  ( a s p a r t i c  and, glu'tamic 

ac ids)  were present.  " ,  

Stevenson and Ardakani (1972) ,:concluded t h a t  organic ac ids  and 
. .  . . . 

. . . . . . '  . .. / L  
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amino acids, wtiile present only in small quantities in soi l , were pr.k;~,, ,  

.in sufficient quantities in water-soluble forms to play'a significant . . 
. -- - - - . - . 

role in solubilization of mineral matter in soil. Small quantities of a 

number of other complexing agents, suc'h as nucleotide phosphates, polyphenols, 

phytic acid, porphyrins, and auxins, aiso exist in soil (pertinent ' 

references have been summarized by Mortensen, 1963). However, it is 

unclear at present, whether these materials would be present in sufficient 

quantities in the soil solution under most soil. conditions to affect 

transuranic sol ubi 1 i ty over 'the long-term. . 

MICROBIAL TRANSFORMATION OF THE TRANSURANIC ELEMENTS IN SOIL 

Potential. Mechanisms of Transformation 

From the results of limited studies of soil chemistry, microbiology 

and plant-availability of transuranics..in soils, and by inference from 

studies of complexation of other t.ace metals .in soils (as discussed 

above) it may be concluded that the soil microflora may play a significant 
I ,  . 

role in transformations governing the .form, and ultimately-;--the long-term 

solubility and behavior of transuranic:elements in soil. 'There are five 

general mechanisms whereby microorganisms may alter the form of trace 

metals in ' soi 1 (Alexander ,: 1961 ; Wood, 1974). These include (1 ) indirect 

transformations resulting from metal interactions with microbial metabol i tes, 

or changes in pH and Eh (2) .direct transformations such as alkylation, 

(3). a1 teration of the valence state through microbial oxidation (use of 

the metal as an energy source) or microbial reduction (use of the metal 

as an electron acceptor in the absence of oxygen), (4) immobilization by 
incorporation into microbial tissues, and (5) release of metals on 
decomposition of organic residues. 

All of these mechanisms may be operational in transformations of 

transuranic elements in soi 1 s, and there i~~~insufficient information to 
unequivocably rule out any transformation mechanism. However, on the 

basi's of present knowledge, it is possible to draw some tentative 



conclus ions as t o  t h e i r  r e l a t i v e  importance i n  a f f e c t i n g  t h e  long- term 

behavior o f  the, t r ansu ran i c  elements. : Since the re  i s  a p a u c i t y  o f  , 

i n fo rma t i on  avai ' lable, '  r a t h e r  than d iscuss these mechanisms i n d i v i d u a l  l y  

they w i l l  be addressed around a framework o f  c u r r e n t  in fo rmat ion ,  l i m i t e d  

p r i n c i p a l  ly .to. Pu. 

. , 

' M i c r o b i a l  "A1 t e r a t i o n  o f  Transuranic  So lub i  1  i t y  i n  .So i  1  

I n v e s t i g a t i o n s  have been .conducted t o  determine the  p o t e n t i a l  f o r  

mic ' rob ia l  a l t e r a t i o n  o f  Pu s o l u b i l i t y  i n  s o i l  and a v a i l a b i l i t y  t o  p l a n t s .  

To prov ide  a p r e l i m i n a r y  assessment o f  t he  p o t e n t i a l  ' f o r  m i c r o b i a l  

a1 t e r a t i o n  o f  Pu solubi.1 i t y  i n '  s o i l  under aerob ic  cond i t ions ,  Wildung 

e t  al ' ,  (1973, 1974) measured s o i l  r e s p i r a t i o n  r a t e  (an index o f  s o i l  

m i c r o b i a l  a c t i v i t y ) ,  m i c r o b i a l  types and numbers and pu water s o l u b i l i t y  

i n  s t e r i l e  (gamma. i r r a d i a t i o n ) ;  andrrnonsteri l e  s o i l s ,  Which conta ined 

10 p C i  Pu/g o f  s o i l ,  (added as . P u ( N O ~ ) ~ ) .  Carbon d i o x i d e  e v o l u t i o n  was -. 
.,.. u t i l i z e d  as a measure o f  so i1 " resp i ra t i on  r a t e .  'To measure Pu s o l u b i l i t y ,  . 

t he  s o i l  was subsampled a t i n t e r v a l s  du r i ng  i ncuba t i on  over a 30 'day per iod,  

and t h e  su.bsamples' ( , lg)  suspended i n  1, l i t e r  o f  d i s t i l l e d  water.  A f t e r  

a  4 h r  e q u i l i b r a t i o n  per iod ,  an a l i q u o t  of t h e  s o i l  suspension was 

f i l te red ' . th ro ,ugh 5;0.5.and 0.01 ?.I m i l l i p o r e  f i l t e r s . .  The Pu. i n  . the 0'.5 
. . 

and 0.01 f i l t r a t e s  was des,ignated water so lub ie  a l though i t  was recognized 

t h a t  Pu 1 i k e l y  was p resen t .  as f i n e  c o l l  i ods  (.previous sec t i on ) .  
t 

I n  an a n c i l l a r y  experiment, i ncuba t i on  was cont inued f o r  65 days 

u n t i l  t h e  Cop e v o l u t i o n  r a t e  reached a cons tan t  l e v e l .  The Pu-containing 

s t e r i l e  s o i l  was then i nocu la ted  w i t h  t he  Pu- t reated n o n s t e r i l e  s o i l . a n d  

the  r e s p i r a t i o n  r a t e  and s o l u b i l i t y  of p lu ton ium i n  t he  i nocu la ted  s o i l  

measured f o r  a p e r i o d  o f  30 days. - :, 

Changes i n '  t h e  s o i  1  r e s p i r a t i o n  r a t e  and p lu ton ium s o l  ub i  1  i ty 

during t h e  i n i t i a l  30 day incubat ion .  a re  shown i n  F ig .  5. The concen t ra t i on  



o f  Pu i n  t he  0 . 4 5 ~  f i l t r a t e  ranged from approximately 0.5 t o  1.5% o f  

t he  Pu app l i ed  du r ing  the  i ncuba t i on  per iod.  S o l u b i l i t y  was i n i t i a l l y '  h igher  i n  

the  s t e r i l e  s o i l  than.  i n  the nons te r i  l e  s o i  1 bu t "  was r e l a t i v e l y  constant  ' ' 

w i t h  t ime i n  the  s t e r i l e  s o i l .  The i n i t i a l  increase i n  s o l u b i l i t y  i n ' t h e  

s t e r i l e  s o i l  was a n t i c i p a t e d  i n  view o f  the.known increases i n  so lub le  

organic mat te r  which resu'l t f rom gamma i r r a d i a t i o n  o f '  s o i  1. 

I T,he Pu s o l u b i l i t y  i n  the  n o n s t e r i l e  s o i l ,  whi1.e i n i t i a l l y  lower, 

increased by a f a c t o r  o f  3 w i t h  incubat ion  t ime t o  14 days and remained 

s i g n i f i c a n t l y  h igher  than the  s t e r i l e  s o i l  du r i ng  the  . incubat ion  per iod.  
I 
I Th is  increase genera l l y  fo l lowed the  accumulat ive C02 curve, and maximum 

s o l u b i l i t y  occurred a t  the  end o f  l o g a r i t h m i c  growth f o r  a l l  c lasses o f  

organisms. The concent ra t ion  o f  Pu i n  the  0.01 p f i l t r a t e ,  which represented 

a Pu l e v e l  l e s s  than 0.2% o f  t h a t  applied,' d i d  n o t  change s i g n i f i c a n t l y  
.- 

w i t h  treatment.  
. . 

