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PREFACE 

This  is the  f i r s t  i n  a series of t h r e e  r epor t s  t h a t  document 

geochemical information obtained f o r  t h ree  sites contaminated wi th  low- 

l e v e l  r ad ioac t ive  wastes. Other r epor t s  i n  t h i s  series w i l l  be published 

a t  a later date.  
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GEOCHEMICAL INFORMATION FOR SITES CONTAMINATED WITH LOW-LEVEL 
RADIOACTIVE WASTES: I - NIAGARA FALLS STORAGE SITE 

F. G. Seeley 
A. D. Kelmers 

ABS TRACT 

The Niagara F a l l s  Storage S i t e  ( N F S S )  became radioac-  
t i v e l y  contaminated as a r e s u l t  of wastes t h a t  were being s t o r e d  
from ope ra t ions  c a r r i e d  out  t o  recover  uranium from pi tchblende  
o r e  i n  t h e  1940s and 1950s. The U.S. Department of Energy 
(DOE) is cons ider ing  var ious  remedial  a c t i o n  op t ions  f o r  t he  
NFSS. This r epor t  desc r ibes  the  r e s u l t s  of geochemical 
i n v e s t i g a t i o n s  performed t o  he lp  provide a q u a n t i t a t i v e  
e v a l u a t i o n  of the  e f f e c t s  of var ious  opt ions .  NFSS s o i l  and 
groundwater samples were c h a r a c t e r i z e d ;  and uranium and 
radium s o r p t i o n  r a t i o s ,  as w e l l  as apparent  concen t r a t ion  
l i m i t  va lues ,  were measured i n  s i te  so i l /g roundwater  systems 
by employing batch contac t  methodology. 

Near-surf ace s o i l s  were t y p i c a l l y  l a c u s t r i n e  c lay  or  
s i l t y - c l a y  types.  Appreciable  amounts of dolomite  appeared 
t o  be present .  A core p r o f i l e  changed from sandy loam at  
t h e  s u r f a c e  t o  dark c l ay  wi th  che r t  at  t h e  13.7- (45- f t )  
dep th  j u s t  above the  under ly ing  red s h a l e  bedrock. Radio- 
chemical a n a l y s i s  of the  s o i l  core  revea led  contaminat ion 
as high as 2600 vg/g f o r  uranium and 8300 pCi/g f o r  226Ra at 
dep ths  near  t he  o r i g i n a l  s i t e  su r face .  The core p r o f i l e  
showed no evidence of downward migra t ion  of uranium o r  
radium dur ing  the  30-year h i s t o r y  of waste s t o r a g e  i n  t h e  
R-10 p i l e .  Lateral migra t ion  w a s  not  explored. 

Analys is  of groundwater from t h e  s o i l  i n d i c a t e d  t h a t  it 
was a d i l u t e  sodium/calcium/magnesium s u l f a t e  s o l u t i o n ,  
wh i l e  groundwater from t h e  bedrock w a s  much more con- 
c e n t r a t e d  i n  sodium c h l o r i d e / s u l f a t e .  These a n a l y t i c a l  
d i f f e r e n c e s  suggest  t h a t  t h e r e  is l i t t l e  v e r t i c a l  com- 
municat ion between bedrock and s o i l  groundwaters. 

Batch contac t  methodology was used t o  c o n s t r u c t  sorp- 
t i o n  isotherms f o r  uranium wi th  t h r e e  types of near-surface 
s o i l s  and a s o i l  core  p r o f i l e  from the  s u r f a c e  t o  bedrock. 
Radium s o r p t i o n  r a t i o s  w e r e  measured a t  one radium con- 
c e n t r a t i o n .  A l l  tests employed w e l l  water from t h e  NFSS. 

Poor uranium s o r p t i o n  behavior  w a s  exh ib i t ed  by a l l  
so i l /g roundwater  systems; maximum s o r p t i o n  r a t i o s  ranged 
from 3.9 t o  9.0 L/kg a t  the  lowest uranium s o l u t i o n  
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concen t r a t ions  t e s t e d  and decreased t o  1 L/kg a t  h igher  
concen t r a t ions .  One sample of s o i l  at  t h e  1 3 - 7 3  (45- f t )  
depth  ( j u s t  above bedrock) showed high uranium so rp t ion .  
Uranium w a s  very s o l u b l e  i n  so i l /g roundwater  systems; t h e  
apparent  concen t r a t ion  l i m i t  was g r e a t e r  than 6 g/L. The 
h igh  s o l u b i l i t y  w a s  shown t o  be due t o  t h e  formation of t h e  
s o l u b l e  u r a n y l t r i c a r b o n a t e  a n i o n i c  complex. Very high 
radium s o r p t i o n  r a t i o s  (up t o  11,200 L/kg) were obtained. 

The r e s u l t s  suggest  t h a t  any uranium which i s  i n  so lu-  
t i o n  i n  t h e  groundwater a t  t h e  NFSS may be poorly r e t a rded  
due t o  the  low uranium s o r p t i o n  r a t i o  va lues  and high s o h -  
b i l i t y  measured. Fu r the r ,  app rec i ab le  concen t r a t ions  of 
uranium i n  groundwater could be a t t a i n e d  from s o l u b l e  
wastes. Release of uranium via groundwater migra t ion  could 
be a s i g n i f i c a n t  release pathway. So lub i l i zed  radium would 
be  expected t o  be e f f e c t i v e l y  r e t a r d e d  by s o i l  a t  t h e  NFSS 
as a r e s u l t  of t h e  very high radium s o r p t i o n  r a t i o s  
observed. 

The a d d i t i o n  of i r o n  oxyhydroxide t o  NFSS s o i l s  
resulted in much higher uranium sorption rat ios .  Additional 
f i e l d  t e s t i n g  of t h i s  p o t e n t i a l  remedial  a c t i o n  a d d i t i v e  
could be des i r ab le .  

1 .  EXECUTIVE SUMMARY 

The NFSS i s  one of t h e  r a d i o a c t i v e l y  contaminated sites being 

addressed  by DOE i n  i ts  Surplus  F a c i l i t y  Management Program (SFMP). These 

s i t e s  were contaminated ( p r i m a r i l y  wi th  n a t u r a l  uranium and uranium decay- 

c h a i n  products  such as radium) as a r e s u l t  of t he  process ing  of 

p i t chb lende  o re  f o r  t h e  recovery of uranium i n  t h e  1940s and 1950s or  t h e  

subsequent  s t o r a g e  of t h e  wastes genera ted  by t h e s e  opera t ions .  The NFSS 

i s  t h e  cu r ren t  s t o r a g e  s i t e  f o r  most of t he  p i tchblende  process ing  wastes. 

These wastes were c o l l e c t e d  dur ing  the  1950s and 1960s from o t h e r  loca-  

t i o n s  throughout t he  United S t a t e s  and t r a n s f e r r e d  t o  t h e  NFSS; no 

p i t chb lende  process ing  w a s  performed a t  t h e  NFSS. Within t h e  SFMP a c t i v i -  

t i es ,  the  DOE is  e v a l u a t i n g  va r ious  remedial  a c t i o n  a l t e r n a t i v e s  f o r  t h e s e  

r a d i o a c t i v e l y  contaminated sites. A l t e r n a t i v e s  f o r  t h e  NFSS may range 

from maintenance at  e s s e n t i a l l y  t h e  cu r ren t  cond i t ions  t o  va r ious  degrees  

of decontamination and p o s s i b l e  r e t u r n  of t h e  s i t e  t o  o t h e r  uses.  
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Determination of geochemical in format ion  f o r  t h e  NFSS i s  one of t h e  

a c t i v i t i e s  i nvo lv ing  t h e  Surplus F a c i l i t y  Management and t h e  Formerly 
U t i l i z e d  S i t e s  Remedial Action Programs. 

f o r  t h e  e v a l u a t i o n  of va r ious  remedial  a c t i o n  a l t e r n a t i v e s .  

d e s c r i b e s  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  of two geochemical aspects: (1)  

c h a r a c t e r i z a t i o n  of NFSS s o i l s  and groundwaters, and a uranium and radium 

s o i l  core  p r o f i l e ;  and (2) l a b o r a t o r y  measurement of uranium and radium 

s o r p t i o n  behavior and apparent  concen t r a t ion  l i m i t  va lues  in NFSS 

so i l / g roundwate r  systems . 
ment s o r p t i o n  r a t i o  and s o l u b i l i t y  v a l u e s ,  are needed f o r  t h e  

Environmental Impact Statement (EIS) i n  o r d e r  t o  q u a n t i f y  c a l c u l a t e d  

r a d i o a c t i v e  element mob i l i t y  p r e d i c t i o n s  f o r  va r ious  remedial  a c t i o n  

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

Such informat ion  is necessary  

This r e p o r t  

These d a t a ,  p a r t i c u l a r l y  t h e  r a d i o a c t i v e  ele- 

1 . 1 SOIL CHARACTERIZATION 

Seven near -sur face  s o i l  samples and one auge r -d r i l l ed  s o i l  core  pro- 

f i l e  from t h e  s u r f a c e  through t h e  main waste d i s p o s a l  s u r f a c e  p i l e  ( t h e  

R-10 p i l e )  t o  t h e  bedrock were analyzed. The near -sur face  soil samples 

showed s i m i l a r  p r o p e r t i e s ,  which were c h a r a c t e r i s t i c  of l a c u s t r i n e  c l a y  

o r  s i l t y - c l a y  s o i l s .  

s u r f a c e  area from 18.8 t o  29.3 m2/g. 

p re sence  of major amounts of aluminum, calcium, i r o n ,  potassium, magne- 

sium, s i l i c o n ,  and sodium - elements t h a t  are t y p i c a l  of clay s o i l s .  The 

near -sur face  soils had high carbonate  con ten t s  (7.8 t o  15.1%), which are 

c o n s i s t e n t  w i th  t h e  calcium and magnesium con ten t s  and sugges t  t h e  pre- 

s ence  of apprec i ab le  amounts of dolomite. The presence of dolomite i s  

reasonable  s i n c e  t h e  NFSS l o c a t i o n  is s e v e r a l  miles n o r t h e a s t  and below 

the dolomite escarpment east of the c i t y  of Niagara F a l l s .  Quartz, i l l i t e ,  

and minor amounts of k a o l i n i t e  were i d e n t i f i e d  by x-ray d i f f r a c t i o n .  

The mois ture  conten t  ranged from 10 t o  27% and t h e  

Analys is  of t h e  samples showed t h e  

The s o i l  co re  (borehole  BH-77) from t h e  s u r f a c e  t o  t h e  13.7-m (45- f t )  

depth  showed cons ide rab le  d i f f e r e n c e  i n  p r o p e r t i e s  wi th  depth. 

samples changed from sandy loam a t  t h e  s u r f a c e  t o  dark-brown c l a y  con- 

t a i n i n g  c h e r t  a t  t h e  1 3 . 7 3  (45- f t )  depth ,  which is j u s t  above t h e  

unde r ly ing  red s h a l e  bedrock. The carbonate  conten t  i nc reased  con- 

s i s t e n t l y  wi th  depth. A uranium and radium p r o f i l e  f o r  t h e  BH-77 core  

c l e a r l y  i n d i c a t e d  contamination from t h e  s u r f a c e  down t o  about 3.2 m 

The 



4 

(10.5 f t ) ;  t he  h ighes t  va lues  measured were 2600 pg/g f o r  uranium and 

8300 pCi/g f o r  226Ra. 

may have occurred ,  a t  least i n  p a r t ,  dur ing  core  removal. The samples 

showed no evidence of s i g n i f i c a n t  downward migra t ion  of uranium or  radium 

dur ing  t h e  30-year h i s t o r y  of t h e  R-10 p i l e .  Lateral migra t ion  could not  

be explored s i n c e  only one v e r t i c a l  p r o f i l e  w a s  a v a i l a b l e .  

Deeper samples revea led  some contaminat ion,  which 

1.2 GROUNDWATER CHARACTERIZATION 

S i x  well-water samples were rece ived  and cha rac t e r i zed .  I n  a d d i t i o n ,  

16 w e l l s  were sampled by pumping and, i n  some cases, by b a i l i n g  tech-  

n iques .  These w e l l s  were cased t o  t h r e e  depths:  shal low s o i l  14.6 t o  

8.8 m (15 t o  29 f t ) ] ,  deep s o i l  [10.7 t o  16.8 m (35 t o  55 f t ) ] ,  and 

bedrock [15.2 t o  30.5 m (50 t o  100 f t ) ] .  Chemical a n a l y s i s  of t h e s e  

samples showed c h a r a c t e r i s t i c  d i f f e r e n c e s  i n  t h e  water from t h e  s o i l  and 

t h a t  from t h e  bedrock. Water from t h e  va r ious  s o i l  depths  was p r imar i ly  a 

d i l u t e  sodium/calcium/magnesium s u l f a t e  s o l u t i o n  wi th  lesser concentra-  

t i o n s  of b icarbonate  and c h l o r i d e  at  pH 7.3 t o  7.9. Water from t h e  

bedrock w a s  much more concent ra ted  i n  sodium c h l o r i d e / s u l f a t e  and lower i n  

b i ca rbona te ;  t he  pH w a s  7.4 t o  7.9. These a n a l y t i c a l  r e s u l t s  suggested 

t h a t  t h e r e  w a s  not  much v e r t i c a l  communication between t h e  groundwater i n  

t h e  bedrock and t h a t  i n  t h e  s o i l .  

1.3 EXPERIMENTAL METHODOLOGY 

Batch con tac t  methodology w a s  used t o  measure s o r p t i o n  r a t i o s  and t o  

c o n s t r u c t  s o r p t i o n  isotherms f o r  uranium i n  s i t e  so i l /g roundwater  systems. 

Water from w e l l  W-1 w a s  used i n  a l l  of t h e  tests. Various near-surface 

s o i l  samples and BH-77 core samples were used. S o i l  and uranium-traced 

groundwater were u s u a l l y  contac ted  a t  a s o l u t i o n / s o l i d s  r a t i o  of 5 f o r  

24 h. The s o l u t i o n  w a s  then  recovered by c e n t r i f u g a t i o n  f o r  a n a l y s i s  by 

a lpha  count ing techniques.  The s o r p t i o n  r a t i o  was c a l c u l a t e d  from t h e  

s o l u t i o n  uranium concen t r a t ion ,  and the  s o r p t i o n  isotherms were 

cons t ruc t ed  by p l o t t i n g  t h e  concen t r a t ion  i n  s o l u t i o n  vs t h e  concen t r a t ion  

on t h e  s o l i d s .  The s o r p t i o n  isotherms were exper imenta l ly  extended t o  

h igh  uranium concen t r a t ions  i n  an a t tempt  t o  measure apparent  con- 

c e n t r a t i o n  l i m i t  values .  
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A few similar tests were c a r r i e d  out  at  one radium concen t r a t ion  t o  

o b t a i n  radium s o r p t i o n  r a t i o s .  The radium a c t i v i t y  w a s  determined by 

a l lowing  the samples t o  e s t a b l i s h  s e c u l a r  equ i l ib r ium and then  counting 

t h e  2 1 4 B i  gamma peak. 

1.4 SUMMARY OF URANIUM SORPTION AND APPARENT CONCENTRATION LIMIT 
INFORMATION 

A summary of the uranium and radium s o r p t i o n  r a t i o  and apparent  con- 

c e n t r a t i o n  l i m i t  in format ion  is given i n  Table 1. 

S ince  t h e  uranium concen t r a t ion  p resen t  i n  groundwater a t  t h e  s i te  i n  
groundwater migra t ion  events  is expected t o  be r e l a t i v e l y  low, f o r  t h e  

purposes of t h i s  summary t a b l e  t h e  s o r p t i o n  r a t i o s  obta ined  i n  c o n t a c t s  a t  

an i n i t i a l  uranium concen t r a t ion  of 6 mg/L were t a b u l a t e d  f o r  comparison. 