When the  s t e r i l e  s o i l s  were i nocu la ted  w i t h  n o n s t e r i l e  s o i l ,  C02 
-.. 

., e v o l u t i o n  increased a t  a much more r a p i d ' r a t e  w i thou t  a l a g  phase, and 

t h i s  was accompanied by an a d d i t i o n a l  f a c t o r ,  o f  2 increase i n  water 

s o l u b i l i t y  o f  P u . a f t e r  o n l y  4 days o f  incubat ion  suggest ing the  development 

o f  a m i c r o b i a l  popu la t ion ,  p a r t i c u l a r l y  capable o f  a1 t e r a t i o n  o f  Pu 

s o l u b i l i t y .  Again, t he re  was no change i n  the  < 0.01 p f r a c t i o n  which. 

amounted t o  approximately 10% of. t he  Pu present  i n  t he  < 0.45 P f r a c t i o n .  

. .  . .% , 

:.*! A t  l e a s t  under the  cond i t i ons  o f  t h i s  study, t he  evidence s t r o n g l y  
.. % 

'.. , ;I,* suggested t h a t  the  s o l u b i l i t y  o f  Pu i n  s o i l  was in f luenced by the  a c t i v i t y  

o f  t he  s o i l  m i c r o f l o r a .  The p o t e n t i a l  mechanisms e f f e c t i n g  . . t he  change 

i n  s o l u b i l i t y  i nc lude  mechanism (1) - (3 )  described above i .e. the  d i r e c t  

a l t e r a t i o n  o f  Pu form such as m o d i f i c a t i o n  o f  t he  Pu polymer o r  p lutonium 

valence s ta te ,  i n d i r e c t  a l t e r a t i o n  through the  product ion  o f  o rgan ic  



ac ids  which may comp1e.x Pu o r  the  a l t e r a t i o n  o f  t he  pH o f  t h e  s o i l  
.. --I 

s o l u t i o n  i n  t he  immediate v i c i n i t y  o f  t he  c o l l o i d  w i thou t  measurable .. 

e f f e c t s  on the o v e r a l l  s o i l  pH.. I f  the  mechanism o f  s o l u b i l i z a t i o n  was 

i n d i r e c t ,  the  r e s u l t s  might, be app l i cab le  t o  o the r  t ransuran ic  

element, e. g. , from considerat i -on o f  the  aqueous chemist ry  descr ibed 

i n  a- prev ious sect ion,  a reduc t i on  i n  pH would be expected t o  increase 

the  s o l u b i l  i ty o f  t h e  o ther  t ransuran ic  elements as w i l l  as Pu. 

'increased water so l  ubi.1 i ty  'of  Pu on,  incubat ion  .under optimum 

cond i t i ons  f o r  m ic rob ia l  a c t i v i t y ,  may be expected t o  increase Pu up take  

by p l a n t s  prov ided the  p l a n t  i s  n o t  ab le  t o  exclude the  increased metal .  

I n  o rder  t o  determine i f  the  increased s o l u b i l i t y  on i ncuba t i on  r e s u l t e d  

i n ,  increased Pu upta.ke .by p lan ts ,  t he  s o i l s ,  incubated as p rev ious l y  

described, were p lan ted  t o  ba r ley  and c u l t u r e d  us ing  a s p l i t - r o o t  technique 
.- . 

which a1 lowed measurement o f  t he  uptake, s i t e s  o f  depos i t i on  and chemical 

forms o f  Pu i n  p l a n t  shoots and r d b t s  (Wildung and Garland, 1974). The 

r e s u l t s  were .compared t o  the  r e s u l t s  o f  s i m i l a r  p l a n t  s tud ies  i n  which 
-. 

the  s o i l s  had n o t  been incubated. . . 

P r i o r  incubat ion,  which i n  m i c r o b i a l  s tud ies  was shown t o  increase 

s o l u b i l i t y  o f  Pu i n  s o i l ,  increased ' P U  'uptake by shoots compared t o  the 

unincubated con t ro l s .  The: e f f e c t  was g r e a t l y  accentuated i n  t he  case o f  . 

the  s o i l - f r e e  r o o t s  and i ncuba t i on  increased the  s o i l  t o  p l a n t  concent ra t ion  

r a t i o s  by up t o  37 t imes r e l a t i v e  t o  the  unincubated c o n t r o l ,  depending 

upon Pu s o i l  concent ra t ion  l e v e l .  Thus, p l a n t  uptake measurements tend 

t o  v e r i f y  measurements o f  increased Pu so l  u b i  1 i ty  i n  the  incubated so i  1. 

E f fec t  o f  ' Transuranics on the  Soi 1 ~ i c r o f l o r a  

S o i l  organisms may be expected t o  be present  a t  h,ighest l e v e l s  i n  

t he  immediate v i c i n i t y  of s o i l  c o l l o i d s  (Alexander, 1961). From 'the 

aqueous chemist ry  o f  t he  t ransuran ics  and on the bas is  o f  recent  knowledge 
. . 



(prev ious .sect, ion) i t  i s  l i k e l y  t h a t  the  major f rac , t i on  o f  the . , t ransuran ic  

elements. i n  s o i l  w i l l  a l s o .  be as.sociated w i t h  c o l l o i d s .  Thus, s o i l  

I microorganisms may be exposed t o  re1  a t i v e l y  h,igh concent,rations o f  t he  
. . ~ t ransuran ics  i n  s o i l -  even when t o t a l  s o i l  concent ra t ion  i s  low. .It i s  

the re fo re  necessary t o  determine t h e  t o x i c i t y  o f  t he  t ransu ran i c  elements 

t o ' s o i l  microorganisms, as microorganisms e x h i b i t i n g  ' res is tance.  t o  t he  

chemical e f f e c t s  of the  t ransu ran i cs  may have the  h,ighest p o t e n t i a l  f b r  

p a r t i c i p a t i n g  i n .  a1 t e r a t i o n .  of t r ansu ran i c .  form. However, the  t ransu ran ic  

se r ies  does n o t  conta in  s t a b l e  i so topes  and organisms chemical l y  r e s i s t a n t  

t o  these elements m u s t . e x h i b i t  a  degree o f  r a d i a t i o n  res i s tance  which 
. . 

i s  dependent, i n  l a r g e  pa r t ,  upon t h e  rad iochemis t ry  o f  t h e  isotope.  
. . 

Resistance t o  the  chemical e f f e c t s  o f  t ransuran ics  may occur ,by  th,ree 

general mechanisms i n c l u d i n g  ( 1  ) i n a b i  1  i t j  of t he  t ransuran ics  t o  produce 

a  t o x i c  e f f e c t  on. ce l ' l  metabol ism"at t he  ,cytoplasmic o r  exocytoplasmic 

l e v e l s  ( 2 )  i n a b i l i t y  of qrganisms t o  t r a n s p o r t  the  t ransuran ics  o r  ( 3 )  
-.. 

a b i  1  i t y  of t he  qrganisms t o  conver t  t r ansu ran i cs ,  by the '  d i r e c t  and 

i n d i r e c t  mechani.sms discussed i n  a  prev ious sect ion,  t o  a  form t h a t  i s  

e i t h e r  incapable of en te r i ng  ' the c e l l  o r  i s  n o t  t o x i c  t o  the  c e l l .  It 

i s  t he  l a t t e r  mechanism which i s  l i k e l y  most impor tan t  i n  a l t e r a t i o n  o f  
- .  

t ransuran ic  form i n  s o i l .  .- . . .'. . .  . . , 

Effect ori 'Microbia.1 Types; Numbers 'and A c t i v i t y .  The e f fec t  of- so i  1  Pu 

concent ra t ion  on the  s o i l  m ic ro f l o ra  has been measured as a  f u n c t i o n  of 

changes i n  m i c r o b i a l  types and numbers and s o i l  r e s p i r a t i o n  r a t e  (Wildung 

e t  a l . ,  1973, 1974). 

A noncalcareous R i  t z v i l l e  s i l t  loam (pH 6.7) was amended w i t h  
, . 

2 3 9 ~ u ( ~ ~  ) a t  l e v e l s  of 0.05, 0.5.and 10 ~ C i / g  and w i t h  s ta rch ,  n i t r o g e n  
3 4 .  



. -. - 
and water t o  p rov ide  bpt imal  m i c r o b i a + f . a c t i v i  ty as p rev ious l y  described. 

Subsamples o f  s o i l  were p e r i o d i c a l  l y  removed . t o  determine the  changes i n  

I types and. numbers o f  s o i l  ' m i c r o f l o r a  w i t h  t ime. During t h i s  per iod,  

s o i l  r e s p i r a t i o n '  r a t e  was monitored by cont inuous c o l l e c t i o n  o f  s o i l - .  

evolved C02. 

I The growth curve o f  t he  f u n g i  .(Fig. 6 )  was genera l l y  t y p i c a l .  o f  t he  

growth response f o r  o the r  classes o f  microorganisms. .To ta l ,  m ic rob ia l  

numbers were compared a t  the  end o f  l o g a r i t h m i c  growth. '  T h e  organisms 

genera l l y  reached t h i s  stage a f t ' e r  8 t o  14 days o f  " incubat ion .  Growth 

r a t e s  were compared over . the i n t e r v a l s  o f  maximum mi.crobia1 growth f o r  

each organism a t  each, Pu concentrat ion.  The r e s u l t s  a re  summarized i n  

Table 3. ' . 

I t  i s  apparent t h a t  Pu d i d  n o t  genera l l y  a f f e c t  t he  r a t e  o f  growth 

b u t  decreased the  t o t a l  numbers o f  , a l l  ,cl'asse's o f  microorganisms a t  
.* 

l e v e l s  as low as .0.05 pCi/g o r  1 pg/g. The fung i  were the  except ion, 
' 

. 

d i f f e r ' i r i g  from the  c o n t r o l s  o n l y  a t  a Pu concent ra t ion  o f  10 -.__ pCi/g o r  

.: '180 pg/g. Thus, the  Pu .d id n o t  a f f e c t  maximum generat ion r a t e .  b u t  

r a t h e r  a f f e c t e d  the  l o g  pe r iod  o r  onset o f  the ,  s t a t i o n a r y  phase-- 

1 i m i  t i n g  m i c r o b i a l  numbers. 

The a ~ c u m u l a t i v e C . 0 ~  curve genera l l y  corresponded t o  the  growth 

curve of t he  fung i .  I n  t he  case o f  t he  o ther  c lasses o f  organisms, the  

. maximum loga r i t hm ic  growth occurred before  the  r a t e  o f  C02 e v o l u t i o n  
,. ..... . . .  . .. . . 

.. . reached minimum l e v e l s .  The r a t e  o f  Cop e v o l u t i o n  and cumulat ive C02 
., , . . < a  

over the  ' i ncubat ion  pe r iod  were s i g n i f j c a n t l y  reduced o n l y  a t  the  10' pCi/g 

I l e v e l  o f  Pu amendment, a1 thoug'h numbers o f  a l l  c lasses 'or organisms 

~ except the  fung i  were depressed below. t h i s  l e v e l  (Table 3) .  Th is  i s  i n  

- marked c o n t r a s t  t o  the  r e s u l t s  o f  studies.'wi t h  a number o f  o the r  heavy 

metals (Drucker, e t  a l . ,  1973) such as Ag and T I ,  i n  which r e s p i r a t i o n  

' .  3 . 5  

. , 

. . , . . .  :. , 

. .. . i . .  3 2  
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ra te  was a sensi,tive measure of metal e f fec t  a t  levels as low .as 10 pg/g  - - 

'L/ 

./ 

I in so i l .  I t  should be noted, however, tha t  the e f fec t  on respiration 
I 

ra te  was dependent upon the magnitude of the so i l '  respiration ra te  

in Pu treated soi l  re la t ive  : to untreated controls,  which, in turn,  were 

dependent upon the i n i t i a l  level of microorganisms in so i l .  In so i l s  

exhibiting a lower C02 evolution ra te ,  the reduction of respiration ra te  

due to  Pu amendment was more pronounced. 

s t u d i e s  of the toxici ty  of other , t ransuranic  . I  elements' . to  soi 1 
. . 

m'icroflora.have not been.conducted. 

Mechanism of Effect. To understand the long-term ef fec ts  of microorganisms 

on transuranic form, ' i t  i s  important to  distinguish, .where possible, 

chemical and radiation effects .  of the transur'anics on soi 1 microorgani sms. 
. .  

: Pronounced chemical toxici ty ,  a s  noted above, may re su l t  in the development 

of special pathways of detoxification leading to a l te ra t ion  of transuranic 

form. The lack of chemical toxicity,may imply.;chemical modifications 
. _ 3' 

, 
of. the transuranic elements through interaction with ce l l  metabol i tes .  

In contrast ,  radiation resistance i s  associated with an enhanced a b i l i t y  to  

repair damage to key macromolecules.without development of new biochemical 

pathways leading to  al terat ion of transuranic form. However, the poss ib i l i t ies  

fo r  ,indirect a l terat ion of .transuranic form.would be higher for  a radiation 

res i s tan t  organism than for  an organism w h i c h  d i d  not exhibit  e i ther  radiation 

or chemical resistance since, due to  competitive advantage, these organisms 

may be expected to  be present in larger numbers in the vicini ty  of 

transuranic colloids than less  res i s tan t  organisms. 

The ef fec ts  of Pu  on so i l  microorganisms may be due largely to  

radiation damage. Schneiderman . , .  e t  + a1, "(1975) measured the e f fec ts  of Pu 
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form and s o l u b i l  ity on s o i l  metabo l i c  a c t i v i t y  and on t h e  types, numbers, 

l and res i s tance  o f  s o i l  f u n g i  and act inomycetes i n  s o i l  separa te ly  amended 

w i t h  2 3 9 ~ u  ( 1  t o  145 pg/g') and 2 3 8 ~ u  (0.6 ug/g) i n  so lub le  n i t r a t e  and 

DTPA complex forms, and w i t h  C, N, and water t o  p rov ide  opt imal  m i c r o b i a l  

a c t i v i t y .  .Subsamples o f  s o i  1  were removed over  a  .95-day aerob ic  i ncuba t i on  

pe r i od  t o  determine 'changes i n  numbers o f  f u n g i  and act inomycetes and 

r e l a t i v e  water so lub i  13 t i e s  (<<0.01 ~ p )  o f  t he  Pu forms. Comparisons o f  

s o i l  m i c r o b i a l  number's i n  t he  presence o f  2 3 8 ~ u  and 2 3 9 ~  a t  common 

r a d i o a c t i v i  ty l eve l s ;  b u t  a t  d i f f e r e n t  mass concent ra t ions ,  i n d i c a t e d  

t h a t  Pu t o x i c i t y  was due t o  r a d i a t t o n  r a t h e r  than chemical e f f e c t s  