These are t h e  h ighes t  s o r p t i o n  r a t i o s  measured; lower va lues  were obta ined  

Table  1. Uranium and radium s o r p t i o n  r a t i o s  and apparent  
c o n c e n t r a t i o n  l i m i t s  

Uranium Radium 
Rs a Conc. l i m i t  Rsb 

S o i l  sample (L/kg) (g/L) (L/kg 1 

Near-surf ace samples 

Gray clayc 5.6 > 6 . 2  

Lake c l ayC 6.1 >8.8 
Brown-clay backf illc 8.7 >7.9 

BH-77 core  samples 

6,400 

7,400 
11,200 

0.3 m 
2.1 m 
7.9 m 
12.2 m 
13.7 m 

3.9 >4.0 
7.0 >3.1 
9.0 >7.2 
7.0 >7.2 

8400 >4.5 

Wontac ted  at  an i n i t i a l  uranium concen t r a t ion  of 6 mg/L. 

bContacted at  an i n i t i a l  radium concen t r a t ion  of lo5 pCi/mL. 

CName des igna ted  by Bechtel  National.  

dNot measured. 
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a t  h ighe r  uranium concen t r a t ions .  

i nc luded  i n  t h e  body of t h e  r epor t .  The apparent  concen t r a t ion  l i m i t  

va lues  obta ined  a t  t h e  h i g h e s t  uranium concen t r a t ions  t e s t e d  are a l s o  

g iven  i n  t h e  t a b l e .  

c o n c e n t r a t i o n  l i m i t .  

c o n t a c t s  a t  only one i n i t i a l  concen t r a t ion ,  105 pCi/mL. 

The f u l l  s o r p t i o n  isotherms are 

The s o r p t i o n  i so therms d i d  not  i n d i c a t e  approach t o  a 

The radium s o r p t i o n  r a t i o  va lues  were obta ined  i n  

Poor uranium s o r p t i o n  behavior w a s  e x h i b i t e d  by nea r ly  a l l  t h e  near- 

s u r f a c e  and co re -p ro f i l e  s o i l  samples. 

s i m i l a r l y  low f o r  t h e  t h r e e  near -sur face  s o i l s  and f o r  t h e  BH-77 core  

samples,  wi th  t h e  except ion  of t h e  13.7- (45- f t )  sample. 

r a t i o s  were h i g h e s t ,  3.9 t o  9.0 L/kg, at  t h e  lowest uranium concen t r a t ion  

and decreased t o  lower va lues  ( o f t e n  nea r  1 L/kg) a t  t h e  h ighe r  uranium 

concen t r a t ions .  (Decreasing s o r p t i o n  r a t i o s  at  h ighe r  s o l u t i o n  con- 

c e n t r a t i o n s  are normally observed due t o  s a t u r a t i o n  of t h e  s o r p t i o n  
sites.) The only sample t h a t  had h igh  uranium s o r p t i o n  c h a r a c t e r i s t i c s  

was from t h e  13.7111 (45- f t )  depth j u s t  above t h e  bedrock. This sample  w a s  

observed t o  con ta in  a p p r e c i a b l e  amounts of an i r o n  p r e c i p i t a t e ,  which was 
probably  r e spons ib l e  f o r  t h e  much h ighe r  uranium s o r p t i o n  r a t i o s .  

s e p a r a t e  series of tests, t h e  NFSS s o i l s  showed g r e a t l y  inc reased  uranium 

s o r p t i o n  r a t i o s  when an i r o n  oxyhydroxide p r e c i p i t a t e  w a s  mixed wi th  t h e  

s o i l s .  Very high radium s o r p t i o n  r a t i o s  were obta ined  f o r  t h e  t h r e e  near- 

s u r f a c e  s o i l s .  This behavior is  c h a r a c t e r i s t i c  of radium i n  most geo log ic  

media. 

The uranium s o r p t i o n  r a t i o s  were 

The s o r p t i o n  

I n  a 

Uranium w a s  very s o l u b l e  i n  a l l  t h e  so i l /g roundwater  systems t e s t e d .  

The average  uranium s o l u b i l i t y  l i m i t  w a s  g r e a t e r  than  6 g/L; no apparent  

c o n c e n t r a t i o n  l i m i t  w a s  observed. The high s o l u b i l i t y  was shown spec t ro -  

pho tomet r i ca l ly  t o  r e s u l t  from t h e  format ion  of t h e  s o l u b l e  u r a n y l t r i -  

ca rbona te  anion. Formation of t h i s  anion would be expected because of 

t h e  h igh  carbonate  con ten t  of t h e  groundwater / so i l  systems. 

appa ren t  c o n c e n t r a t i o n  limit w a s  observed i n  tests where t h e  carbonate  w a s  

a r t i f i c a l l y  des t royed  by ac id  pre t rea tment .  

nium s p e c i e s  i s  a l s o  c o n s i s t e n t  w i th  t h e  low s o r p t i o n  r a t i o s  measured; 

an ions  normally are poor ly  adsorbed on geo log ic  media. 

A much lower 

The presence of a n i o n i c  ura-  

The a d d i t i o n  of 10% ben ton i t e  t o  t h e  near -sur face  s o i l s  d i d  not 

improve t h e  uranium s o r p t i o n  behavior. Bentoni te  a d d i t i o n  was eva lua ted  
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because it is  f r e q u e n t l y  used t o  he lp  i s o l a t e  hazardous wastes from 
groundwater due t o  i t s  swe l l ing  p r o p e r t i e s  when hydrated.  The absence of 

any measurable e f f e c t  w a s  s u r p r i s i n g  s i n c e  much h igher  uranium s o r p t i o n  

r a t i o s  had been obta ined  i n  earlier tests wi th  montmor i l lon i te  (a major 

component of ben ton i t e )  and uranium-traced water. Poss ib ly ,  t h e  high car- 

bonate  content  of t he  NFSS so i l /g roundwater  systems and t h e  r e s u l t i n g  f o r -  

mat ion of u r a n y l t r i c a r b o n a t e  anions prevented uranium s o r p t i o n  onto t h e  

ben ton i t e .  

1.5 IMPLICATIONS FOR URANIUM AND RADIUM RETENTION BY THE NIAGARA FALLS 
STORAGE SITE 

While t h e  geochemical in format ion  developed dur ing  t h i s  i n v e s t i g a t i o n  

may be q u a n t i t a t i v e l y  u t i l i z e d  i n  r a d i o a c t i v i t y  migra t ion  c a l c u l a t i o n s  f o r  

t h e  NFSS EIS, i t  is a l s o  p o s s i b l e  t o  make some q u a l i t a t i v e  obse rva t ions  

r e l a t i v e  t o  expected uranium and radium behavior at  the  NFSS. 

The NFSS soi l /groundwater  systems do not e x h i b i t  f avorab le  aspects 

f o r  uranium r e t a r d a t i o n ;  t h e r e f o r e ,  we may expect  any uranium t h a t  i s  i n  

s o l u t i o n  i n  t h e  s i te  groundwater as a r e s u l t  of s o l u b i l i z a t i o n  from s o l i d  

wastes t o  be poorly r e t a i n e d  by the  s o i l .  This conclusion i s  based on t h e  

h igh  uranium s o l u b i l i t y  observed, i n  combination wi th  t h e  poor s o r p t i o n  

behavior.  F u r t h e r ,  i f  r e a d i l y  l eachab le  or  s o l u b l e  uranium-containing 

wastes are p r e s e n t ,  app rec i ab le  concen t r a t ions  of uranium could be 

achieved i n  groundwater. Since t h e  NFSS is  i n  a high r a i n f a l l  area, t h e  

release of s o l u b i l i z e d  uranium v i a  groundwater migra t ion  may be a s i g n i f i -  

can t  release pathway. 

The one core p r o f i l e  analyzed i n  t h i s  s tudy  showed no evidence f o r  

s i g n i f i c a n t  uranium downward migra t ion  ( a s  might be expected from t h e  low 

s o r p t i o n  and high s o l u b i l i t y )  fo l lowing  emplacement of t h e  R-10 p i l e .  

However, t h e  v e r t i c a l  groundwater t r a n s m i s s i v i t y  is not known and may be 

low. Low t r a n s m i s s i v i t y  is suggested by t h e  l a r g e  d i f f e r e n c e  i n  chemical 

a n a l y s i s  of t h e  bedrock and s o i l  groundwaters. S ince  only one core pro- 

f i l e  was analyzed,  i t  is not p o s s i b l e  t o  s p e c u l a t e  on p o s s i b l e  h o r i z o n t a l  

mig ra t ion  of uranium i n  groundwater over t h e  30-year h i s t o r y  of t h e  R-10 

p i l e .  Add i t iona l  hydro logic  informat ion  and a n a l y s i s  of a s u i t e  of s o i l  

c o r e s  would be needed i n  o rde r  t o  r e so lve  t h i s  ques t ion .  
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The NFSS so i l /g roundwater  systems appear very f avorab le  f o r  t he  

r e t a r d a t i o n  of radium. Radium s o l u b i l i z e d  i n  groundwater would be very 

s t r o n g l y  adsorbed by t h e  s o i l  as a r e s u l t  of t h e  very high s o r p t i o n  r a t i o s  

measured. Radium may be w e l l  r e t a i n e d  by the  NFSS. 

The a d d i t i o n  of ben ton i t e  t o  NFSS s o i l  would not  be expected t o  

improve uranium r e t a r d a t i o n  by s o r p t i o n  onto the  s o i l  s i n c e  the  a d d i t i o n  

of 10% ben ton i t e  d id  not i n c r e a s e  t h e  uranium s o r p t i o n  r a t i o s  observed. 

The use  of ben ton i t e  could have f avorab le  s i t e  r e t e n t i o n  a spec t s  by a i d i n g  

t h e  r e s t r i c t i o n  of groundwater access t o  wastes, but tests t o  explore  t h i s  

p o s s i b i l i t y  were not included i n  our study. 

The a d d i t i o n  of i r o n  oxyhydroxide t o  NFSS s o i l s  is a p o t e n t i a l  

approach f o r  g r e a t l y  i n c r e a s i n g  uranium r e t e n t i o n  by t h e  s o i l  s i n c e  much 

h ighe r  s o r p t i o n  r a t i o s  were observed wi th  s o i l s  t o  which it  had been 

added. Because i r o n  oxyhydroxide is r e l a t i v e l y  inexpensive and easy t o  
p repa re ,  an admixture of it wi th  s o i l  t o  form a uranium migra t ion  b a r r i e r  

could be a p o t e n t i a l l y  f avorab le  remedial  a c t i o n  opt ion.  Add i t iona l  f i e l d  
t e s t i n g  would be d e s i r a b l e  t o  confirm the  l abora to ry  f ind ings .  

2. INTRODUCTION 

The most c r e d i b l e  s c e n a r i o  f o r  t h e  release of emplaced r a d i o a c t i v i t y  

f rom a near-surface d i s p o s a l  s i t e  t o  t h e  a c c e s s i b l e  environment involves  

groundwater i n t r u s i o n  of t h e  waste, followed by d i s s o l u t i o n  and migra t ion  

of r ad ionuc l ides  i n  groundwater t o  the  s u r f a c e  or  i n t o  a subsur face  

a q u i f e r .  The r ad ionuc l ides  may be t r a n s p o r t e d  e i t h e r  as d i s so lved  species 

o r  as i n s o l u b l e  c o l l o i d s  o r  o t h e r  suspended p a r t i c u l a t e s .  The geochemical 
p rocesses  or  cond i t ions  t h a t  c o n t r o l  migra t ion  as d i s so lved  s p e c i e s  are, 

i n  sequence of ac t ion :  (1) groundwater i n t r u s i o n ,  i nc lud ing  both volume 

and migra t ion  rate; (2 )  d i s s o l u t i o n  of t he  emplaced r a d i o n u c l i d e ( s ) ;  ( 3 )  
s o l u b i l i t y  product l i m i t a t i o n  of t he  r ad ionuc l ide  concen t r a t ion  i n  t h e  

groundwater;  and (4) r e t a r d a t i o n  of t he  d i s so lved  r ad ionuc l ide  v i a  sorp-  

t i o n  by s o i l  and rock c o n s t i t u e n t s  of the  site. I n  gene ra l ,  t h e  q u a n t i t y  

of any r ad ionuc l ide  t h a t  i s  r e l eased  o r  i s  migra t ing  from a d i s p o s a l  s i t e  

can be no g r e a t e r  t han  i ts  s a t u r a t e d  s o l u t i o n  concen t r a t ion  t i m e s  t h e  

groundwater volume, and t h e  r ad ionuc l ide  migra t ion  rate can be no f a s t e r  
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- than  t h e  groundwater mig ra t ion  rate. Migra t ion  of t h e  r ad ionuc l ide  may be 

f u r t h e r  r e t a r d e d  by s o r p t i o n  on s u r f a c e s  of t h e  s o i l  and/or rock wi th  

which it  comes i n  contac t .  

The degree  of r e t a r d a t i o n  of mig ra t ing  r ad ionuc l ides  d i s so lved  i n  

groundwater by t h e  geochemical s o r p t i o n  process  i s  g e n e r a l l y  expressed as 

a r e t a r d a t i o n  f a c t o r  (R), - which i s  r e l a t e d  t o  t h e  exper imenta l ly  measured 

d i s t r i b u t i o n  c o e f f i c i e n t  (Kd) by t h e  r e l a t i o n s h i p :  

where 

- R = r e t a r d a t i o n  f a c t o r ,  dimensionless;  

Kd = d i s t r i b u t i o n  c o e f f i c i e n t ,  L/kg; 

I$ = bulk d e n s i t y  of geo log ic  media, kg/L; 
p = p o r o s i t y  of geo log ic  media, dimensionless.  

Th i s  expres s ion  i s  r igo rous ly  v a l i d  only when Kd is independent of 

r a d i o n u c l i d e  concen t r a t ion ,  t h e  s o r p t i o n  process  is thermodynamically 

r e v e r s i b l e ,  and a s i n g l e  s o l u t i o n  s p e c i e s  e x i s t s .  These cond i t ions  are 

seldom m e t  i n  mst p r a c t i c a l  a p p l i c a t i o n s ;  t h e r e f o r e ,  judgment mst be 

e x e r c i s e d  i n  t h e  des ign  of t h e  experiments employed t o  measure t h e  d i s t r i -  

b u t i o n  c o e f f i c i e n t s  and i n  t h e  e x t r a p o l a t i o n  of small-scale l a b o r a t o r y  

t e s t s  t o  t h e  p r e d i c t i o n  of geologic-sca le  behavior of t h e  r ad ionuc l ides .  

T h e  philosophy, or approach,  taken in t he  exper imenta l  work r epor t ed  

h e r e  has been developed by t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  t e c h n i c a l  and 

t h e o r e t i c a l  a s p e c t s  of t h e  geochemical s o r p t i o n  process  and s o l u b i l i t y  

l i m i t  cond i t ion ,  as w e l l  as t h e  programmatic informat ion  needs. So rp t ion  

va lues  are f r e q u e n t l y  c a l c u l a t e d  as an e m p i r i c a l  r a t i o  ( i - e . ,  an e f f e c t i v e  

d i s t r i b u t i o n  c o e f f i c e n t  o r  s o r p t i o n  r a t i o ) .  This  is simply t h e  r a t i o  of 

t h e  concen t r a t ion  of t h e  s p e c i e s  on t h e  tes t  s o l i d  adsorbent  d iv ided  by 

t h e  concen t r a t ion  of t h e  s o l u t e  i n  t h e  test s o l u t i o n  a f t e r  contac t .  S ince  

volume is being d iv ided  by mass i n  c a l c u l a t i n g  t h e  s o r p t i o n  r a t i o ,  t h e  

u n i t s  are l i ters  pe r  kilogram (L/kg). I n  t h e  p a s t ,  t h e r e  has been no 

g e n e r a l l y  accepted s t anda rd  symbol(s) t o  r e p r e s e n t  s o r p t i o n  r a t i o s  o r  

d i s t r i b u t i o n  c o e f f i c i e n t s .  Recent ly ,  s t anda rd  symbols and terminology 

have been rec0mmended.l The symbol "Kd" should be r e se rved  f o r  
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d i s t r i b u t i o n  c o e f f i c i e n t s  which have been obta ined  under s t eady- s t a t e  o r  - 
thermodynamic equ i l ib r ium condi t ions .  Few p r a c t i c a l  experiments can be 

demonstrated as being a t  equ i l ib r ium;  t h u s ,  most exper imenta l ly  der ived  
s o r p t i o n  va lues  should be r ep resen ted  by t h e  symbol "Rs" f o r  s o r p t i o n  

r a t i o  o r  "Rd" f o r  deso rp t ion  r a t i o .  We have chosen t o  express  our s h o r t -  

t e r m  l a b o r a t o r y  measurements of t h e  d i s t r i b u t i o n  of r ad ionuc l ides  between 

groundwater and a s o l i d  adsorbent  i n  terms of a s o r p t i o n  r a t i o  (Rs) ,  which 

does not imply i d e a l  behavior.  A t  thermodynamic equ i l ib r ium,  

R s  = Rd = Kd,  (2) 

where 

R s  = s o r p t i o n  r a t i o ,  L/kg; 

Rd = deso rp t ion  r a t i o ,  L/kg; 

Kd = equ i l ib r ium d i s t r i b u t i o n  c o e f f i c i e n t ,  L/kg. 