(F ig .  7) .  S o l u b i l i t y  o f  Pu i n  s o i l  i n f l uenced  Pu t o x i c i t y  t o  microorganisms 

w i t h  t he  more so lub le  Pu-DTPA forms . . resulting 5n g r e a t e s t  reduc t i ons  i n  
, . I "  ' . 

numbers. S i m i l a r  s tud ies  have n o t  been conducted w i t h  o t h e r  t r a n s u r a n i c '  

elements. 5.3.3 I s o l a t i o n  o f  r e s i s i i n t  organisms 

I s o l a t i o n  o f  Res i s tan t  Organisms ., The study o f  complexat ion o f  t r a c e  

meta ls  i n  s o i l s  i s  extremely d i f f i c u l t  due t o  t he  complex i ty  o f  t he  s o i l  

system (Keeney and W i  ldung, 1976). I n  f a c t ,  a1 though much i n fo rma t i on  

i s  a v a i l a b l e  regard ing  organic l i gands  i n  s o i  1  (p rev ious  sec t i on ) ,  

an organometal complex has' never been i s o l a t e d  i n t a c t  f rom so i l ' s .  A 

l o g i c a l  approach t o  t he  s tudy o f  m i c r o b i a l  t ransformat i ,ons o f  t he  t ransu ran i c  

:' ". . . elements i s  t o  i s o l a t e ,  f rom, s o i  1  , ; - res is tan t  organisms m o s t  1  i k e l y  t o  
. . 

\ .. .-., .!I a l t e r  t r ansu ran i c  form, s tudy the  t rans fo rma t i on  i n  v i t r o  and v a l i d a t e  

t he  r e s u l t s  i n  t h e  s o i l  system us ing  techniques s p e c i f i c a l l y  t a i l o r e d  t o  

I metabo l i tes '  i d e n t i f i e d  f rom the  s impler ,  . i n  + .. . v i  tro,_systems. 

A p p l i c a t i o n  o f  enr ichment techniques t o  t he  i s o l a t i o n  o f  Pu r e s i s t a n t e  

fung i ,  which have been demonstrated (see prev ious  sec t i on )  t o  be the  

most r e s i s ' t a n t  c l a s s  o f  microorganisms, and act inomycetes from s o i l  . . 

.using s ta rch  as a  C-source (Schneiderman. .. . e t  a1. ,. 1975) r e s u l t e d  i n  ' t he  
. . :  

, :. 
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i s o l a t i o n  o f  14. fungal  c u l t u r e s . a n d  13 c u l t u r e s  o f  act inomycetes d i s t . i n c t .  

i n  c o l o n i a l  morphology. O f  these, 7 o f . t h e  act inomycetes and 5 o f  t h e  

funga l  i s o l a t e s  were capable o f  growth a t  100 pg/ml Pu as t h e  so lub le  

DTPA complex. There appeared t o  be a succession o f  act inomycetes types 

i n  the  s o i l  dur ing  i ncuba t i on  as i n d i c a t e d  by the  d i f f e r e n t  co lony 

'morphologies ob ta ined from enrichments a f t e r  4 and 25 days incubat ion .  

Al though t h i s  phenomenon may have resu1,ted. from. changes i n  t he  s o i l  , .  

a r i s i n g  f rom the  produc t ion  o f  me tabo l i t es  o r  chernical .degradat ion.,  

products,  i t  may a1 so have r e s u l  t e d ' f r o m  'a response t o  t h e  presence o f  

Pu. Only one act inomycete i s o l a t e  was found which was common . to enrichments . 

f rom both  i ncuba t i on  per iods  -and . this ' .  organism was i s o l a t e d  a t  a1 1 Pu 

concent ra t ions  i n  ' the  media. I n  c o n t r a s t ,  , t h e  funga l  i s o l a t e s  exhi,bi  t e d  

6 common morphologica l  types regard less  o f  i ncuba t i on  per iod .  

Subsequent enr ichment s tud ies  , (9e l roy,  1976) have r e s u l  t ed  i n  t he  

i s o l a t i o n  o f  30 d i s t i n c t  c u l t u r e s  o f  b a c t e r i a  f rom s o i l .  O f  these '11 
-- 

, were r e s i s t a n t  t o  Pu a t  concent ra t ions  as h igh  as 100 ~ lg /ml .  - These 

.s tudies a l s o  i n d i c a t e d  t h a t  C.. source - as we1 1 as s o i  1 Pu concent ra t ion  

w i l l  p l -ay a r o l e  i n  determin ing the  types and numbers o f  Pu r e s i s t a n t  

microorganisms present  i n  s o i  1 , p r o v i d i n g  presumptive evidence t h a t  

m i c r o b i a l  metabo l i tes ,  which w i l l  d i f f e r  w i t h   source, may p l a y  a r o l e  

i n  Pu res is tance.  Th i s  sub jec t  w i l l  be discussed i n  t h e , n e x t  sec t ion .  

, . ..:. , . . 
I t i s  apparent t h a t  t h e  presence o f  Pu r e s i s t a n t  organisms i s  r e l a t e d  t o  

. . 
.. ,. 

\ .. .. , . . !. metabo l i c  p o t e n t i a l  and thus may be expected t o  vary  w i t h  s o i l  t ype  and 

environmental  cond i t i ons .  Again, s i m i l a r  s tud ies  have not .been conducted 

w i t h  o t h e r  t r ansu ran i c  elements. ' 

. . 

. . 

' M i c t o b i a l  Transformations , 

As p rev ious l y  discussed, t he re  a re  severa l  means where'by microorganisms 

may t rans form t race .  meta ls  i n  s o i  1 ;' Th:ese may be genera l i zed  t o  ( 1  ) 
. ..  . .  - .  

. .  . . .. 2.5 
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d i r e c t  mechanisms such as a1 t e r a t i o n  i n  valence s t a t e  . o r  'a1 k y l a t i o n  ( 2 )  '-- - -- 

i n d i r e c t  mechanisms such i n t e r a c t i o n s  w i t h  normal metabol i t e s  o r  m i c r o b i a l  

a1 t e r a t i o n s  o f  t h e .  physicochemical environment and (3 )  . c y c l  ing .  mechanisms 

such as uptake du r i ng  c e l l  growth and re' lease on c e l l  decomposition.. I n  '. I 

t he  l a t t e r  case, any combinat ion o f ' i n d i r e c t ' a n d  d i r e c t  methods o f  

a l t e r a t i o n  may be opera t iona l .  . Al though the re  have been no s tud ies  

conducted t o  date which would a l l o w  the  unequivocal separa t ion  o f  these 

mechani sms:, s tud ies  have been conducted which demonstrate t he  a1 t e r a t i o n  

o f  Pu f rom i n  v i t r o  by s o i l  microorganisms and p rov ide  evidence f o r  both 

d i r e c t  and i n d i r e c t  t r ans fo rma t i on  o f  Pu. . '  . . 

D i r e c t  Transformation. The p o t e n t i a l  f o r  d i r e c t  t r ans fo rma t i on  o f  t h e  

t ransu ran i c  elements through a1 t e r a t i o n  o f  valence s t a t e ,  o r  a1 k y l a t i o n  

i s  d j f f i c u l  t t o  assess. .A1 thqugh, as p r e v i o u s l y  discu,ssed, t h e  t ransuran ics  
** 

have the  p o t e n t i a l  f o r .  e x i s t i n g  i n  aqueous s o l u t i o n  i n  severa l  valence 

s ta tes .  I n fo rma t i on  i s  n o t  a v a i l a b l e  ' t o  assess t h e  r o l e  o f  s o i l  m i c r o f l o r a  --. 
. . 

i n  d i r e c t  a l t e r a t i o n  o f  valence. 

A1 k y l a t i o n  o f  meta ls  i n v o l v i n g  t h e  a1 k y l  donor methyl  cobalamine and 

o the r  a l k y l  cobalamines has been c l e a r l y  demonstrated f o r  Hg, As, and 

P t  (Wood e t  a l . ,  1968; McBride and Wolfe, 1971 ; Tay lo r  and Hanna, 1976). 

It has been suggested t h a t  methy lated d e r i v a t e s  o f  Hg and As are  impor tan t  

f a c t o r s  governing t h e i r  'behavior  i n  t he  environment (Wood, 1974). I t  

has a l s o  been suggested (McBride and Wolf, 1971) t h a t  these reac t i ons  

occur a b i o t i c a l l y .  The process o f  biochemical me thy la t i on  o f  meta ls  may be 

descr ibed as an overa lp  between t h e  chemist ry  o f  methyl  cobalamine (and 
', . 

i n te rmed ia te  i n  methane syn thes is  by anaerobi'c. bac te r i a ,  meth ionine 

syn thes is  in . .aerobic .  b a c t e r i a )  and, t he  chemist ry  o f  t h e  meta ls .  I n  t h e  

case o f  t he  t ransuran ics ,  ' p a r t i c u l a r l y  Pu, i t  i s  t h e  complex i ty  o f  t he  

l a t t e r  which has l i m i t e d  research i n t o  a l k y l a t . i o n  phenomena. 



It i s  unknown whether an i o n i c  species o f  Pu i s  capable o f  r e a c t i n g  
. . 

i n  v i t r o .  w i t h  an a l .ky l  cobalamine. Fur ther ,  i f  a b i o l o g i c  a l y l a t i o n  o f  

P u , . s i m i l a r . t o  the  Hg, As, P t  a l k y l a t i o n  r e a c t i o n  d i d  e x i s t ,  i t  would 

be o f  importance i n  i n f l u e n c i n g  environmental be'havior o n l y  i f  the  

a l k y l a t e d  molecule e x h i b i t e d  s t a b i l i t y  (Wood, 1974), i .e . ,  a h a l f - l i f e  

i n  s o i l s  and sediments o f  hours r a t h e r  than seconds. AS' i n ' t h e  case o f  
. . . . 

valence a l t e r a t i o n ,  t he  ' lack  o f  experimental  i n fo rma t ion  precludes 

d i  scu-ssion o f  a1 k y l a t i o n  phenomena. Meaningful m i c r o b i a l  s tud ies  awai t  

the, development o f  an understanding o f  the  chemical spec ia t i on  o f  trans'uranics 

i n  aqueous solut i .ons a t  environmental concent ra t ion  l e v e l s .  

I n d i r e c t  Transformation. ,The p o t e n t i a l  f o r  i n d i r e c t  t rans format ion  o f  

t he  transu'ranic elements may be g rea te r  than f o r  d i r e c t  t ransformat ion.  I 

..* . 
The p o t e n t i a l  f o r  Pu i n t e r a c t i o n  wi, th m i c r o b i a l  c e l l s  and metabo l i tes  

has been demonstrated and many o f  the o ther  t ransuran ics  form s,table 
.-. 

, complexes w i t h  known micr 'ob ia l  metabol i tes.  

Becker t  and Au (1976) demonstrated the  uptake o f  2 3 8 ~ u ,  app l i ed  

i n i t i a l l y  t o  m a l t  agar i n  n i t r a t e ,  c i t r a t e  and d i o x i d e  forms, by a common 
. . 

s o i l  fungus, Asperg i l l us  n ige r .  Using a ' s p e c i a l i z e d  spore c o l l ' e c t i o n  

method, t he  Pu was shown t o  be t ranspor ted  i n t o  the  f r u i . t i n g  bodies. 

Subsequent washing t o  remove ex te rna l  contaminat ion i n d i c a t e d  t h a t  the  

major p o r t i o n  o f  the  23!~u was incorpora ted  i n t o  t i ssues .  The order  

o f  uptake was r e l a t e d  t o  expected s o l u b i l i t y  o f . t h e  Pu added w i t h  Pu i n  

t he  i n i t i a l l y  so lub le  . n i t r a t e  .and. c i t r a t e  forms e x h i b i t i n g  a f a c t o r  o f  

3 g rea ter  uptake- than the  d i o x i d e  (Table 4) .  

There i s  a growing l i t e r a t u r e  on organic ac ids  and bases produced 

- d i r e c t l y '  on o r  by 'secondary syntheses by a v a r i e t y  o f  microorganisms 

and which are  capable o f  complexing heavy elements. These products may 

be expected t o  be present  i n  s o i l s  (discussed i n  de ta ' i l  i n  a prev ious 

sec t i on ) .  The i r  concent ra t ion  and :form w i  11 be dependent upon the  

environmental f a c t o r s . i n f l u e n c i n g  m i c r o b i a l  metabolism, such as C-source, 



I .  (previous sec t ion) ,  and t h e i r  residence time will  be dependent upon 
I ___-- - __--- 

subsequent chemical and microbiological s t a b i l i t y .  

In prel iminary. (unpublished) s tud ies  by the  .senior authors,  mixed 

c.u-l tures  o f  so i l  organisms, i sola ted from soil on the  basis  of C 
. . 

requirements and Pu res is tance,  were analyzed as  t o  ' t he i r  a b i l i t y  t o  

t ranspor t  P u  i n to  c e l l s  and to  a l t e r  Pu form i n  the ce l l u l a r  and exocellular  

media. To dist inguish complexation ' reactions resu l t ing  from Pu  in te rac t ions  

w i t h  metabolites a r i s ing  from normal metabolic processes and P u  in te rac t ions ,  

w i t h  metabol i t e s  a.ris'ing from P,u . r es i s tance  soi  1' microorganisms were i.n 

the f i r s t  case isoia ted from so i l  i n  the  absence' o f  Pu and Pu  added a t  

the stati,onary growth phase of an enriched cu l tu re  and, i n  the  second 

case, i sola ted from Pu  containi-ng s o i l  and grown i n  the presence of P u .  

After growth f o r  96 hr, the  cul tures  were separated in to  cel ' lu lar  

exoce1,lular f rac t ions .  The ce l l  f rac t ton  was, . i n  turn, homogenized in to  

i n t r ace l l u l a r  soluble and c e l l  d e w i s  f r ac t i ons .  The r e s u l t s  of s tudies  

i n  which Pu  was added a t  t he . s t a t i ona ry  growth .phase of cul tures  of fungi 

o r  bacteria grown on mixed organic acids or  sugars a re  summarized in  

Table 5. These cu l tu res ,  se lec ted ,on ly  on the  basis  of t h e i r  a b i l i t y  

t o  grow on e i t he r  of two C sources, d i f fe red  t o  a f i r s t  approximation, 

i n  t h e i r  in teract ions  w i t h  Pu.. In general ,  the  majority of Pu was 

associated'  with the exocel 1 u la r  fracti .on,  b u t  s i gn i f i c an t  quan t i t i es  

were insoluble and associated with the  c e l l  wall and 'membrane f rac t ions ;  

However, the  d i s t r ibu t ion  of '  Pu  between f rac t ions  was dependent.upon 

microorganism type and C-source. In the case of fungi,  the exocellar  

f rac t ion  of organisms grown on the  organic ac id '  C sourc'e contained 1 ess  

Pu than'when mixed sugars were u t i l i z ed  as a C source. The reverse of 

t h i s  re la t ionship  occurred w i t h ,  . . the ,bac te r ia .  