Only when so rp t ion -deso rp t ion  equ i l ib r ium has been e s t a b l i s h e d  is  t h e  

s o r p t i o n  r a t i o  a t r u e  d i s t r i b u t i o n  c o e f f i c i e n t  (provided t h a t  m u l t i p l e  

s p e c i a t i o n  does not  e x i s t ) .  

The s o l u b i l i t y  product cons t an t  f o r  a s o l i d  is expressed as: 

f o r  t h e  h y p o t h e t i c a l  equi l ibr ium:  

The Ksp va lue  is unique f o r  each s o l i d  phase and s o l u t i o n  s p e c i e s  and is  
r i g o r o u s l y  v a l i d  only f o r  i o n i c  a c t i v i t i e s .  The a c t i v i t y  c o e f f i c i e n t  f o r  

d i l u t e  s p e c i e s  is o f t e n  1; t h u s ,  i o n i c  concen t r a t ions  are o f t e n  s u b s t i -  

t u t e d  f o r  a c t i v i t i e s .  S ince  t h e  s o l i d  phase,  s o l u t i o n  species, and a c t i -  

v i t y  c o e f f i c i e n t s  are f r e q u e n t l y  d i f f i c u l t  t o  determine o r  are not known 

f o r  complex geo log ic  so i l /g roundwater  systems, an observed o r  apparent  

s a t u r a t e d  s o l u t i o n  concen t r a t ion  is u s u a l l y  obta ined  exper imenta l ly .  This 

apparent  s a t u r a t e d  concen t r a t ion  i s  dependent on s e v e r a l  exper imenta l  and 
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s i t e - s p e c i f i c  parameters and, t h e r e f o r e ,  must be redetermined f o r  each new 
so i l /g roundwater  combination. I n  our work, we have des igna ted  t h i s  as an 

appa ren t  concen t r a t ion  l i m i t .  

Many nuc lea r  f a c i l i t i e s  (power p l a n t s ,  uranium product ion  f a c i l i t i e s ,  

and d i s p o s a l / s t o r a g e  s i t e s )  are l o c a t e d  i n  areas of t h e  e a s t e r n  United 

States t h a t  exper ience  high r a i n f a l l  and have c lay- r ich  s o i l s  der ived  from 

sedimentary rocks. A review of t h e  publ i shed  l i t e r a t u r e  revea led  l i t t l e  

in fo rma t ion  d e s c r i b i n g  s o r p t i o n  behavior f o r  uranium s p e c i e s  (one of t h e  

r a d i o n u c l i d e s  of major concern at t h e  NFSS) wi th  wa te r - sa tu ra t ed ,  clay- 

r i c h  s o i l s .  Most of t h e  r epor t ed  va lues  are f o r  f i s s i o n  products  or t r a n -  

s u r a n i c  elements,  are r e l a t e d  t o  a r i d  s o i l s  more t y p i c a l  of t h e  wes tern  

United S t a t e s ,  o r  are f o r  s p e c i f i c  g e o l o g i c a l  materials such as s a l t ,  gran- 

i t e ,  etc. 

and montmor i l lon i te  from pure u rany l  c h l o r i d e  s o l u t i o n s  at  pH 6 .  Natu ra l  

waters, however, may con ta in  low concen t r a t ions  of many i o n i c  species t h a t  

can complex d i s so lved  uranium, caus ing  inc reased  s o l u b i l i t y .  

Borovec2 d e s c r i b e s  t h e  uptake of U022+ on k a o l i n i t e ,  i l l i t e ,  

Nonideal s o r p t i o n  behavior of U(V1) may be expected because of t h e  

m u l t i p l e  s p e c i e s  p o s s i b l e  under so i l /g roundwater  cond i t ions .  Langmuir 3 

Mesmer 4 have examined t h e  s o l u b i l i t y  d a t a  f o r  uranium spec ie s .  

has  reviewed t h e  s t a b i l i t y  d a t a  f o r  uranium complex s p e c i e s ,  and Baes and 

The 

fo l lowing  conclus ions  f o r  U(VI), t h e  o x i d a t i o n  s t a t e  t o  be expected i n  

a i r - s a t u r a t e d  groundwaters, have been reached: (1) below pH 5, t h e  pre- 
dominant i o n i c  species i n  groundwaters would be U022+, or  U02F- i f  f l u o r i d e  

i s  p r e s e n t ;  ( 2 )  t h e  complex UO~(HPOL,)~~- would be t h e  p r i n c i p a l  s p e c i e s  i n  

t h e  pH range from 5 t o  7 ,  but i n  t h e  absence of t h e  hydrolyzed spe- 

c ies  would probably be (U02)2(0H)22+ o r  U02(0H)+; and (3)  above pH 7 ,  t h e  

i o n  U02(C03)34- becomes the  dominant form i n  t h e  presence of d i s so lved  

C 0 2 ,  whi le  i n s o l u b l e  uranium hydroxide and t h e  i o n  (U02 )3 (OH)5+ would be 

formed i n  t h e  absence of C02. 

t h e  e x i s t i n g  informat ion  on uranium s o l u t i o n  e q u i l i b r i a  and c a l c u l a t e d  

e q u i l i b r i u m  cons tan t s  f o r  p e r t i n e n t  r e a c t i o n s .  According t o  Baes and 

M e ~ m e r , ~  t h e  U(V1) oxide s o l i d  phases i n  e q u i l i b r i u m  wi th  pure water (no 

complexing ions  p r e s e n t )  are not  w e l l  c h a r a c t e r i z e d ,  and s e v e r a l  modifica- 

t i o n s  of U02(2H20)  and U02(0H)2 are be l ieved  t o  e x i s t ;  t hus ,  an a c c u r a t e  

va lue  f o r  t h e  s o l u b i l i t y  of t h e s e  forms has not  been e s t a b l i s h e d .  

Lemire and Tremaine5 have r e c e n t l y  compiled 
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G i b l i n  et  a1.6 eva lua ted  t h e  e f f e c t s  of carbonate  and k a o l i n i t e  i n  n a t u r a l  

waters con ta in ing  complexing ions  on t h e  mob i l i t y  of U ( V 1 ) .  

showed t h a t  carbonate  s u b s t a n t i a l l y  inc reased  m o b i l i t y ,  whi le  k a o l i n i t e  

reduced m o b i l i t y ,  r e p o r t e d l y  by immobilizing c o l l o i d a l  uranium oxides.  

- 
H i s  s t u d i e s  

S i n g l e  s o r p t i o n  r a t i o  va lues  obta ined  f o r  a given adsorbent and tes t  

s o l u t i o n  may be presented  i n  d a t a  t a b l e s .  

comparison of va r ious  adsorbents  under one set of f i x e d  exper imenta l  con- 

d i t i o n s  and, consequently,  are u s e f u l  f o r  s c reen ing  or  gross  comparison 

purposes.  

a n a l y s i s ,  however, s i n c e  s i n g l e  s o r p t i o n  r a t i o  va lues  g ive  no h i n t  of t h e  

r e l a t i o n s h i p  of s o r p t i o n  behavior t o  test cond i t ions  o r  geochemical param- 

eters . 

Such t a b l e s  o f t e n  provide  a 

They are not  recommended f o r  a s o r p t i o n  behavior or r e t a r d a t i o n  

It is  w e l l  known t h a t  t h e  s o r p t i o n  r a t i o  i s  f r e q u e n t l y  a f u n c t i o n  of 

t h e  solute concen t r a t ion ,  and p l o t s  of adsorbed concen t r a t ion  vs s o l u t i o n  
c o n c e n t r a t i o n  have been employed as a method of p r e s e n t i n g  t h e  da ta .  

p l o t s  are c a l l e d  i so therms,  even though a l l  t h e  t e s t  parameters except 

c o n c e n t r a t i o n  (and not j u s t  t h e  tes t  tempera ture)  must be he ld  cons tan t .  

Adsorbed s p e c i e s ,  i nc lud ing  many r ad ionuc l ides  on s o i l s  o r  rocks ,  some- 

t i m e s  d i s p l a y  a non l inea r  dependency of adsorbed concen t r a t ion  vs s o l u t i o n  

c o n c e n t r a t i o n  ( a s  s a t u r a t i o n  load ing  occurs ) similar t o  t h a t  c l a s s i c a l l y  

observed f o r  t h e  s o r p t i o n  of gases  on s o l i d s .  Such behavior w a s  i n i t i a l l y  

d e s c r i b e d  by Freundl ich  i n  1907, and h i s  n a m e  has become a g e n e r i c  l a b e l  

f o r  any s o r p t i o n  p l o t  showing t h i s  type of curve. S i m i l a r l y ,  i n  1926, 

Langmuir developed an i so therm f o r  t h e  adso rp t ion  of gases  on s o l i d s  based 

on t h e  assumption of a unimolecular s u r f a c e ;  and f o r  i d e a l  systems, t h e  

p l o t s  t h a t  show t h e  t o t a l  gas p r e s s u r e  as a func t ion  of t h e  adsorbed gas 

c o n c e n t r a t i o n  y i e l d  a s t r a i g h t  l i n e .  Some d a t a  f o r  t h e  a d s o r p t i o n  of 

s o l u t e s  from s o l u t i o n  have been s u c c e s s f u l l y  graphed us ing  a Langmuir 

i so the rm approach. 

Such 

Sorp t ion  of r ad ionuc l ides  on s o i l  and rocks from groundwater i s  much 

more complex and invo lves  many more f a c t o r s  than  those  d e a l t  w i th  by 

F reund l i ch  or Langmuir i so therms;  none the le s s ,  such d a t a  t r ea tmen t s  have 

proved u s e f u l  as a means of o rgan iz ing  and p resen t ing  s o r p t i o n  da ta .  The 

Dubinin-Raduskevitch i so therm,  which w a s  developed as a means of o b t a i n i n g  

l i n e a r  p l o t s  of s o r p t i o n  va lues  f o r  gases  on cha rcoa l ,  has a l s o  proved 
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u s e f u l  f o r  d e s c r i b i n g  t h e  s o r p t i o n  of s p a r i n g l y  s o l u b l e  s o l u t e s  s i n c e ,  
u n l i k e  t h e  Langmuir and Freundl ich  i so therms,  i t  does not assume a homoge- 

neous s u r f a c e ,  cons t an t  adso rp t ion  p o t e n t i a l ,  o r  monolayer s u r f a c e  s a t u r a -  

t i o n .  I n  t h e  Dubinin-Raduskevitch i so therm,  t h e  loga r i thm of t h e  

c o n c e n t r a t i o n  of t h e  adsorbed s p e c i e s  is p l o t t e d  vs a f u n c t i o n  of t h e  
s o r p t i o n  p o t e n t i a l  energy. This  type  of p l o t  has been used t o  success-  
f u l l y  l i n e a r i z e  s o r p t i o n  d a t a  f o r  uranium i n  geo log ic  materials. 7 

The s o r p t i o n  d a t a  i n  t h i s  r e p o r t  are presented  as i so therms,  i n s o f a r  

as p o s s i b l e ,  supplemented by d e t a i l e d  t a b u l a t i o n  of t h e  test r e s u l t s  i n  

t h e  appendixes. S ing le  s o r p t i o n  r a t i o  va lues  may not r e v e a l  adequate 

in fo rma t ion  f o r  a c c u r a t e  and d e f e n s i b l e  migra t ion  modeling. The apparent  

c o n c e n t r a t i o n  l i m i t  o r  s a t u r a t e d  s o l u t i o n  concen t r a t ion  va lues  are 
i n f e r r e d  from t h e  s o r p t i o n  i so therm whenever poss ib l e .  An example of t h i s  

method of e s t i m a t i n g  apparent  concen t r a t ion  limits is  shown i n  Fig. 1. 

Here, uranium s o r p t i o n  i so therms t h a t  were determined a t  pH va lues  ranging  

from 3 t o  9 (and r epor t ed  earlier8) e x h i b i t e d  a well-defined upward 

i n f l e c t i o n  a t  t h e  po in t  which we have def ined  as t h e  apparent  con- 

c e n t r a t i o n  l i m i t .  It can be seen  t h a t  t h i s  p o i n t ,  which sugges t s  a major 

s p e c i e s  change, v a r i e s  s i g n i f i c a n t l y  wi th  pH. So rp t ion  rate experiments 

are shown t o  i n d i c a t e  t h e  e x i s t e n c e  o f ,  o r  proximity t o ,  s t e a d y - s t a t e  con- 

d i t i o n s .  I n  some cases, deso rp t ion  r a t i o s  (Rd) may be much l a r g e r  than  

s o r p t i o n  r a t i o s  ( R s )  due t o  chemisorption o r  o t h e r  i r r e v e r s i b l e  s o r p t i o n  

p rocesses .  When t h i s  occur s ,  Rd w i l l  dominate t h e  c a l c u l a t i o n  of t h e  

r e t a r d a t i o n  f a c t o r  and should be used i n s t e a d  of Rs f o r  a c c u r a t e  mig ra t ion  

modeling c a l c u l a t i o n s .  Time l i m i t a t i o n s  d i d  not  permit t h e  de t e rmina t ion  

of Rd va lues  f o r  t h e  NFSS s o i l s .  I f  t h e  r a d i o n u c l i d e  is p r e s e n t  i n  more 

t h a n  one d i s so lved  form (i .e. ,  m u l t i p l e  s p e c i a t i o n  e x i s t s )  du r ing  t h e  

t es t ,  then  t h e  measured s o r p t i o n  r a t i o  w i l l  be an average of t h e  s o r p t i o n  

r a t i o s  f o r  t h e  va r ious  s p e c i e s ,  weighted by t h e i r  r e l a t i v e  abundance. Use 

of a s i n g l e  s o r p t i o n  va lue  o r  s i n g l e  i so therm t o  model r e t a r d a t i o n  f o r  a 

system con ta in ing  mul t ip l e  s p e c i a t i o n  could l e a d  t o  l a r g e  e r r o r s  and non- 

conse rva t ive  migra t ion  p r e d i c t i o n s .  So rp t ion  column chromatography should 

be employed as a means of supply ing  exper imenta l  backup f o r  t h e  ba tch  test 

de te rmina t ions  of s o r p t i o n  i so therms t o  exp lo re  t h e  e x i s t e n c e  of m u l t i p l e  

s p e c i a t i o n .  
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3. SITE CHARACTERIZATION 

The Niagara F a l l s  S torage  S i t e ,  l oca t ed  i n  wes tern  New York wi th in  

t h e  town of Lewiston, Niagara County, is approximately 6.4 km (4 m i l e s )  

s o u t h  of Lake Ontar io  and 16 k m  (10 miles) n o r t h  of Niagara Fa l l s . '  

s i t e  ( s e e  Fig. 2 ) ,  which is owned by t h e  DOE, is a p o r t i o n  of t h e  o r i g i n a l  

Lake Ontar io  Ordnance Works e s t a b l i s h e d  by t h e  U.S. Department of t h e  Army 

e a r l y  i n  World War I1 f o r  t h e  product ion  of TNT. It is l e v e l ,  s lop ing  

s l i g h t l y  t o  t h e  nor thwes t ,  and ranges i n  a l t i t u d e  between 96 and 99 m (315 

and 325 f t )  above sea l e v e l .  The s i t e  is u n d e r l a i n  by Ordovician 

Queenston s h a l e ,  which lies approximately 9 t o  15 m (30 t o  50 f t )  below 

t h e  s u r f a c e  and i s  approximately 366 m (1000 f t )  deep a t  i t s  maximum 

t h i c k n e s s .  The s o i l s  above t h i s  s h a l e  s t r a t u m  are p r imar i ly  der ived  from 

l a k e  bed sediments and are poorly dra ined  s i l t  loams wi th  low o rgan ic  

matter. The s i t e  s t r a t i g r a p h y  is  presented  i n  Table 2. 

The 

The climate a t  t h e  NFSS is  moderately humid, w i th  a mean annual r a i n -  
f a l l  of 81 cm (32 i n . )  and a mean annual temperature of 9°C (48'F). Water 

i s  p resen t  i n  an a q u i f e r  which extends upward from t h e  s u r f a c e  of t h e  

bedrock through numerous sand/grave l  l e n s e s  and s a t u r a t e d  c l ay  zones 2 t o  

6 m (5  t o  20 f t )  i n  depth. Sur face  f e a t u r e s  at  t h e  s i t e  (Fig. 3) i n c l u d e  

s e v e r a l  s t o r a g e  and s e r v i c e  s t r u c t u r e s ,  most Important of which are ( 1 )  a 

50-m (164-ft)  s i l o  or  tower (formerly used f o r  water s t o r a g e )  c u r r e n t l y  

be ing  used as a r e p o s i t o r y  f o r  m l t i c u r i e  q u a n t i t i e s  of radium res idues  ; 

( 2 )  s e v e r a l  abandoned bu i ld ings  which have been used f o r  contaminated 

waste s t o r a g e ;  and ( 3 )  a mound of contaminated s o i l  having a t o t a l  volume 

of about 11,500 m3 (15,000 yd3) (des igna ted  as t h e  R-10 p i l e )  and con- 

t a i n i n g  an e s t ima ted  8.7 x lo6 kg of dry  s o l i d s  wi th  a uranium con ten t  of 
approximately 2300 ppm, 9 

The NFSS, des igna ted  as a SFMP s i te ,  has been t h e  r e p o s i t o r y  f o r  most 

of  t h e  r a d i o a c t i v e  wastes genera ted  by t h e  p i t chb lende  o re  p rocess ing  

o p e r a t i o n s  c a r r i e d  out  du r ing  t h e  1940s and 1950s, as w e l l  as some o t h e r  

n a t u r a l  uranium wastes. During the  t i m e  t h a t  r a d i o a c t i v e  wastes were 
being p laced  on t h e  s i te ,  management p r a c t i c e s  d id  not provide  a c c u r a t e  

r e c o r d s  concerning t h e  c h a r a c t e r i s t i c s ,  i n v e n t o r i e s ,  o r  d e t a i l e d  loca- 

t i o n s  of t h e  s t o r e d  wastes. As  a r e s u l t ,  s i t e  c h a r a c t e r i z a t i o n  t o  
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Fig. 2. Location of the Niagara Falls Storage Site (NFSS). 
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Table 2. S t r a t i g r a p h y  of t h e  NFSS 

0 bs e rved  
t h i c k n e s s  

Appearance Desc r ip t ion  Unit (m) 

A 

B 

C 

D 

E 

BR 

Average, 0.6 
t o  0.9; 
maximum, 1.5 

Brown s i l t  and sand wi th  Topsoi l  composed of 
mixtures  of g r a v e l  and weathered g l a c i a l - l a c u s t r i n e  
c l a y  sediments mixed with o r g a n i c  

material; some l o c a l i z e d  
d i s t u r b a n c e  and replacement 
w i t h  a r t i f i c i a l  f i l l a  

Average. 3.0 
t o  4.6; 
maximum, 7.6 

Brown s i l t  con ta in ing  Unweathered g l a c i a l -  
c l a y  areas of abundant l a c u s t r i n e  sed iments ,  
g r a v e l  and sand p o s s i b l y  from g l a c i a l  Lake 

I r o q u o i s  

Average, 5.2 
t o  6.7; 
minimum, 3.0 
t o  4.6; 
maximum, 8.8 

Brown-gray or  gray-brown 
s i l t  wi th  a h igh  clay 
con ten t ;  con ta ins  small 
amounts of sand o r  g r a v e l  
a t  s c a t t e r e d  l o c a t i o n s  

Clay-rich g l a c i a l  till 

Average, 0.6 
t o  2.1 

Brown s i l t  wi th  abundant G l a c i a l  till 
sand i n  some l o c a t i o n s  

Average, 0.6 
t o  1.2; 
maximum, 2.1 

Gravel ly  o r  sandy s i l t  Basal g l a c i a l - l a c u s t r i n e  
w i t h  fragments of bed sequence member; g l a c i a l  
rock; clayey i n  p a r t  till of u n c e r t a i n  age 

-- 
(bedrock)  

Red-brown s i l t s t o n e ,  Upper Ordovician Queenston 
mudstone, and s h a l e  s h a l e  

aThe loca l i ze ,d  d i s tu rbance  and replacement may be as g r e a t  as 15 t o  
25 f t  i n  t h e  R-10 p i l e  area. 
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Fig. 3. Per t inent  surface  fea tures  a t  the  NFSS. 
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determine c u r r e n t  o r  p o t e n t i a l  f u t u r e  migra t ion  of rad ionucl ides  t o  t h e  

environment has become necessary.  Bechtel  Nat iona l ,  t h e  c u r r e n t  DOE 

c o n t r a c t o r  f o r  NFSS s i t e  management, has  prepared s e v e r a l  d e t a i l e d  sce- 

n a r i o s  f o r  remedial  a c t i o n  opt ions  of t h e  NFSS.lo 

3.1 SOIL CHARACTERIZATION 

3.1.1 Sample Descr. lption 

S o i l  samples w e r e  obtained from t h e  NFSS from two sources .  Seven 

near-surf ace sample:; were suppl ied  by Bechtel  National.  These included 

t h r e e  samples of "gray c l a y , "  present  a t  t h e  bottom of t renches  which were 

dug t o  provide containment f o r  a s l u r r y  w a l l  b a r r i e r  a g a i n s t  t h e  migra t ion  

of  rad ionucl ides  from t h e  R-10 p i l e ;  t h r e e  samples of "brown-clay 

b a c k f i l l , "  used f o r  b a c k f i l l  o p e r a t i o n s  around t h e  t rench  and R-10 p i l e ;  

and one sample of " l ake  c l a y , "  an o f f - s i t e  s o i l  which had been hauled i n  

f o r  use  i n  b u i l d i n g  a s l u r r y  w a l l  around t h e  R-10 p i l e  t o  provide a 

b a r r i e r  t o  t h e  p o s s i b l e  migrat ion of rad ionucl ides  from t h e  contaminated 

zone. S o i l  samples from a borehole (BH-77) d r i l l e d  through t h e  c e n t e r  of 

t h e  R-10 p i l e  t o  t h e  Queenston red s h a l e  bedrock were obtained from t h e  

NFSS i n  1981, dur ing  t h e  t i m e  t h a t  Nat iona l  Lead of Ohio ( K O )  w a s  s i t e  

manager and Acres American w a s  t h e  s i t e  geologic  and hydro logic  work sub- 

c o n t r a c t o r .  

3.1.2 Sample Prepara t ion  and Phys ica l  Analysis  

The seven samp1.e~ w e r e  weighed, d r i e d  by l y o p h i l i z a t i o n ,  reweighed, 

and l i g h t l y  ground i n  a Braun m i l l  t o  pass  a 50-mesh screen  ( 00% 

<297 pm). The moist.ure conten t  of each is shown in Table 3. The m i s t u r e  

conten t  w a s  found t o  vary i n  t h e  fo l lowing  o rde r :  gray c l a y  (19 t o  27%) 

> brown-clay b a c k f i l l  (17 t o  19% > l a k e  c l a y  (10%). A summary of t h e  par- 

t i c l e  s i z e  d i s t r i b u t : i o n  ana lyses  f o r  t h e s e  s o i l  samples i s  presented  i n  

Table  4. Details of' t h e s e  p a r t i c l e  s i z e  d i s t r i b u t i o n  a n a l y s e s  are shown 

i n  Figs.  A-1 through A-7, Appendix A. A l l  t h e  samples have q u i t e  similar 

c h a r a c t e r i s t i c s  and c o n t a i n  major amounts of very f i n e  p a r t i c l e s .  The 50% 

d i s t r i b u t i o n  p o i n t  ranged from 4.5 t o  7.2 pm. I f  a s tandard  d e f i n i t i o n  of 

s o i l  types2  i s  emplclyed, a l l  t h e  NFSS near-surface s o i l  samples can be 

c a t e g o r i z e d  as c l a y  o r  c layey s i l t .  
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Table 3. Weight loss on drying for the NTSS soil samples 

Weight loss on drying 
Sample designation (% of total) 

GC- 1 27 

GC-2 23 

GC-3 19 

BCB- 1 

BCB-2 

BCB-3 

19 

17  

15 

Lake clay 10 

Table 4 .  Particle size distribution analysis of the NFSS soil samples 

Density Particle size distributiona (pm) 
Soil sample (g/cm3 90% 50% 10% 

GC-1 

GC-2 

GC-3 

BCB-1 

BCB-2 

BCB-3 

LC-1 

2.7 

2.7 

2.7 

2.5 

2.5 

2.5 

2.3 

56 

73 

108 

96 

98 

5 

5 

7 

6 

7 

88 5 2 

17 5 2 

Particle size is less than the l i s t e d  value, a 
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R e s u l t s  of t h e  s u r f a c e  area a n a l y s i s  of t h e  seven s o i l  samples by 

Brunauer, Emmett ,  and Teller (BET) n i t r o g e n  adso rp t ion  techniques  are shown 

i n  Table 5. A l l  t h e  s o i l s  have r e l a t i v e l y  high s u r f a c e  areas, ranging 

from 19 t o  29 m2/g. These high s u r f a c e  areas a r e  c o n s i s t e n t  w i th  both t h e  

f i n e  p a r t i c l e  s i z e s  .and c l a y  con ten t s  of t h e  s o i l s .  The mean d e n s i t y  (and 

s t a n d a r d  d e v i a t i o n )  was 2.56 ( 2  0.14) g/mL. 

3 . 1 . 3 Chemical Analys is  

The seven samples were analyzed f o r  e lementa l  con ten t s  by t h e  induc- 

t i v e l y  coupled plasma (ICP) s p e c t r o m e t r i c  technique ,  and t h e  r e s u l t i n g  

d a t a  are summarized :in Table 6. The ana lyses  are g e n e r a l l y  t y p i c a l  of 

t h o s e  t o  be expected f o r  c l a y  s o i l s .  The r e l a t i v e l y  l a r g e  amounts of 

ca lc ium and magnesium p resen t  i n  t h e  s o i l s  sugges t  t h a t  dolomite and/or  

ca lc i te  might be p re sen t .  Carbonate a n a l y s i s  of t h e s e  samples (see 
Table  7) i n d i c a t e d  a moderately high concen t r a t ion  of t h i s  an ion ,  sup- 

p o r t i n g  t h e  p o s s i b i l i t y  of t h e  presence of dolomite and/or c a l c i t e .  

Concen t r a t ions  of 8 t o  11% CO3'- were found i n  t h e  samples of gray c l a y  

and brown-clay b a c k f i l l ,  whi le  15% C032- w a s  found t o  be p re sen t  i n  t h e  

sample of l a k e  c l a y ,  which was chosen f o r  s lu r ry -wa l l  c o n s t r u c t i o n  

material p r i o r  t o  the! t i m e  t h a t  t h i s  a n a l y s i s  was made. Equiva len t  balan- 

ces, shown i n  Table El, f u r t h e r  s u b s t a n t i a t e  t he  p o s s i b i l i t y  of t h e  pres- 

ence of do lomi te  o r  calci te .  

X-ray d i f f r a c t i o n  (XRD) t echniques  were used t o  i d e n t i f y  t h e  
c r y s t a l l i n e  phases p re sen t  i n  the  s o i l  samples. The r e s u l t s  of these ana- 

l y s e s  show t h a t  s i l i c a  w a s  t h e  major c r y s t a l l i n e  component i n  a l l  of t h e  

s o i l s ,  and t h a t  i l l i t e ,  a t y p i c a l  s o i l  c l a y  minera l ,  w a s  p re sen t  at  i n t e r -  

mediate l e v e l s .  Although t h e s e  c r y s t a l l i n e  phases appear t o  be c o n s i s t e n t  

w i t h  t h e  e lementa l  composition of t h e  samples, t h e r e  was  no evidence of 

do lomi te  o r  c a l c i t e .  These components, i f  p r e s e n t ,  may be below t h e  

d e t e c t i o n  l i m i t  of t h e  XRD technique  used i n  t h i s  system. 

3.1.4 Core P r o f i l e  Analysis 

Core BH-77 was  a n  auger-type core  d r i l l e d  through t h e  h ighes t  s u r f a c e  

r a d i a t i o n  zone of t h e  R-10 p i l e  t o  t h e  Queenston s h a l e  bedrock l e v e l ,  

which was  13.7 m (45 f t )  from t h e  top of t h e  R-10 p i l e  and 10.7 m (35 f t )  

from t h e  s i t e  su r face .  This core was s e l e c t e d  f o r  t h e  de t e rmina t ion  of 
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Table  5. Sur face  area a n a l y s i s  of t h e  NFSS s o i l  samples 

Surf ace areaa 
Sample No. (m2/g) 

LC-1 24.3 

GC-1 29.3 

GC-2 

GC-3 

BCB-1 

BCB-2 

BCB-3 

20.6 

18.3 

19.0 

23.6 

22.4 

aSurface a r e a  measured by BET n i t r o g e n  a d s o r p t i o n  after samples w e r e  
d r i e d by ly op h i  1 i z at  i on . 
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Table  6. Concen t r a t ions  (mg/L) of e lements  i n  s o i l  samples from 
t h e  NF'SS, as determined by ICP spec t romet ry  

Sample 
E l e  m e  n t  GC-1 GC-2 GC-3 BCB-1 BCB-2 BCB-3 LC- 1 

Ag 
A 1  

B 

Ba 

B e  

Ca 

Cd 
co 

C r  

c u  

Fe  

Ga 

H f  

K 

Mg 
Mn 

Mo 

Na 
N i  

Pb 

Sb 

Se 

S r  

T i  

V 

Zn 

Z r  

<4.5 

80,000.0 

20.0 

460.0 

2.1 
50,000.0 

2.3 
18.0 

75.0 
26.0 

43,000.0 
31.0 

38.0 

26,000.0 

19,000.0 

710.0 

160.0 

7,900.0 
31.0 

<65.0 

<35.0 
<110.0 

190.0 
4,600.0 

100.0 
160.0 

110.0 

<4.5 
64,000.0 

<19.0 

380.0 

1.6 

51,000.0 

2.4 
14.0 

60.0 
20.0 

36,000.0 
22.0 

36.0 

18,000.0 

16,000.0 

810.0 

100.0 

9,900.0 
(28.0 

(65.0 

(35.0 
<110.0 

180.0 
4,500.0 

80.0 

89.0 

110.0 

<4.5 
66,000.0 

(19.0 
440.0 

1.6 
48,000.0 

4.3 
15.0 

61.0 
21.0 

37,000.0 
26.0 

37.0 

19,000.0 

16,000.0 

870.0 

110.0 

11,000.0 

<28.0 

<65.0 

<35.0 
<110.0 

170.0 

4,300.0 

81.0 
100.0 

120.0 

<4.5 
62,000.0 

<19.0 
410.0 

1.5 
55,000.0 

<2.3 
12.0 

53.0 
25.0 

34,000.0 
19.0 

30.0 

17,000.0 

13,000.0 
900.0 

140.0 

10,000.0 
<:28.0 

(65.0 

(35.0 
<110.0 

170.0 
3,900.0 

72.0 
74.0 

110.0 

<4.5 <4.5 

69,000.0 55,000.0 

<19.0 (19.0 
450.0 410.0 

1 .a 1.5 
47,000.0 59,000.0 

2.7 <2.3 
14.0 12.0 

61.0 46.0 
24.0 15.0 

38,000.0 31,000.0 

22.0 22.0 

34.0 30.0 

19,000.0 16,000.0 

14,000.0 12,000.0 

770.0 790.0 

87.0 110.0 

9,700.0 8,400.0 

<28.0 (28.0 
<65.0 <65.0 

<35.0 <35.0 
<110.0 <110.0 

160.0 150.0 
4,000.0 3,600.0 

84.0 71.0 
85.0 68.0 

110.0 92.0 

<4.5 
58,000.0 

26.0 

370.0 

1.6 
77,000.0 

<2.3 
11.0 

61.0 

9.6 

31,000.0 
22.0 

36.0 

16,000.0 

17,000.0 

540.0 

110.0 

8,400.0 

<28.0 
<65.0 

<35.0 
(110.0 

200.0 
3,600.0 

73.0 
170.0 

90.0 
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Table 7. Carbonate a n a l y s i s  of "FSS s o i l  samples 