Differences i n  Pu d i s t r ibu t ion  a s  a function of C source used i n  

enrichment were a l so  found i n  cul tures  grown in the  presence of Pu 
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throughout incubation (Table 6 ) .  . The fungal cultures, .grown on mixed 
(1 . .. .. . "  

organic acids exhibited larger concentrations of Pu both in the exocell ular 

f ract ion.  and bound to ,the cel.1 debris f ract ion;  .the cultures grown on 

mixed sugars conta,ined a h,igher fraction of added Pu i n  the intracel lu la r  

soluble fraction. In the bacterial cultures the s i tuat ion was somewhat 

different ,  i n  tha t  higher concentrations . . of Pu occurred in the exocell ular 

fraction culture grown in organic-acids; less  Pu was associated with the 

ce l l  debris fraction as compared to  cel ls ,  grown o.n sugars. 

In general, the'presence,or absence of Pu  during, growth had l i t t l e  

e f fec t  on 'the dis t r ibut ion of Pu : i n  the cultures.  Rather, the metabolic 

properties of the mixed cultuce determined by C source appeared to  be 

the major factor  resulting in the observed differences. Under both se t s  . 

of culture conditions; there was a h , igh  concentration of Pu bound to  , ,  

ce l l  wall and membrane fractions and thus insoluble.. As these materials 
. . 

are  degraded by l y t i c  enzymes, e.g., proteases and chitinases,  soluble 

fractions of Pu compounds may beformed. 
... 

Prel iminary character7 zation, using . . gel permeation chromatography, 

of the mixed culture of fungi isolated from soi l  and, grown i n  sugars 

.indicated tha t  . P u  form was altered during fungal growth (Fig. 8 ) .  The 

exocel lu la r  and intracel l  ul-ar soluble fractfon of organisms exposed. to  

Pu in a single exposure and in continuous exposure exhibited a majori ty 

of  material of molecular size, greater then Pu-DTPA, which was used as 

the source of soluble Pu .  Furthermore, there appeared to  be a difference 

.. , :.).: 
i n  Pu chemical form comparing Pu complexes formed on simple interaction 

.. . , '  

\ .  .i: . . .  of Pu withmetabolites (single exposure) and Pu complexes formed on 

interaction a f t e r  continuous Pu  exposure of the cul tur,e. This suggests 

e i t h e r .  tha t  the culture grown i n  the continuous presence of Pu contained 

metabol i t escapable  of interacting with Pu which were d i f fe rent  chemically 
. - 

from those produced,.by.the culture, grown in the absence of Pu or tha t  the 



culture grown in the presence of .Pu contained different organisms capable . 

/ ----- - 
of adaptive response to the element leading to the synthesis of compounds 

relatively specific to detoxification of Pu. 

Further chemical characterization using thin-layer chromatography 

and electrophoresis verified differences in Pu form. Several solve'nts 

of different'polarities and pH values were empl'oyed to provide a range 

of chemical conditions for separation. Solvent systems included, A; 

butanol pyridine, a system used.'i n resolution of amino acids ; D, pentanol- 

formic acid, a system used in separation of sugars and sugar acids, and 

G, water-acetic acid; a solvent uti 1 ized. in resolving keto-acids and 

sugars. These systems were used to resolve Pu. as Pu-DPTA, and Pu in the 

soluble exocellular' and soluble.intracellular fractions of the above 
. 

cultures (Fig. 9). Thin-layer chromotography using solvent A. indicated 

that the exocellular fraction contained one component of chromatographic 

mobility different than the added Pu-DTPA but the complex remained 
4). 

present ,in detectable quantities. The intracellular soluble fraction 

contained a component of lesser chromatographic mobility, but there was 

no evidence of Pu-DTPA). Solvents D and G did not provide good resolution. . 

Solvent D did not mobilize PU-DPTA or other possible complexes, Solvent G 

mobilized Pu-DPTA ,and, indicated.the presence of immobile Pu components 

.in the exocellular and, intracellular fractions but these were not resolved. 

Appl ication of thin-layer-electrophoresis (pH 6.6, .pyridine-acetate 

buffer system,;' cellulose support) indicated the ,presence (Fig. 10) of a 

relatively large amount of material of greater negative charge than 

Pu-DPTA,. iti the exocellular fraction along with some Pu-DPTA. ~h'e Pu 

ligands in the intracellular fraction were either neutral i.n charge in 

this buffer system or were of a molecular size too large to migrate 
I 



- .,.. .' /- 
under the  c o n d i t i o n s ' o f  e lec t rophores is .  S i m i l a r  a l t e r a t i o n s  o f  Pu form 

by a  s i n g l e  .Pu-res is tant  fungus exposed con t i nous l y  to .  Pu du r i ng  growth 
. . 

have a l s o  been repo r ted  (Robinson, e t '  al., 1975). ' 

Several phenomena may have been respons ib le  f o r  t he  observed changes 

i n  chemical form o f  Pu. The organism may syn thes i ze  compounds which 

e i t h e r  b i n d  Pu-DPTA o r  b i n d  Pu more t i g h t l y  than DTPA, thereby success fu l l y  

competing f o r  Pu i n  t he  presence. o f  DTpA. A1 f e r n a t i  ve ly ,  t he  organism 

may degrade o r  mbd i fy  t h e  DTPA moiety  Bl ' l  owing Pu t r a n s f e r  t o  1  igands 

a r i s i n g  f rom m i c r o b i a l  syn thes is  and' degradat ion. 

. . . . The number o f  known compounds w i t h  the  p o t e n t i a l  t o  b i n d  Pu more 

s t r o n g l y  than DTPA appears t o  be q u i t e  1  im'i t ed :  a1 though hydroxamate 

d e r i v a t i v e s ,  (Emergy, 1974) catechol  d e r i v a t i v e s ,  ( T a i t ,  1975) and 

t e t r a p y r r o l  e  r i n g .  systems (Bul ke r  ,.+1969) may , e x h i b i t  t h i s  p rope r t y .  I f  

m o d i f i c a t i o n  o f  t he  Pu-DTPA occurred p r i o r  t o  l i g a n d  t r a n s f e r ,  then a  

myr iad o f  m i c r o b i a l  ly-produced compounds, e.g. , pheno l ic  ac lds,  pept ides,  

and c a r b o x y l i c  ac ids  have p o t e n t i a l  f o r  b ind ing  (see prev ious sec t ion ;  

a l s o  Alexander, 1971)'. I n  e i t h e r  case, t h e  ~ u ' w a s  r io t  i ,n t h e  form 

i n i t i a l l y  added. Thus, a p p l i c a t i o n s  o f  ge l  permeation chromatography, 

t h i n - l a y e r  chromatography and t h i n - l a y e r  e lec t ropho res i s  ind i ' ca te  t h a t  

c u l t u r e s  o f  s o i l  microorganisms were capable, through simple express ion 

o f  t he  metabol ic  p o t e n t i a l  of microorganism present  i n  s o i l ,  o f  changing 

the  chemical form o f  Pu-DPTA w i t h  t he  r e s u l t i n g  fo rma t i on  o f  a  number o f  

Pu complexes e x h i b i t i n g  a  range i n  chemical p r o p e r t i e s . .  D i f fe rences  i n  

Pu d i s t r i . b u t i o n i n  m i c r o b i a l  systems and i n  Pu form r e s u l t e d  f rom both  

s imple i n t e r a c t i o n  w i t h  metabo l i tes .and perhaps;.more s p e c i f i c  processes. 
.. - 

These d i f f e r e n c e s  were dependent on the  na tu re  o f  m i c r o b i a l  metabolism 

and Pu res is tance.  