Carbonate  conten t  
S o i l  sample ( % >  

GC- 1 9.20 

GC-2 9.66 

GC-3 8.65 

BCB-1 9.58 

BCB-2 7.79 

BCB-3 11.40 

LC-1 15.10 

Table  8. Magnesium p l u s  calcium e q u i v a l e n t  ba lance  t o  carbonate  
( I n  mq/g> 

Sample 
Element Gc-1 GC-2 Gc-3 BCB- 1 BCB-2 BCB-3 LC-1 

Ca 2.50 2.50 2.40 2.74 2.35 2.94 

~ 

3.84 

Mg 1.56 1.32 1.32 1.07 1.15 0.99 1.40 

co 3.07 3.22 2.88 3.19 2.60 3.80 5.03 

1.32 1.19 1.29 1.19 1.35 1.03 1.04 C I A a  

(Ca + Mg) aC/A = 
co32- 



25 

i t s  uranium and 226Ra concen t r a t ion  p r o f i l e  i n  o rde r  t o  exp lo re  i n  s i t u  

mig ra t ion  of t h e s e  r ad ionuc l ides .  Laboratory experiments designed t o  

measure r ad ionuc l ide  s o r p t i o n  va lues  can never e x a c t l y  d u p l i c a t e  t h e  waste 

s i t e  f i e l d  parameters because of p r a c t i c a l  c o n s t r a i n t s  on t h e  exper imenta l  

des ign .  Therefore ,  i n  s i t u  v e r i f i c a t i o n  of expe r imen ta l ly  p red ic t ed  

r a d i o n u c l i d e  r e t a r d a t i o n j m i g r a t i o n  is always d e s i r a b l e  when e v a l u a t i n g  a 

waste s i te .  F i e l d  d a t a  f o r  comparison wi th  l a b o r a t o r y  test r e s u l t s  are 

o f t e n  d i f f i c u l t  t o  i d e n t i f y ;  t h u s ,  t h e  NFSS R-10 p i l e  is one of t h e  f e w  

i n s t a n c e s  where s i g n i f i c a n t  q u a n t i t i e s  of r a d i o n u c l i d e s ,  p a r t i c u l a r l y  ura-  

nium and radium, have been depos i ted  f o r  an extended per iod  of time (30 

y e a r s )  i n  a s i te  wi th  def ined  s t r a t i g r a p h y  and geochemical eva lua t ion .  It 

seemed d e s i r a b l e ,  t h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  downward mig ra t ion  of ura-  

nium and radium i n  t h e  v i c i n i t y  of t h e  R-10 p i l e  so t h a t  i t  could be com- 

pared  wi th  t h e  uranium and radium s o r p t i o n  behavior and r e t a r d a t i o n  

f a c t o r s  de r ived  from l a b o r a t o r y  tests t o  be desc r ibed  la ter  i n  t h i s  

r e p o r t .  

The n a t u r a l  uranium a n a l y s i s  w a s  accomplished by delayed-eutron 

a c t i v a t i o n  of t h e  n a t u r a l  235U content  of t h e  t o t a l  uranium c o n c e n t r a t i  

i n  t h e  s o i l .  Radium-226 concen t r a t ion  i n  t h e  s o i l  samples w a s  determined 

by i n t e g r a t i n g  t h e  counts i n  t h e  0.609-MeV 2 1 4 B i  gamma peak a f t e r  

e s t a b l i s h i n g  s e c u l a r  equi l ibr ium.  The conc.entration p r o f i l e  f o r  s e l e c t e d  

c o r e  samples  is given i n  Table 9. The maximum uranium and radium con- 

c e n t r a t i o n s  (2600 pg/g of uranium and 8300 pCi/g of 226Ra) were i n  t h e  

2.9- t o  3 . 2 3  (9.5- t o  10.5-ft) samples.  Below t h i s  l e v e l ,  t h e  con- 

c e n t r a t i o n s  of both uranium and radium decreased  sha rp ly  t o  about 4 pg/g 

and less than  5 pCi/g, r e s p e c t i v e l y ,  i n  an approximately 0 . 3 3  (1 - f t )  

i n c r e a s e  i n  depth. P a r a l l e l  uranium and radium concen t r a t ion  s p i k e s ,  

which were observed i n  s e v e r a l  samples at  g r e a t e r  dep ths ,  were most l i k e l y  

due t o  contamination of these  samples dur ing  boring recovery through t h e  

ove r ly ing  contaminated zone. Theref o r e ,  it w a s  concluded t h a t  t h e  uranium 

and radium p r o f i l e  a n a l y s i s  d id  not  show any evidence of s i g n i f i c a n t  down- 

ward migra t ion  beneath t h e  R-10 p i l e  f o r  e i t h e r  r ad ionuc l ide  dur ing  t h e  

approximately 30-year waste emplacement. Lateral migra t ion  w a s  not 

explored  s i n c e  only one co re  p r o f i l e  w a s  analyzed. 
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Table 9. Radium and uranium c o n c e n t r a t i o n  p r o f i l e  f o r  t h e  NFSS core  BH-77 . 

Uranium 
Sample Core depth  2 2 6 ~ ,  conc. conc. 

No. (m) ( f t )  Des c r i p t  iona  (pCi /g> ( d g )  

s1-1 

s 1-2 
s2-2 

S3-1 

S4-1 

S5-1 

S6-1 

S6-2 

S6-3 

S7-1 

S7-2 

s 7-3 
S8-2 

s9-3 

s10-2 

S10-4 

s11-1 

s12-1 

s12-2 

S12-3 

S13-2 

S14-2 

S 15-2 

S17-2 

S19-2 

s21-2 

S23-2 

0.2 0.5 

0.3 1.0 

0.6 2.0 

0.9 3.0 

1.5 5.0 

2.1 7.0 

2.9 9.5 

3.0 10.0 

3.2 10.5 

3.5 11.5 

3.7 12.0 

3.8 12.5 

4.3 14.0 

5.0 16.5 

5.3 17.5 

5.6 18.5 

5.8 19.0 

6.4 21.0 

6.7 22.0 

6.9 22.5 

7.3 24.0 

7.9 26.0 

8.5 28.0 

9.8 32.0 

11.0 36.0 

12.2 40.0 

13.4 44.0 

Sandy loam f i l l  16 i: 2.1 

Sandy loam fill 19 2 1.6 

Sandy loam f i l l  21 i: 1.9 

Sandy loam f i l l  27 f 2.0 

Dk.-brn. c l a y ;  r o o t s ;  twigs 66 f 3.4 

Dk.-brn. c l a y ;  r o o t s ;  straw 263 i: 6.6 

Lt.-brn. sandy loam f i l l  7592 f 38 

Lt.-brn. sandy loam f i l l  8318 2 42 

Lt.-brn. sandy loam f i l l  6939 * 35 
Dk.-brn. c l a y  <5 
Dk.-brn. c l a y  6 +_ 1.5 

Dk. -brn. c l a y  295 2 5.6 

Med.-brn. c l a y  and g r a v e l  35 i: 2.6 

Med.-brn. c l a y  and g r a v e l  <5 

Med.-brn. c l a y  and g r a v e l  <5 

Med.-brn. c l a y  and g r a v e l  20 t 2.2 

Med.-brn. sandy loam <5 

Dk.-brn. c l a y  and g r a v e l  7 f 1.9 

Dk.-brn. c l a y  and g r a v e l  6 f. 1.8 

Dk.-brn. c l a y  and g r a v e l  77 t 3.6 

Dk.-brn. c l a y  and g r a v e l  5 t 1.8 

Dk.-brn. c l a y  and g r a v e l  <5 

Dk.-brn. c l a y  and g r a v e l  <5 

Dk.-brn. c l a y  and g r a v e l  7 f 1.7 

Dk.-brn. c l a y  and g r a v e l  77 2 3.6 

Dk.-brn. c l a y  and g r a v e l  14 f 2.1 

Dk.-red-brn. c l a y  and g r a v e l  5 t 1.9 

30 i: 0.9 

52.7 t 1.6 

104.0 i: 3.1 

22.8 f. 0.7 

57.3 i: 1.7 

84.3 t 2.5 

2610.0 f 78 

2660.0 f 80 

1330.0 f 40 

3.9 i: 0.1 

18.6 i: 0.6 

63.3 2 1.9 

13.1 t 0.4 

2.6 0.1 

1.5 t 0.05 

12.0 rt 0.4 

2.1 0.1 

3.6 f 0.1 

4.0 t 0.1 

6.1 1: 0.2 

3.8 f 0.1 

2.8 2 0.1 

3.0 2 0.1 

3.7 0.1 

5.8 2 0.2 

5.4 i: 0.2 

2.9 t 0.1 
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Elemental  ana lyses  of s ix  s e l e c t e d  samples 10.17 t o  13.7 m (0.5 t o  

45  f t )  i n  depth]  were determined by t h e  ICP technique. The d a t a ,  shown i n  

Table  10, w e r e  q u i t e  similar t o  t h e  ICP r e s u l t s  f o r  t h e  seven near-surface 

s o i l  samples desc r ibed  i n  a previous s e c t i o n  of t h i s  r epor t .  No major 

t r e n d s  o r  d i f f e r e n c e s  i n  composition were noted wi th  core depth. Chemical 

a n a l y s i s  of t h e  carbonate conten t  (Table 11) showed a s t eady  i n c r e a s e  i n  

c o n c e n t r a t i o n  wi th  depth,  ranging from 2.6% at  t h e  0 . 2 3  (0.5-ft)  l e v e l  t o  

10% a t  t h e  13.7111 (45- f t )  l e v e l .  Of t h e  near -sur face  s o i l  samples, only 

t h e  l a k e  c l a y  had a s i g n i f i c a n t l y  h ighe r  concen t r a t ion  of carbonate  (15%). 

3.2 GROUNDWATER CHARACTERIZATION 

3.2.1 Source and DescriDtion of SamDles 

Two sets of groundwater samples were obta ined  from t h e  NFSS. One set 

conta ined  s i x  samples, supp l i ed  by Bechtel  Na t iona l ,  which are of primary 

i n t e r e s t  s i n c e  a composite of f o u r  samples from one w e l l  (W-1, l o c a t e d  a 

s h o r t  d i s t a n c e  no r th  of t h e  R-10 p i l e )  w a s  used i n  t h e  s o r p t i o n / s o l u b i l i t y  

tes ts  r epor t ed  i n  t h i s  document. The second set  c o n s i s t e d  of 16 pumped 

and 5 b a i l e d  groundwater w e l l  samples t h a t  were obta ined  ear l ier  (1981) 

when NLO w a s  t he  s i t e  manager and Acres American w a s  t he  s i t e  geo log ic  and 

hydro log ic  subcont rac tor .  These samples w i l l  s e r v e  as a b a s i s  f o r  com- 

p a r i s o n  wi th  those  fu rn i shed  by Bechte l  National.  Approximate l o c a t i o n s  

of t h e  source  w e l l s  f o r  t h e s e  samples are shown i n  Fig. 3. 

3.2.2 Chemical C h a r a c t e r i z a t i o n  

The s i x  well-water samples supp l i ed  by Bechte l  Nat iona l  were analyzed 

f o r  e lementa l  conten t  by ICP spec t romet ry ,  a method which is  capable of 

ana lyz ing  f o r  as many as 30 elements s imul taneous ly .  The d a t a  f o r  t h e  

well-water samples i n  as-received cond i t ion  and a f t e r  f i l t r a t i o n  through 

0.8-pm f i l t e r  media are shown i n  Tables 12 and 13, r e s p e c t i v e l y .  No major 

d i f f e r e n c e s  between t h e  two types  of samples are appa ren t ,  i n d i c a t i n g  t h a t  

t h e  as-received samples  conta ined  n e g l i g i b l e  amounts of suspended par- 

t i c u l a t e s .  The major elements d e t e c t e d  (which would be p re sen t  as 
c a t i o n s )  were calcium, magnesium, and sodium. Only traces of potassium 

were de tec t ed  i n  Well-1, but l a r g e r  concen t r a t ions  of t h i s  c a t i o n  were 
p r e s e n t  i n  Wells 5 and 6. Appreciable q u a n t i t i e s  of s i l i c o n ,  presumably 
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Table 10. Elemental  concent ra t ions  (mg/L) of s o i l  samples from t h e  
NFSS Core BH-77, as determined by ICP spectrometry 

Sample depth ( f t )  
E l e  men t 0.5 8.5 10.5 18.5 26.0 45.0 

Ag 

A 1  

B 

B a  

B e  

Ca 

Cd 

c o  

C r  

cu  
Fe 

G a  

Hf 

K 

Mg 
Mn 

Mo 

Na 

N i  

P 

Pb 

Sb 

Se 

S r  

T i  

V 

Zn 

Z r  

<9. 

51,000. 

<500. 

390. 

4. 

26,000. 

6. 

<6. 

55. 

54. 

30,000. 

<35. 

59. 

19,000. 

8,500. 

920. 

63. 

12,000. 

62. 

540. 

220. 

230. 

300. 

150. 

3,600. 

67. 

59. 

270. 

<9. 

46,000. 

<500. 

420. 

4. 

35 , 000. 

6. 

130. 

81. 

92. 

28,000. 

<35. 

64. 

16,000. 

12,000. 

950. 

120. 

12,000. 

460. 

520. 

340. 

220. 

350. 

160, 

3,200. 

78. 

88. 

290. 

<9. 

48,000. 

<500. 

1,300. 

6. 

15 , 000. 
<5. 

4,800. 

5. 

1,900. 

14,000. 

<35. 

99. 

75,000. 

56,000. 

1,000. 

290. 

4,800. 

14,000. 

<170. 
4,200. 

190. 

390. 

78. 

2,800. 

990. 

450. 

200. 

<9 e 

57,000. 

<500. 

430. 

4. 

4,200. 

7. 

23. 

49. 

38 

32,000. 

<35. 

64. 

21,000. 

13,000. 

730. 

140. 

11,000. 

120. 

510. 

180. 

230. 

310. 

180. 

3,800. 

82. 

48. 

190. 

<9. 

6,000. 

500. 

370. 

4. 

42,000. 

7. 

<7. 

42. 

44. 

32,000. 

<35. 

56. 

39,000. 

15,000. 

780. 

120. 

11,000. 

59. 

360. 

160. 

240. 

430. 

180. 

3,900. 

77. 

44. 

190. 

<9. 

40,0000 

<500. 

370. 

40 

49,000. 

<5. 

<7. 

49. 

42. 

26,000. 

<35. 

70. 

16,000. 

14,000. 

870. 

120. 

14,000. 

75. 

480. 

190. 

230. 

350. 

180. 

3,100. 

47. 

27. 

280. 



2 9  

Table 11. Carbonate analysis of soil samples from the NFSS core BH-77 

Szple d;;;; Carbonate content 
(XI Sample description 

0.2 0.5 Sandy loam fill 2.59 

2.6 8.5 Dark-brown clay; roots; straw 6.14 

3.2 10.5 Light-brown sandy loam; some roots 4.35 

5.6 18.5 Medium-brown clay; gravel 7.49 

7.9 26.0 Dark-brown clay; gravel 8.78 

13.7 45.0 Dark-brown clay; large gravel 10.07 
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Table 12. Elemental  concen t r a t ions  (mg/L) of NFSS well-water 
samples as r ece ived  from Bechte l  Nat iona l  

Sample No. 
Element W 1 - 1  w1-2 W1-3 W1-4 W 1 - ( AV )a W 1 - 5 W1-6 

Ag 
A 1  

A s  

B 

B a  

B e  

Ca 

Cd 

C r  

c u  

Fe  

K 

L i  

Mg 
Mn 

Mo 

N a  

N i  

P 

Pb 

S i  

S r  

Th 

T i  

V 

Zn 

Z r  

<O. 0030 
0.0206 

<O. 0600 

0,0345 

0.0209 

0.0006 

36.49 
<0.0041 

<0.0020 
0.0034 

<O. 0050 

<o. 10 

0.0260 

48.95 

0.0050 

<O. 0080 

19.03 
<O. 0040 

<o . 020 
<o. 020 

5.71 
0.494 

<O. 050 

<0.0010 

<0.0030 

<o. 002 

<0.0010 

<O. 0030 

<0.0150 

<O. 0600 
0.0434 

0.0223 

<o. 0002 

33.60 
<0.0041 

<0.0020 

0.0028 
<0.0050 

0.530 

0.0259 

49.12 

0.0050 

<O . 0080 

18.87 
<O. 0040 

<o. 020 
<0.020 

5.73 

0.496 

<0.050 

<0.0010 

<O. 0030 

<o . 0020 

<0.0010 

<0.0030 

<0.0150 

<O. 0600 

0.0336 

0.0223 

0.0006 

37.39 
<0.0041 

<0.0020 

0.0037 
<O. 0050 

0.534 

0.0275 

50.00 

<O. 0050 
<O. 0080 

18 . 85 

<0.0040 

<o. 020 
<o. 020 

5.67 

0.502 

<O. 050 

<0.0010 

<0.0030 

<o. 0020 

<0.0010 

<0.0030 

<O. 0150 

<O. 0600 

0.0235 

0.0139 

<o. 0002 

31.73 

<O. 0041 

<o. 0020 

0.0042 
<O. 0050 

0.937 

0.0260 

56.87 

<0.0050 
<O. 0080 

123.6 

<O. 0040 

<o. 020 

<o. 020 

4.61 

0.533 

<O. 050 

<0.0010 

<O. 0030 

<0.0020 

<0.0010 

<0.0030 
0.0164 

<O. 0600 
0.03375 

0.01985 

0.0004 

34.80 

<0.0041 

<0.0020 

0.0035 
<0.0050 

0.525 

0.0264 

51.24 

0.0050 

<O. 0080 

45 . 09 

<O. 0040 

<o. 020 
<o. 020 

5.43 

0.506 

<0.050 

<0.0010 

<O. 0030 

<o. 0020 

<0.0010 

<O. 0030 

0.0651 

<O, 0600 
0.257 

0.0071 

<o. 0002 

6.40 
<0.0041 

<0.0020 

0.0133 
0.280 

2.55 

0.0423 

56.91 

<O. 0050 

<o. 0080 

84.71 

<O. 0040 

<o. 0020 

<o. 020 

<0.010 

0.272 

<0.050 

0.0142 

<O. 0030 

0.4219 

<0.0010 

<O. 0030 
0.2616 

<0.0600 

0.2826 

0.0071 

<o . 0002 

12.94 

<0.0041 

<0.0020 

0 . 0047 
0.1762 

2.64 

0.0491 

88.63 

<O. 0050 

<O. 0080 

72.28 

<O. 0040 

<o. 0020 
<0.020 

<0.010 

0.3224 

<0.050 

0.0207 

<O. 0030 

0.2625 

<0.0010 

aW1-(AV) i s  an average of t h e  f o u r  W 1  w e l l - w a t e r  sample ana lyses .  
These va lues  were employed f o r  t h e  W 1  well-water composition used i n  t h e  
exper imenta l  work. 
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Table 13. Concentrat ions (mg/L) of elements i n  t h e  NFSS well-water 
samples (obtained from Bechtel  Nat iona l )  a f t e r  f i l t r a t i o n  through 

0.8-pm f i l t e r  media 

Sample No. 
Element w1 w4 w5 W6 

* g  
41 

AS 

B 

Ba 

B e  

Ca 

Cd 

C r  

c u  

Fe 

K 

L i  

Mg 

Mn 

Mo 

Na 

N i  

P 

Pb 

S i  

Sr 

Th 

T i  

V 

Zn 

Z r  

<0.0030 

<0.0150 

<O. 0600 

0.0343 

0.0243 

0.0012 

56.6 

<0.0041 

<o. 0020 
<0.0010 

<O. 0050 

0.4380 

0.0272 

48.34 

<O. 0050 

<O. 0080 

18.72 

<O. 0040 

<o. 0020 
<o. 020 
5.85 

0.5352 

<O. 050 
<0.0010 

<O. 0030 
<0.0020 

<0.0010 

<0.0030 

<0.0150 

<O. 0600 

0.5243 

0.0072 

<o. 0002 
12.59 

<O. 0041 

<0.0020 

0.0039 

0.0106 

3.14 

0.0454 

116.3 

0.0140 

0.0139 

109.6 

0.0642 

<0.0020 

<o. 020 
2.26 

0.2203 

<0.050 
<0.0010 

0.0109 

0.0088 

<0.0010 

<0.0030 

<0.0150 

<0.0600 

0.2564 

0.0028 

0.001 1 

6.10 

(0.0041 

<0.0020 

0.0045 

<0.0050 

2.36 

0.0421 

55.45 

<0.0050 

<O. 0080 

80.29 

<O. 0040 

<0.0020 

<0.020 

0.1110 

0.2667 

(0.050 

<0.0010 

<0.0030 

0.0119 

<0.0010 

<0.0030 

0.0855 

<0.0600 

0.2774 

0.0073 

0.0006 

11.44 

(0.0041 

<0.0020 

0.0048 

<0.0050 

2.19 

0.0505 

86.87 

<0.0050 

<0.0080 

70.96 

0.0122 

<0.0020 

(0.020 

0.2447 

0.2929 

(0.050 
<0.0010 

<O. 0030 

0.0100 

<0.0010 
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as e i t h e r  one o r  more d i s s o l v e d  s i l i ca tes  o r  as c o l l o i d a l  s i l i ca tes ,  were ' 

a l s o  p r e s e n t  i n  Well 1. 

The 16 pumped and 5 b a i l e d  groundwater w e l l  samples were analyzed a t  

t h e  t i m e  of t h e i r  r e c e i p t  i n  1981. Analyses included both a l k a l i n i t y  

(carbonate ,  b icarbonate ,  and hydroxide) ,  shown i n  Table 14, and t h e  major 

c a t i o n  and anion c o n c e n t r a t i o n s ,  l i s t e d  i n  Table 15. Cat ion and anion 

va lues  ( i n  meq/L), a long w i t h  an e q u i v a l e n t  balance of t o t a l  c a t i o n s / t o t a l  

a n i o n s ,  are shown i n  Table 16. The average c a t i o d a n i o n  e q u i v a l e n t  

ba lance  f o r  t h e  16 samples i s  0.94 t 0.10, i n d i c a t i n g  t h a t  most major 

i o n i c  s p e c i e s  have been accounted f o r .  C h a r a c t e r i s t i c  chemical com- 

p o s i t i o n a l  d i f f e r e n c e s  can be seen  between t h e  rock-well and t h e  s o i l - w e l l  

samples,  which sugges ts  t h a t  mixing of t h e  a q u i f e r s  a t  t h e s e  depths i s  

minimal. The r a d i o n u c l i d e  c o n t e n t s  of t h e s e  w e l l  waters were not  d e t e r -  

mined because of t i m e  and funding c o n s t r a i n t s .  

4. SORPTION/SOLUBILITY MEASUREMENTS 

4.1 EXPERIMENTAL METHODS 

The experimental  p r o t o c o l  f o r  determining ambient-pH s o r p t i o n  

i so therms is  summarized i n  Table 17. I n  essence ,  i t  involved t h e  c o n t a c t  

of s i t e  groundwater (spiked wi th  t h e  d e s i r e d  r a d i o n u c l i d e  and t r a c e d  wi th  

a n  a p p r o p r i a t e  r a d i o a c t i v e  i s o t o p e )  wi th  samples of s o i l  a t  a s o l u t i o n /  

s o l i d s  r a t i o  of 5 f o r  24 h i n  an argon atmosphere a t  room temperature  

(22OC), c e n t r i f u g a t i o n  a t  5,000 x  to recover  a clear s o l u t i o n ,  and ana l -  

y s i s  of t h e  s o l u t i o n  f o r  rad ionucl ides .  Details of t h i s  procedure are 

g i v e n  i n  Appendix B. I n  t h e s e  tests,  t h e  pH w a s  allowed t o  e q u i l i b r a t e  

n a t u r a l l y  w i t h  t h e  s o i l  and groundwater; no a t tempt  was made t o  a d j u s t  or 

c o n t r o l  it. Since t h e  NFSS so i l /g roundwater  system is not  s t r o n g l y  buff-  

e r e d ,  some of t h e  t es t  pH va lues  f e l l  s l i g h t l y  below t h e  pH of t h e  i n i -  

t i a l  groundwater, e s p e c i a l l y  f o r  i n c r e a s e d  c a t i o n  loading  of t h e  c l a y  

minera ls  i n  t h e  s o i l .  However, t h i s  w a s  considered t o  be a v a l i d  compro- 

mise between "real-world" c o n d i t i o n s  and a r t i f i c i a l  condi t ions  i n  which a 

b u f f e r i n g  agent  would be added t o  t h e  groundwater o r  t h e  pH would be 

a d j u s t e d  by t h e  a d d i t i o n  of a c i d  o r  base,  t o  a r b i t r a r i l y  e s t a b l i s h  f i x e d  

pH values .  
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Table 14. A l k a l i n i t y  a n a l y s i s  of w e l l - w a t e r  samples from t h e  NFSS 

Well Type I n i t i a l  A l k a l i n i t y  (mg/L) 
No. of w e l l  PH Carbonate  Bicarbonate  T o t a l a  

PumDed s a m D l e s  

BH-30A 
BH-40A 
BH-47A 
BH-50A 
BH-64B 

BH-16 
BH-40 
BH-47 
BH-50 
BH-59 
BH-6 1 
BH-63 
BH-64 

BH-12 
BH-57 
BH-62 

BH-30A 
BH-40A 
BH-47A 
BH-50A 
BH-64B 

Shallow s o i l  
[4.6 t o  6.1 m 
(15 t o  20 f t ) ]  

Deep s o i l  
110.7 t o  16.8 m 
(35 t o  55 ft)] 

Roc.- 
[30.5 t o  61 m 
(50 t o  100 f t ) ]  

Shallow s o i l  
[4.6 t o  6.1 m 
(15 t o  20 f t ) ]  

7.45 0 
7.34 0 
7.65 36 
7.74 26 
7.61 36 

7.76 
7.71 
7.43 
7.91 
7.84 
7.83 
7.94 
7.71 

16 
10 
30 
14 
26 
14 
12 
26 

7.89 10 
7.43 12 
7.93 10 

Bai led  s a m D l e s  

7.46 36 
7.34 0 
8.05 8 
7.76 20 
7.89 10 

46 0 
41 7 
29 4 
37 7 
334 

116 
90 

280 
64 

12 1 
105 

61 
311 

33 
44 
34 

59 
306 

35 
25 2 

83 

460 
41 7 
330 
403 
360 

132 
100 
310 

78 
147 
119 

73 
337 

43 
56 
44 

95 
306 

43 
272 

93 

aNo hydroxide w a s  d e t e c t e d  i n  any sample. 



Table 15. Analysis  of t he  NFSS w e l l - w a t e r  samples f o r  a l k a l i  metals, 
a l k a l i n e  e a r t h s ,  and anions 

Concentrat ion (mg/L) Well Type of 
No. Well Na+ K+ Ca2+ Mg2+ S042- C 0 3 2 -  HC032- C1- F- 

BH-30A 

BH-40A 

BH-47A 

BH-64B 

BH-16 

BH-40 

BH-47 

BH-50 

BH-59 

BH-61 

BH-63 

BH-64 

BH- 12 

BH-57 

BH-62 

Shallow s o i l  76 1.8 

[4.6 t o  6.1 m 111 5.0 

(15 t o  20 f t ) ]  316 10.9 

46 3.2 

Deep s o i l  195 6.9 

110.7 t o  16.8 m 135 8.4 

(35 t o  55 ft)] 370 17.2 

169 9.1 
84 7.6 

185 11.8 

218 12.7 

72 8.5 

Rock 2,190 59 

[30.5 to 61 m 1,343 46 

(50 t o  100 ft)] 470 35 

72 

167 

84 

54 

130 
193 

264 

165 

91 

168 

186 

85 

500 

49 5 

349 

94 

157 

77 
119 

124 

90 

215 

86 
97 

115 
7 1  

115 

57 

61 

48 

270 

920 

1,050 

510 

1,070 
980 

1,870 

1,120 

600 

1,130 

1,020 

480 

2,410 

1,460 

2,360 

0 460 

0 417 
36 294 

36 334 

16 116 
10 90 

30 280 

14 64 

26 121 

14  105 

12  61 

26 311 

10 33 
12 44 

10 34 

17 

13 

100 

19 

50 
7 2  

190 

75 

28 

66 

150 

L 1  

2,700 

2,200 

180 

0.6 

0.2 

0.4 

0.2 

0.5 

0.3 

0.3 

0.4 

0.3 

0.3 

0.3 

0.3 

0.8 

0.6 

0.7 

w 
c- 



Table 16. Equivalent  balance a n a l y s i s  of a l k a l i  metals, a l k a l i n e  e a r t h s ,  and an ions  i n  
t h e  NFSS w e l l - w a t e r  samples  

Concent ra t ion  (mg/L) T o t a l  c a t i o n s  
No. Well Na+ K+ Ca2+ ~ g 2 +  so,2- co32- ~ ~ 0 ~ 2 -  c i -  F- T o t a l  an ions  

Well 5 P e  of 

BH-30A Shallow s o i l  3.8 0.05 3.6 

BH-40A [4.5 t o  6.1 m 4.8 0.13 8.3 
BH-47A (15 t o  20 f t ) ]  14.0 0.28 4.2 

BH-64B 2.0 0.08 2.7 

RH-16 

BH-40 

BH-47 

BH-50 

BH-59 

BH-6 1 

BH-63 

BH-64 

Deep s o i l  8.5 0.18 6.5 

[10.7 t o  16.8 m 5.9 0.21 9.6 

(35  t o  55 f t ) ]  16.0 0.44 13.2 

7.3 0.23 8.2 

3.7 0.19 4.5 

8.0 0.30 8.4 

9.5 10.32 9.3 

3.1 0.22 4.2 

BH-12 Rock 95.0 1.50 25.0 
BH-57 [30.5 t o  61 m 62.0 1.18 24.7 

BH-62 50 t o  100 f t ) ]  20.0 0.90 17.4 

7.7 

2.9 

6.3 

9.8 

0.2 

7.4 
7.7 
7.1 

8.0 

9.5 

5.8 

9.5 

4.7 
5.0 

3.9 

5.6 
19.2 

21.9 

10.6 

22.3 

20.4 

39.0 

23.3 

12.5 

23.5 

21.3 

10.0 

50.2 
30.4 

49.2 

0 

0 

1.2 

1.2 

0.5 

0.3 

1.0 

0.5 

0.9 

0.5 

0.4 

0.9 

0.3 
0.4 

0.3 

7.5 

6.8 

4.8 

5.5 

1.9 

1.5 

4.6 

1.0 

2.0 

1.7 

1.0 

5.1 

0.5 

0.7 
0.6 

0.5 0.03 

0.4 0.01 

0.5 0.01 

0.5 0.01 

1.4 0.03 
2.0 0.02 

5.4 0.02 

2.1 0.02 

0.8 0.02 

1.9 0.02 

4.2 0.02 

0.6 0.02 

76.1 0.04 

62.0 0.03 

6.1 0.04 

1.11 

0.99 

0.81 

0.82 

1.10 

0.95 

0.95 

0.87 

1.01 

0.84 

0.93 

1.01 

0.99 

0.99 
0.76 

W 
cn 
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Table 17. Batch con tac t  ambient-pH method f o r  de te rmining  
r a d i o n u c l i d e  s o r p t i o n  and apparent  concen t r a t ion  l i m i t  va luesa  

0 Contact (shake) 2.0 g of s o i l  w i th  10 mL of rad ionucl ide- t raced  
groundwater f o r  24 h a t  room tempera ture  under an argon 
atmosphere. 

0 Cent r i fuge  sample t o  recover  c l e a r  s o l u t i o n .  

0 Count r ad ionuc l ide  t o  determine concen t r a t ion  i n  s o l u t i o n ,  and 
c a l c u l a t e  r ad ionuc l ide  concen t r a t ion  i n  s o i l .  