Although published information on transuranic elements other than 

Pu is not.available, it is likely that.similar transformations will 

occur. The extent of these :transformation w i  11 be dependent upon the 

solubility of the element, its availability to microorganisms, its 

toxicity to microorganisms and its potential for complexation. While 

microbial interactions remain t o  be elucidated, the solubi 1 i ty (discussed 
in a previous section) and potential for complexation may be preliminarily 

a'ssessed fro% known chemistry .(Table. 7) .. It is evident that the 

transuranic elements form DTPA complexes with stabilities similar in 
I 

magnitude to Pu-DTPA over environmental pH ranges. It may be concluded 

that complexation with organic 1 igands produced by soi 1 microflora is highly 

probable and investigations to identify and characterize the indirect : I  ,~ 

I processes and ligands responsible for complexation of Pu in soil are 

equally appl icable to other transu~~nic elements. 

Cycl ing During Decomposition. . A final. process whereby the soi 1 microflora . 

may play a role i n  transformation of the transuranic elements involves 

the biological uptake (plants, microorganisms) of the transuranics and '. 

subsequent release on decomposition. Several studies have demonstrated 

plant uptake of Pu and Am and incorporation into above ground tissue. 

These tissues, deposited on soil either through litter fal.1 or agricultural 

incorporation of crop residues will be.subject to microbial decomposition. 

Furthermore, recent studies (Wi ldung and Garland 1974) .have indicated 

.that the roots of barley, (uncontaminated with soil particles)', contain 

3-8 times more Pu than'the.shoots. The roots of plants are in intimate 

contact with the soil and may . be . expected . . to decompose rapidily (weeks) 

under appropriate conditions of temperature. and'moisture, .even in arid 

regions (Wi ldung et al. 3975). Relatedly, microorganisms, due to their 



I ~ 
' .~ 

I : d i s t r i b u t i o n  i n  s o i  1  and l a r g e  absot-pt ive sur face,  compete e f f i c i e n t l y  ...-.-..k...L,., 

I w i t h  p l a n t s  f o r  ions  i n  s o i l  (Alexander, 1961). Studies descr ibed i n  a  : 
prev ious  sec t i on  demonstrated t h e  assoc ia t i on  o f  Pu w i t h  m i c r o b i a l  

c 'e l l s .  Growth o f  m i c r o b i a l  c e l l s ,  a. ' s i g n i f i c a n t  port ' ion o f  t h e  s o i l  

biomass, may t h e r e f o r e  represent  an imp0rtan.t  mechanism f o r  b i o l o g i c a l  

i n c o r p o r a t i o n  o f  t he  t ransu ran i c  elements. Decomposi t ion,of  m i c r o b i a l  

c e l l s  gene ra l l y  proceeds a t  a  more r a p i d  r a t e  f rom pla 'n t  t i s sues .  

~ i t t l e  i s  known o f  t he  form o f  t he  t ransuran ics  i n  p l a n t  o r  m i c r o b i a l  

t i s sues ;  t h e  form, rate;  and e x t e n t  o f  t he  t ransuran ics  re leased on . 

decomposit ion o f  these t i ssues ;  o r  o f  t he  chemical r e a c t i o n s  governing 

t ransu ran i c  s o l u b i l i t y ,  a f t e r  decomposit ion. However, cons ider ing  the  

known products o f  m i c r o b i a l  metabolism o f  .orga,nic substances i n c l u d i n g  a  

number of ,  s t rong  complexing agents (p rev ious  sec t i on )  and the  suscep t i b i  1  i ty 

o f  a  number o f  t he  t ransu ran i c  'elements t o  'complexation (p rev ious  sec t i on ) ,  

i t  may be concluded t h a t  t h e  t ransCranics,  i n i t i a l l y  immobi 1  i z e d  through 

b i o l o g i c a l  uptake, may be a t  l e a s t  as so lub le  and perhaps more so lub le  -. 
on decomposi ti on. . . 

P r e l  im ina ry  s tud ies  (Wi ldung and Garland, u'npubl i shed), i n  which 

s o i  l con ta in ing  1  a r g e l y  undecomposed r o o t s  f rom a. prev ious b a r l e y  crop 
I 

was leached w i t h  water and P U  s o l u b i l i t y  compared t o  a  f a l l o w  s o i l  

con ta in ing  Pu a t  s imi . lar  l e v e l s ,  i n d i c a t e d  t h a t  so lub le  Pu was i n i t i a l l y  

immqbi 1  i z e d  b y  i n c o r p o r a t i o n  i n t o  r o o t s  decreasing b y  a  f a c t o r  of 10 

a f t e r  r o o t  growth. . R o o t  decomposit ion s tud ies  a re  i n  progress. P rev ious l y  

observed '(Romney.et - a l . ,  1970) increases I n . P u  uptake f rom s o i l s  by 

p l a n t s  w i t h  increased t i m e  gene ra l l y  a t t r . ibu . ted  t o  increased r o o t  development, 

may have been due t o  increased a v a i l a b i 1 i t y . t h r o u g h  a  r e c y c l i n g  process 

on decomposit ion o f  p l a n t  roots. '  The .importance o f  t h e  'process w i  11 be 

dependent upon t ransu ran i  c '  ava i  1  a b i  1  i ' ty t o  d i f f e r e n t  p l .ants  and microorganisms, 1 
t he  tu rnover  ' r a te  o f  t h i s  t i s s u e  i n  s o i l s  under d i f f e r e n t  cond i t i ons  and I 
t h e  s t a b i l i t y ,  chemist ry  and b i o l o g i c a l  



a v a i l a b i l i t y  of t ransuran ic  metabolites. Until ' t h i s  information is- --.- - .  .--- 

developed, t h e  long-term e f f e c t s  of the recycl i ng  process wi 11 remain 

unknown. . . 
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Table 1. Solubilities of plutonium in Water Extracts 
of a'~itzvi1le Silt. Loam as Determined by 
Filtration wiFh Membranes of Different Pore 
Sizes 

Plutonium 
Solubility, ' 
pg/g*. 

"Plutonium added at a level of 620,000 pg/g, of soil. 



 able 2. Estimated Conceritratioris and Molecular Weights of Mobile ~lbtonium in Soils from 
Measured Diffusion Coefficients 

Most Mobile Species 
Diffusion Molecular Soil Con- 

Least Mobile Species 
Diffusion 2 Molecular. Soil Con- 

Treatment coefficient Weight, centration, coefficient Weight, centration, x .  10-6 g/mole. ~g/g 10-J g/mole ~g/g 

Control 

PU~(~ITPA)~ 5.8 

soils- 
. . 