0 Calcu la t e  s o r p t i o n  r a t i o  Rs (L/kg),  and p l o t  s o r p t i o n  d a t a  as 6 r a t e  o r  i so therm graphs. 

aDetails of t h e  exper imenta l  p r o t o c o l  are presented  i n  Appendix B. 
bThe program used f o r  c a l c u l a t i o n  i s  inc luded  i n  Appendix B. 

Although many i n v e s t i g a t o r s  con tac t  groundwater and s o i l  f o r  r e l a t i -  

v e l y  long  pe r iods  (weeks o r  months), t h e  amount of d a t a  r equ i r ed  t o  

f u l f i l l  our o b l i g a t i o n  t o  t h i s  p r o j e c t  precluded t h e  use of lengthy  

e q u i l i b r a t i o n  times. 

4.2 URANIUM - SORPTION RATE 

The exper imenta l  i n v e s t i g a t i o n  of s o r p t i o n  behavior w a s  conducted 

p r i m a r i l y  wi th  uranium s i n c e  (1) t h i s  r ad ionuc l ide  is t he  major s i t e  con- 

taminant i n  terms of q u a n t i t y ,  ( 2 )  t h e  well-known s o l u b i l i t y  of t h e  ura- 

n y l t r i c a r b o n a t e  an ion  could a f f e c t  uranium s o r p t i o n  behavior i f  i t  is  

complexed by t h e  ca rbona te /b i ca rbona te  i n  t h e  NFSS so i l /g roundwater  

sys tem,  and ( 3 )  t h e  a n a l y t i c a l  methods t o  be u t i l i z e d  a l low prompt c o l l e c -  

t i o n  of t h e  uranium da ta .  

While many of t h e  ba tch  tes t  parameters t o  be used i n  t h i s  s tudy  

could be s e l e c t e d  based on p r i o r  expe r i ence ,  t h e  ra te  of uranium s o r p t i o n  

by s o i l s  o r  rocks i s  sometimes slow and s e l e c t i o n  of t he  parameters 

r e q u i r e s  a compromise between experiments designed t o  reach  e q u i l i b r i u m  

and t h e  exigency of d a t a  needs w i t h i n  t h e  near  t e r m .  Thus, s cou t ing  tests 

were c a r r i e d  out  t o  measure t h e  ra te  of uranium s o r p t i o n  by the  t h r e e  

types  of near -sur face  s o i l s  from t h e  NFSS i n  con tac t  wi th  groundwater from 
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Well-1. The exper imenta l  procedure used i n  t h e s e  t e s t s  w a s  summarized i n  

t h e  prev ious  s e c t i o n  and i s  desc r ibed  more f u l l y  i n  Appendix B. The d a t a  

f o r  t h e  s o r p t i o n  rate tests a t  two uranium concen t r a t ions  (10 and 

100 pg/mL) wi th  s o i l s  GC-1, BCB-1, and LC-1 are shown, r e s p e c t i v e l y ,  i n  

Tables  18, 19, and 20. For a l l  s i x  tes t  series, t h e  uranium adsorbed 

a f t e r  a 24-h con tac t  w a s  93.5 2.8% of t h e  amount adsorbed a f t e r  72 h. 

Based on t h i s  i n fo rma t ion ,  a contac t  t i m e  of 24 h w a s  s e l e c t e d  f o r  t h e  

uranium s o r p t i o n  i so therm tests. Uranium s o r p t i o n  r a t i o  ( R s )  va lues  are 

a l s o  given i n  t h e s e  t a b l e s  so  t h a t  comparison can be made wi th  t h e  va lues  

ob ta ined  from t h e  s o r p t i o n  isotherms. 

4.3 URANIUM - SORPTION ISOTHERMS 

4.3.1 Sorp t ion  on Gray Clay 

Uranium s o r p t i o n  i so therms were determined f o r  t h e  t h r e e  samples of 

gray  c l a y  s o i l  found a t  the  bottom of t h e  t r ench  t h a t  w a s  cons t ruc t ed  

around t h e  R-10 p i l e  i n  p r e p a r a t i o n  f o r  emplacement of a s lu r ry -wa l l  

b a r r i e r .  The exper imenta l  p ro toco l  f o r  t h e s e  s o r p t i o n  tests is sum- 

marized i n  Sec t .  4.1; d e t a i l s  are l i s t e d  i n  Appendix B. The s o r p t i o n  

behavior  of uranium on samples GC-1, GC-2, and GC-3 (Fig. 4) w a s  very 

similar; t h e  d a t a  were def ined  by one curve. The s o r p t i o n  i so therm d a t a  

are presented  i n  Tables C-1 through C-3 i n  Appendix C. 

The t h r e e  s o i l  samples e x h i b i t e d  only low R s  va lues ;  t h e  extremes 
w e r e  0.8 and 9.4 L/kg. Values  of 1 t o  2 L/kg may be t y p i c a l  of uranium 

s o r p t i o n  on t h e s e  s o i l  samples i n  con tac t  w i th  groundwater from W1 w e l l  a t  

r e l a t i v e l y  high uranium concen t r a t ion  l e v e l s  ( 4  t o  40 mmol/L), while 

va lues  of 2 t o  6 L/kg may be t y p i c a l  of uranium s o r p t i o n  a t  r e l a t i v e l y  low 

uranium concen t r a t ion  l e v e l s  (0.01 t o  0.1 mmol/L). 

The s o r p t i o n  isotherms f o r  t h e  t h r e e  s o i l  samples  gave no d e f i n i t e  

i n d i c a t i o n  of reaching  a l i m i t i n g  s o l u b i l i t y ,  even a t  t h e  h i g h e s t  con- 

c e n t r a t i o n s .  However, a s l i g h t  upward i n f l e c t i o n  of t h e  i so therm does 

sugges t  a s p e c i e s  change and perhaps t h e  i n i t i a t i o n  of s o l u b i l i t y  limita- 

t i o n  a t  a uranium concen t r a t ion  g r e a t e r  than  10 g/L. The l ack  of a d e f i -  

n i t e  i n d i c a t i o n  of an apparent s o l u b i l i t y  l i m i t  could be t h e  r e s u l t  of one 

o r  more of s e v e r a l  s cena r ios :  (1) t h e  carbonate  t h a t  is p resen t  i n  t h e  
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a Table  18. Rate of uranium s o r p t i o n  on gray c l a y  from t h e  NFSS 

Uranium c o n c e n t r a t i o n  
T i m e  S o l i d s  Aqueous R s  
( h  1 (vg/g> ( Pg /mL 1 (L/g)  

- 0 - 10.0 

1 33.3 3.5 9.5 

2 24.4 5.2 4.7 

4 24.5 5.2 4.7 

2 4  25.9 4.9 5.3 

4 8  26.5 4.8 5.5 

7 2  28.4 4.4 6.5 

0 

1 

2 

4 

2 4  

48 

7 2  

- 

146.6 

151.0 

153.0 

171.1 

174.2 

180.3 

- 100.0 

70.8 2.1 

70.4 2.1 

70.0 2.2 

66.5 2.6 

65.9 2.6 

64.6 2.8 

aExperimental  condi t ions :  2.0 g of s o i l  (GC-1) contac ted  
w i t h  10 mL of W1 w e l l  water sp iked  w i t h  238U + 2 3 3 U  tracer. 
F i n a l  pH of contac ted  s o l u t i o n s  w a s  7.5 t o  7.8. 
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Table 19. R a t e  of uranium s o r p t i o n  on brown-clay 
b a c k f i l l  from t h e  NFSSa 

T i m e  
Uranium concen t r a t ion  

S o l i d s  Aqueous Rs  

1 25.9 4.9 5.3 

2 21.6 5.7 3.9 

4 

24 

21.9 

24.3 

5.7 3.8 

5.2 4.7 

48  28.0 4.5 6.2 

72 26.0 4.9 5.3 

0 

1 

2 

4 

24 

48 

72 

- 
148.4 

152.6 

167.7 

176.8 

180.6 

189.0 

100.0 

70.9 

70.1 

67.2 

65.3 

64.6 

62.9 

- 

2.1 

2.2 

2.5 

2.7 

2.8 

3.0 

aExperimental cond i t ions :  2.0 g of s o i l  (BCB-1) contac ted  
w i t h  10 mL of W1 w e l l  water sp iked  wi th  238U + 2 3 3 U  tracer. 
F i n a l  pH of contac ted  s o l u t i o n s  w a s  7.5 t o  7.8. 



40 

Table 20. Rate of uranium s o r p t i o n  on l a k e  c l ay  from t h e  NFSSa 

T ime  
Uranium concen t r a t ion  

So l ids  Aqueous R s  

0 

1 

2 

4 

2 4  

4 8  

7 2  

0 

1 

2 

4 

2 4  

4 8  

7 2  

21.3 

20.9 

21.3 

24.8 

24.5 

25.2 

- 

147.5 

149.8 

152.9 

172.7 

176.7 

192.8 

10.0 

5.8 

5.9 

5.8 

5.1 

5.2 

5.1 

- 

3.7 

3.6 

3.7 

4.8 

4.7 

5.0 

100.0 - 

71.1 2.1 

71.5 2.1 

70.0 2.2 

66.1 2.6 

65.4 2.7 

62.2 3.1 

aExperimental cond i t ions :  2.0 g of s o i l  (LC-1) contac ted  
w i t h  10 mL of W 1  w e l l  w a t e r  sp iked  wi th  238U + 233U tracer. 
F i n a l  pH of contac ted  s o l u t i o n s  w a s  7.5 t o  7.8. 
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Fig. 4. Uranium so rp t ion  isotherms f o r  samples of gray c l ay  from t h e  NFSS. 
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s o i l  could cause inc reased  s o l u b i l i t y  due t o  t h e  format ion  of t h e  car- 

bonate complexes of uranium; (2 )  i n s o l u b l e  h y d r o l y t i c  s p e c i e s  of uranium 

may be p resen t  as c o l l o i d a l  d i s p e r s i o n s ;  and ( 3 )  k i n e t i c s  of t h e  exchange 

r e a c t i o n s  and, p a r t i c u l a r l y ,  t h e  h y d r o l y t i c  r e a c t i o n s  may be slow enough 

t o  a l low a s i g n i f i c a n t  amount of t h e  r ad ionuc l ide  t o  remain i n  t h e  so lu-  

t i o n  phase. 

4.3.2 Sorp t ion  on Brown-Clay B a c k f i l l  

Uranium s o r p t i o n  i so therms were determined f o r  t h e  t h r e e  samples of 

brown-clay b a c k f i l l .  This  material is a type  of s u r f a c e  s o i l  which w a s  t o  

be employed i n  b a c k f i l l  o p e r a t i o n s  over and around t h e  s l u r r y  w a l l  i n  t h e  

v i c i n i t y  of t h e  R-10 p i l e .  The exper imenta l  p r o t o c o l  f o r  t h e s e  s o r p t i o n  

tests is  summarized i n  Sect. 4.1; d e t a i l s  are l i s t e d  i n  Appendix B. A s  

w i t h  t h e  gray-clay s o i l  samples,  t h e  s o r p t i o n  behavior of uranium on 

samples BCB-1, BCB-2, and BCB-3 (Fig. 5) w a s  similar and t h e  r e s u l t s  were 

de f ined  by a s i n g l e  curve. The s o r p t i o n  i so therm d a t a  are d e t a i l e d  i n  

Tables  C-4 through C-6 i n  Appendix C. 

The t h r e e  BCB s o i l  samples e x h i b i t e d  only  low R s  va lues ;  t h e  extremes 

w e r e  0.5 and 10.5 L/kg. Values of 1 t o  3 L/kg may be t y p i c a l  of uranium 

s o r p t i o n  on t h e s e  s o i l  samples i n  con tac t  w i th  groundwater from W1 w e l l  at  

r e l a t i v e l y  high uranium concen t r a t ion  l e v e l s  (4  t o  40 mmol/L), while 

va lues  of 4 t o  10 L/kg may be t y p i c a l  of uranium s o r p t i o n  a t  r e l a t i v e l y  

low uranium concen t r a t ion  l e v e l s  (0.01 t o  0.1 mmol/L). 

The s o r p t i o n  isotherms f o r  t h e  t h r e e  s o i l  samples gave no d e f i n i t e  
i n d i c a t i o n  of reaching  a l i m i t i n g  s o l u b i l i t y  and showed only a very s l i g h t  

upward i n f l e c t i o n ,  which might sugges t  some s p e c i e s  change. 

4.3.3 Sorp t ion  on Lake Clay 

A uranium s o r p t i o n  i so therm w a s  determined f o r  t h e  s i n g l e  sample, 

LC-1, of l a k e  c l a y ,  a s o i l  which w a s  brought i n  from o f f - s i t e  f o r  use  i n  

t h e  c o n s t r u c t i o n  of a s l u r r y  w a l l  around t h e  R-10 p i l e .  The exper imenta l  

p r o t o c o l  f o r  t h e s e  s o r p t i o n  tests is summarized i n  Sect.  4.1; d e t a i l s  are 

l i s t e d  i n  Appendix B. The s o r p t i o n  behavior of uranium (Fig. 6 )  w a s  very 

similar t o  t h a t  found f o r  t h e  gray-clay and t h e  brown-clay b a c k f i l l  

samples. The s o r p t i o n  i so therm d a t a  are d e t a i l e d  i n  Table C-7 in 

Appendix C. 
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Fig.  5. Uranium so rp t ion  isotherms f o r  samples of brown-clay b a c k f i l l  from t h e  NFSS. 
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F i g .  6. Uranium s o r p t i o n  isotherm f o r  a sample of l ake  c lay  from t h e  NFSS. 
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S o i l  sample LC-1, l i k e  t h e  o t h e r s ,  e x h i b i t e d  low Rs va lues  t h a t  

ranged from 0.6 L/kg, ob ta ined  wi th  a high i n i t i a l  uranium concen t r a t ion  

( 4  t o  40 mmol/L), t o  6 L/kg, ob ta ined  wi th  a low i n i t i a l  uranium con- 

c e n t r a t i o n  (0.01 t o  0.1 mmol/L). 

LC-1 i s  t h e  only one of t h e  near -sur face  s o i l  samples t h a t  e x h i b i t e d  

a sugges ted  approach t o  an apparent  uranium s o l u b i l i t y  l i m i t .  The i so the rm 

shows a d e f i n i t e  upward i n f l e c t i o n  (based on one d a t a  p o i n t ) ,  i n d i c a t i n g  

a n  apparent  s o l u b i l i t y  l i m i t  of approximately 15 mg/L. A t  t h e  con tac t  pH 

of t h e  system from which t h e s e  p a r t i c u l a r  d a t a  were der ived  ( i . e . ,  6.5),  

t h i s  apparent  s o l u b i l i t y  l i m i t  va lue  may not be too  f a r  from t h e  t r u e  

s o l u b i l i t y  l i m i t  expected from c l a s s i c a l  s o l u b i l i t y  c o n s i d e r a t i o n s  

(about  2 t o  10 mg/L).  

4.3.4 Sorp t ion  on S o i l  from Core BH-77 

Uranium s o r p t i o n  isotherms were determined f o r  seven s o i l  samples 
from a core  (BH-77) which was taken through t h e  R-10 p i l e ,  at t h e  po in t  of 

maximum s u r f a c e  r a d i o a c t i v i t y ,  t o  bedrock. These samples were s e l e c t e d  
from t h e  0.3-, 2.1-, 3.2-, 5.6-, 7.9-, 12.2-, and 1 3 . 7 3  (1- ,  7-, 10.5-, 

18.5-, 26-, 40-, and 45-ft)  l e v e l s  of t h e  core. The procedure f o r  d e t e r -  

mining t h e  s o r p t i o n  isotherms i s  summarized i n  Sect. 4.1; d e t a i l s  are 

g iven  i n  Appendix B. 