- Ritzville .3 . 0 
Quillayute 2.5 
Hesson 2.4. 

. . 
I . . .  . 

Salkum 1.5 
I Muscateen 1.9 



.Table 3. Summary of the Effects of plutonium at Several soil' 
Concentration Zevels on the Distribution of Micro- 
organisms in S.oil Relative to Controls 

~ffect ( p  <0.05)  * of Plutonium on 
Growth Rate Total Numbers 
at Plutonium at Pluton'ium 
Concentrations . .  Concentrations 

Microbial Type 

Bacteria 

Aerobic. and 
Microaerophillic 

Nonspore Formers 0 . . 0  
Spore Formers 0 0 

Anaerobic and Fac- 
ultative Anaerobic 

Nonspore. Formers 0 + '0 + + + 
Spore Formers 0 0 0 + + 

4+ 
+ 

Fungi , 0  0  0. 0  . O  + 
Actinomycetes 0 0 + + .--. + + 

*A positive"s'ign denotes a signific.ant effect. A zero indicates 
that there was no significant effect.' 



T a b l e  4.  P l u t o n i u m  T r a n s p o r t  t o  t h e  S p o r e s  o f  Asperg iZZus  z i g e r *  

C h e m i c a l  S p e c i f i c  A c t i v i t y  S p e c i f i c  A c t i v i t y  T r a n s p o r t  
Form PH o f  C u l t u r e  Medium o f  S p o r e s t  F a c t o r  

( d r y )  , pCi/g  ~ C i / g  

D i o x i d e  2 .5  

N i t r a t e  2 . 5  
- . .  . . . .  . 

. .  . 

5 . 3  1 . 6 9  x  l o 3  8 . 3 '  4 .9  x  10 '~  
3.38  x  l o 3  26 7 . 7  x l o +  
6 .76 x  l o 3  23  3 .4  x  l o - 3  

C i t r a t e  2 .5  1 . 6 7  x  l o 3  7 . 1  4 . 3  x l o - 3  
3.34 x 103  11 3 . 3  x 
6.69 x l o 3  1 8 . 5  2 .8  x 

* A f t e r  B e c k e r t  and  Au ( 1 9 7 6 ) .  

I t A r i t h m e t i c  mean o f  3  s a m p l e s  e a c h .  



.Table 5. D i s t r i b u t i o n  o f  Plutonium i n  Mixed ~ i c r o b i a l .  c u l t u r e s  
Exposed t o  Plutonium a t  S t a t i o n a r y  Growth Phase and 
'Grown on- D i f f e r e n t  Carbon Sources .  - .  

F r a c t i o n  

D i s t r i b u t i o n *  o f  Plutonium ( % )  i n  c u l t u r e s  
Funs i  B a c t e r i a  
~ i x e d  Organic  
sugars"  . .Ac ids  

Mixed Organic  
Sugars  Acids  

E x o c e l l u l a r  
Medium 

. I n t r a c e l l u l a r  0.49 
S o l u b l e  , ,  

C e l l  Deb r i s  . ' 1'0 4 2  2 8  . 8 . 7  

. * C u l t u r e s  w e r e  'not  r e p l i c a t e d .  A n a l y t i c a l  p r e c i s i o n  i s  < - + 
10% " ( l a ) - .  



Table 6. Distribution of Plutonium in Mixed Microbial Cultures . 

. '  Continuously Exposed to Plutonium and Grown on Different. 
Carbon 'sources. . . .. . . .. . 

~istribution* of ~lutonium' ( % )  in Cultures 
Fungi Bacteria ' ' 

Mixed Organic Mixed organic 
Fraction Sugars. Acids Sugars Acids 

Exocellu.lar 
Medium 

Intracellular 4.2 
Soluble 

Cell Debris 29 

*,~dltukes were hot replicated. ~ n a i ~ t i c a l  precision is < - + 10% 
(la). 



Tab1.e 7. Stabil.ity of DTPA Complexes with the Transuranic 
~iements*;t 

. . . Sta.bility Stable 

,complex' . . Constant pH Range 

Neptunium. 
+3 - .  - **  '. - * *  

NP 
Np(1V) DTPA 10.2 4 0.5 - 5..8 
[Np (IV) 1 2DTPA3 1020 5.8  - 8 . 9  
[Np (IV) I 2DTPA3 1.0 1 8, . j9.9 ' 

Plutonium 

PU (IV) DTPA lo24 1.0 - 5.8 
[Pu (IV) 2DTPA3 10l8 5 . 8  - 8 .5  
Pu(1V) DTPA2 1014 >8.5  

[Am ( I I I.) . ]  DTPA 1020 
Am(II1) DTPA . lo2 

* After Hafez, 1969. ' 

t Curium may be. expected to form complexes of stabi.%ities 
. similar to, -americium. 

*.*Unstable in oxygenated solutions. 



PLANTS 

. . 

SOIL SOIL 
PRCPERTI ES PROCESSES 

SOURCE 

Fig .  1. F a c t o r s  i n f l u e n c i n g  plutonium behavior  i n  t h e  t e r r e s t r i a l  
. a .  

environment. ! .  



@ FOUR OX1 DATION STATES . . 

Q D I S PROPORTI ONATI ON 

@ COMPLEX FORMATION . ' * 

+4 . .. 
'1 . . . % 2Pu + I  3 DTPA - Pu2 DTPA j  : , !log K s 26. 

. - -  -- _Z -_: _. . . -. 

F i g u r e  2 .  Chemical r e a c t i o n s  i n f l u e n c i n g  pl.utonium behav ior  
i n  t h e  t e r r e s t r i a l  environment.  



239 
A , PLUTONI UM-DTPA (1 pgig) 

238 
0 . PLUTONI UM-DTPA (0.6 pglg) 

INCUBATION TIME (days) . . '.' . . 

.Fig. 3. Solubility .of plutonium with time after addition to 
soil as the nitrate and the DTPA complex.' I 



Fig. 4. Quantity of soluble plutonium removed from three soils 
by water and 0.01 M - cac12.' 



. ...- _ _ _ . - - IN'CUBATION TIME, .DAYS 

Fig. 5.. Changes. in soil respiration.rate and solubility of 
'appl.ied p l ~ t o ~ i u m  .with time of soil incubation. 



Z 0 .  ' . 10 20 30 -. 
-. . . - 

1 INCUBATION TlAlf. DAYS 
\ -  - - . - . - - - -- . - - . . .. 

Fig.  6.  I n f luence  of plutonium c o n c e n t r a t i o n  on . the  growth of  
fung i  i n  so i l . .  Arrows 'denote t ime i n t e r v a ' l s  a t  which 
growth r a t e s  and. t o t a l n u m b e r s  were compared wi th  o t h e r  
mic rob ia l  t ypes  (Table  3 ) .  



-. . INCUBATION .. . -. .- .- T I  ME t . DAYS -. . . -- - -. . - . -- 

Fig. 7. Effect of different isotopes of plutonium on survival 
of soil fungi. . . ' 



Fig.  8 .  Sepa ra t ion  of s o l u b l e  plutonium complexes i n  mic rob ia l  
c u l t u r e s  by Sephadex g e l  chromatography. . ' 





1. Pu2 DTPA2 CONTROL 

2. SOLUBLE. EXOCELLULAI? 

3. 1 NTRACELLULAR SOLUBLE 

.Fig. 10. Thin-layer electrophoretic behavior of plutonium 
separated by Sephadex gellchromatography. 
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