The uranium s o r p t i o n  isotherms f o r  s o i l  samples from t h e  0.3-, 2.1-, 

and 3 . 2 3  (1-, 7-, and 10.5-ft) l e v e l s  are shown i n  Fig. 7. Sorp t ion  

isotherms for soil samples f r o m  the 5.6-, 7.9-, and 12.2- (18.5-, 26-, 

and 40-ft)  l e v e l s  are shown i n  Fig. 8. For purposes of d i r e c t  comparison, 

t h e  s o r p t i o n  i so therm f o r  t h e  s o i l  sample from t h e  12.2-m (40-f t )  l e v e l  is 
shown wi th  d u p l i c a t e  i so therms f o r  s o i l  from t h e  1 3 . 7 3  (45- f t )  l e v e l  i n  

Fig.  9. The uranium s o r p t i o n  i so therms f o r  a l l  of t h e  samples  except 

t h o s e  from t h e  3 - 2 3  (10.5-ft) and t h e  13.7- (45- f t )  l e v e l s  had similar 

c h a r a c t e r i s t i c s  and accompanying low Rs va lues  (< lo  L/kg). The sample 

from t h e  3 . 2 3  (10.5-ft) l e v e l  showed an i n t e r m e d i a t e  range of uranium 

s o r p t i o n  (approximate R s  va lues ,  7 t o  70 L/kg), whi le  t h e  sample from t h e  

13.7111 (45- f t )  l e v e l  showed m c h  h ighe r  va lues  (Rs  va lues  h ighe r  than  

10,000 L/kg). 
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LOG CSOLUTION ( m o l / L )  
Fig. 7. Uranium s o r p t i o n  isotherms f o r  s o i l  samples from t h e  0.3-, 2.1-, 

and 3.2- (I-,  7-, and 10.5-ft) l e v e l s  of BH-77 from t h e  NFSS. 
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Fig. 8. Uranium so rp t ion  isotherms f o r  s o i l  samples from the  5.6-, 7.9-, 
and 1 2 . 2 3  (18.5-, 26-, and 40-ft) l e v e l s  of BH-77 from t h e  NFSS. 
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Fig.  9. Uranium s o r p t i o n  i so therms  f o r  s o i l  samples from t h e  12.2- and 
1 3 . 7 3  (40- and 45-f t )  l e v e l s  of BH-77 from t h e  NFSS. 
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4.4 EFFECT OF FERRIC OXYHYDROXIDE 

During t h e  s o r p t i o n  tes ts  wi th  s o i l  from t h e  13.7111 (45 - f t )  l e v e l  of 

c o r e  BH-77, a reddish-brown f i l m  w a s  observed on t h e  walls of t h e  

e q u i l i b r a t i o n  tube. Upon a n a l y s i s ,  t h i s  f i l m  w a s  shown t o  be an i r o n  com- 

pound, p o s s i b l y  o r i g i n a t i n g  from t h e  under ly ing  Queenston sha le .  Severa l  

I n v e s t i g a t o r s  have repor ted  t h a t  t h e  presence of hydrated f e r r i c  oxides  o r  

n a t u r a l  i ron-conta in ing  minera ls  such as g o e t h i t e  i n  c l a y  o r  rock samples 

can r e t a r d  t h e  migra t ion  of r a d i o n u c l i d e s  v i a  groundwater i n  contac t  wi th  

t h e s e   formation^.^^^ I n  g e n e r a l ,  many hydrated metal oxides  are known t o  

have t h e  a b i l i t y  t o  act  as i n o r g a n i c  c a t i o n  and anion  exchanger^.^,^ 
i s  i n t e r e s t i n g  t o  consider  t h e  p o s s i b i l i t y  t h a t  t h e  poor uranium s o r p t i o n  

c h a r a c t e r i s t i c s  of t h e  NFSS near-surface s o i l s  might be improved by t h e  

u s e  of t h i s  type  of s o i l  [ i .e. ,  t h e  type found a t  t h e  13.7- (45-f t )  

l e v e l ]  o r  by t h e  a d d i t i o n  of a f e r r i c  oxyhydroxide t o  t h e  s l u r r y  w a l l  

materials. 

It 

The unique e f f e c t  of hydrated f e r r i c  oxyhydroxide on t h e  s o r p t i o n  of 

uranium(V1) from n a t u r a l  groundwater from t h e  NFSS (Well 1 )  w a s  determined 

by adding v a r i o u s  concent ra t ions  of f e r r i c  n i t r a t e  ( 1  x t o  1 x 

M)  t o  groundwater (no s o i l  p r e s e n t )  c o n t a i n i n g  uranium a t  a con- 

c e n t r a t i o n  of 50 pg/mL, t r a c e d  wi th  233U,and then  a d j u s t i n g  t h e  pH t o  

7.5-8.5. The mixture  w a s  e q u i l i b r a t e d  f o r  16 h under argon wi th  a g i t a t i o n  

provided by a magnetic stirrer. The samples were c e n t r i f u g e d ,  and t h e  

clear superna te  w a s  analyzed f o r  2 3 3 U  a c t i v i t y .  

i n d i c a t e  t h a t  t h e  adsorp t ion  of uranium i n c r e a s e d  r a p i d l y  a t  Fe3+ con- 

c e n t r a t i o n s  above 1 x M ,  r eaching  99.5% a t  1 x M. The test w a s  

r e p e a t e d  i n  t h e  presence of 20 g of l a k e  c l a y  per  100 mL of uranium-spiked 

groundwater. The r e s u l t i n g  d a t a ,  shown i n  Fig. 11 ( d e t a i l s  f o r  both tests 

are l i s t e d  i n  Table 21),  i n d i c a t e  t h a t  t h e  uranium R s  va lues  are i n c r e a s e d  

from 4 t o  76 L/kg i n  t h e  Fe3+ c o n c e n t r a t i o n  range of 1 x 

- M. 
R s  va lue  would be approximately 4 kg ( 9  l b )  per  ton of l a k e  clay.  

- 

The d a t a  ( s e e  Fig. 10) 

- - 

t o  1 x 
The amount of f e r r i c  oxyhydroxide present  i n  t h e  c l a y  a t  t h e  h i g h e s t  

Although t h e  s o r p t i o n  mechanism has no t  been w e l l  c h a r a c t e r i z e d  wi th  

r e s p e c t  t o  uranium and p a r t i c u l a r  c l a y  t y p e s ,  t h e  a d d i t i o n  of i r o n  com- 

pounds o r  n a t u r a l  minera ls  such as g o e t h i t e  i n  combination wi th  c l a y  
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Fig .  10. S o r p t i o n  of uranium on f e r r i c  oxyhydroxide (no s o i l  p r e s e n t ) .  
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Fig. 11. Sorpt ion of uranium on a sample of l ake  c lay  mixed with  f e r r i c  

oxyhydroxide [ 4  kg/ton (9  l b / t o n )  I .  
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Table 21. E f f e c t  of t h e  a d d i t i o n  of hydrated f e r r i c  oxyhydroxide on 
t h e  s o r p t i o n  of uranium on NFSS s o i l  

Uranium 
Fe3+ conc. F i n a l  ads  o r  bed R s  

S o i l  PH ( % >  (L/kg) 

None 

None 

None 

None 

None 

LC-1 

LC-1 

LC-1 

LC-1 

LC- 1 

0.0 7.8 

0.00001 7.9 

0.0001 

0.001 

0.008 

0.0 

0.000009 

0.00009 

0.0009 

0.009 

8.0 

7.8 

7.8 

8.0 

8.5 

8.1 

8.9 

8.5 

0.0 

2.5 

4.2 

49.9 

99.5 

40.0 

48.4 

38.7 

51.7 

92.9 

- 

4.3 

5.8 

4.0 

26.1 

76.1 
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appears  t o  be p o t e n t i a l l y  a t t r a c t i v e  f o r  remedial  act 

c o n s t r u c t i o n  of s l u r r y  w a l l s  t o  prevent t h e  migra t ion  

t aminated areas. 

on use  i n  t h e  

of uranium from con- 

4.5 EFFECT OF THE ADDITION OF BENTONITE 

Personnel  a t  Bechtel  Nat iona l  sugges ted  t h a t  t h e  use  of b e n t o n i t e  as 

a s o i l  a d d i t i v e  might improve t h e  r e t e n t i o n  of uranium a t  t h e  NFSS. 

Uranium s o r p t i o n  i so therms were determined f o r  t h r e e  s o i l  samples, wi th  

and wi thout  t h e  a d d i t i o n  of 10% ben ton i t e :  l a k e  c l ay  (LC-l), brown-clay 

b a c k f i l l  (BCB-l), and s o i l  from t h e  7.9-m (26-f t )  l e v e l  of core  BH-77. 

The d a t a ,  shown i n  Figs.  12-14, i n d i c a t e  no apparent  improvement as a 

r e s u l t  of t h e  ben ton i t e .  This w a s  s u r p r i s i n g  s i n c e  t h e  s o r p t i o n  of ura-  

nium on montmor i l lon i te ,  a c lay  minera l  which is a major component of ben- 

t o n i t e ,  e x h i b i t e d  high uranium Rs va lues  (desc r ibed  i n  t h e  I n t r o d u c t i o n  

s e c t i o n  of t h i s  r e p o r t )  and well-defined apparent  s o l u b i l i t y  limits. 

Although t h e r e  w a s  no evidence of a uranium s o l u b i l i t y  l i m i t a t i o n  i n  t h e s e  

tests, t h e  s l i g h t  upward i n f l e c t i o n  of t h e  i so therm suggested a p o s s i b l e  

s p e c i e s  change a t  t h e  h ighe r  s o l u t i o n  concen t r a t ions  of uranium. The d a t a  

are d e t a i l e d  i n  Tables E-1 through E-6 i n  Appendix E. 

4.6 EFFECT OF CARBONATE 

Very h igh  uranium s o l u b i l i t y  va lues  ( i . e . ,  w i th  no i n d i c a t i o n  of an 

apparent  s o l u b i l i t y  l i m i t  due t o  s o l u t i o n  s a t u r a t i o n )  w e r e  encountered i n  

a l l  t h e  i so therms determined f o r  t h e  s o i l  samples obta ined  from t h e  NFSS. 

Uranium remained i n  s o l u t i o n  i n  t h e  s o i l / w e l l - w a t e r  systems a t  con- 

c e n t r a t i o n s  as high as 3.4 x lo3 mol/mL, or 8000 ug/mL. 

l e v e l s  of about 6.4 t o  7.8, t h e  uranium s o l u b i l i t y  of UO3 o r  hydrated 

uranium(V1) oxides  would be expected t o  be about 4 x t o  4 x 10-8 

mol/mL, o r  approximately 1 t o  10 ~ g / m L . ~  

from t h e  NFSS conta ined  s i g n i f i c a n t  q u a n t i t i e s  of carbonate  and no d e f i -  

n i t e  apparent  s o l u b i l i t y  l i m i t  had been i d e n t i f i e d  i n  t h e  uranium s o r p t i o n  

i so the rms ,  i t  seemed v a l i d  t o  cons ider  t h a t  a u r a n y l t r i c a r b o n a t e  a n i o n i c  

complex w a s  t h e  l i k e l y  source of t h e  high uranium s o l u b i l i t y  i n  t h e  NFSS 

so i l / g roundwate r  system. 

A t  t h e  test pH 

Since  a l l  of t h e  s o i l  samples 
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Fig. 12. Uranium s o r p t i o n  isotherms f o r  samples of l ake  clay showing 
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Fig. 13. Uranium s o r p t i o n  isotherms f o r  samples of brown-clay b a c k f i l l  
from t h e  NFSS showing t h e  e f f e c t  of adding 10% benton i te .  
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Fig. 14. Uranium so rp t ion  isotherms f o r  s o i l  from the  7 . 9 3  (26-f t )  l e v e l  
of 88-77 showing the  e f f e c t  of adding 10% bentoni te .  
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The presence  of t h e  u r a n y l t r i c a r b o n a t e  complex i n  s o l u t i o n s  recovered 

a f t e r  s o i l / w e l l - w a t e r  con tac t  w a s  conc lus ive ly  e s t a b l i s h e d  by spectropho- 

t o m e t r i c  comparison of t h e  absorbance spectrum f o r  t h e  test s o l u t i o n  wi th  

t h e  known spectrum from sodium u r a n y l t r i c a r b o n a t e .  4-6 

(Fig.  15) show e x c e l l e n t  agreement. Apparently,  s u f f i c i e n t  carbonate  i s  

p r e s e n t  i n  t h e s e  systems t o  s o l u b i l i z e  apprec i ab le  amounts of uranium. 

The s p e c t r a  

The low uranium s o r p t i o n  va lues  and t h e  l ack  of a uranium apparent  

s o l u b i l i t y  l i m i t  i n  t h e s e  NFSS so i l /we l l -wa te r  systems sugges t  t h a t  any 

uranium which becomes s o l u b i l i z e d  from waste emplaced i n  t h e  NFSS s o i l  

would not  be r e t a r d e d  f o r  long pe r iods  of t i m e .  I n  o t h e r  words, i t  would 

probably  be r e a d i l y  a v a i l a b l e  f o r  migration. 

I n  o rde r  t o  a t t a i n  p o s i t i v e  conf i rmat ion  t h a t  t h e  basis of t h e  h igh  

uranium s o l u b i l i t y  is t h e  carbonate found i n  t h e  s o i l  and groundwater 

system, s e v e r a l  tests were conducted i n  which t h e  pH of t h e  s o i l /  

groundwater system w a s  reduced t o  3.0 and maintained a t  t h a t  l e v e l  f o r  

24 h. This  t rea tment  should des t roy  a s i g n i f i c a n t  amount of t h e  

a v a i l a b l e ,  o r  " a c t i v e , "  carbonate  t h a t  i s  found i n  t h e  system. Following 
t h i s  i n i t i a l  a c i d i f i c a t i o n  c o n t a c t ,  t h e  groundwater / so l ids  s l u r r y  was 

sp iked  wi th  uranium (50 mg/L) and t h e  pH w a s  r e a d j u s t e d  t o  about 7.5; an 

a d d i t i o n a l  con tac t  per iod  of 24 h w a s  then  provided. Uranium s o r p t i o n  

i so the rms  were determined i n  t h i s  manner f o r  t h e  fo l lowing  s o i l  samples: 

g ray  c l a y  (GC-l), brown-clay b a c k f i l l  (BCB-l), l a k e  c l ay  (LC-l), and s o i l  

from t h e  7 . 9 3  (26 - f t )  l e v e l  of core  BH-77. Data f o r  t h e  s o r p t i o n  
i so therms f o r  t h e s e  tests are shown i n  Figs.  16-19; d e t a i l s  are l i s t e d  i n  

Tables F-1 through F-8 i n  Appendix F. 

A well-defined approach t o  an apparent  uranium s o l u b i l i t y  l i m i t ,  

i n d i c a t e d  by an upswing i n  t h e  i so therm at  approximately t h e  lOO-pg/mL 

c o n c e n t r a t i o n  l e v e l ,  w a s  noted i n  each of t h e s e  tests. (The higher  

apparent  R s  va lues  recorded a f t e r  t h e  i n i t i a t i o n  of p r e c i p i t a t i o n  are not 

v a l i d  f o r  modeling of s o r p t i o n  r e a c t i o n s . )  The mean and s t anda rd  

d e v i a t i o n  of t h e  22 apparent s o l u b i l i t y  l i m i t  va lues ,  which occur beyond 

t h e  po in t  of d e v i a t i o n  from normal i so therm c o n f i g u r a t i o n s  i n  t h e  fou r  

cu rves ,  w a s  c a l c u l a t e d  t o  be 2.93 x f 2.30 x mol/mL, o r  70 f 
55 vg/mL. These d a t a  d e f i n i t e l y  confirm t h a t  carbonate  i s  t h e  determining 
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contacted wi th  l ake  c l ay  from the  NFSS. 
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Fig. 18. Uranium s o r p t i o n  i so therms f o r  a sample of l a k e  c l a y  from 
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Fig. 19. Uranium s o r p t i o n  isotherms f o r  s o i l  from the  7.9- (26-f t )  

l e v e l  of BH-77 from the  NFSS: e f f e c t  of i n i t i a l  contac t  of groundwater and 
s o i l  a t  pH 3.0 p r i o r  t o  sp ik ing  wi th  uranium and r econ tac t ing  a t  pH 7.0 t o  7.5. 
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- f a c t o r  
i n  t h e  

4.7 R 

i n  t h e  high uranium s o l u b i l i t y  and low uranium Rs va lues  obta ined  
NFSS so i l /g roundwater  system. 

DIUM 

Radium Rs va lues  were determined f o r  a l l  seven near -sur face  s o i l  

samples from t h e  NFSS. A l l  of t h e s e  tests used groundwater from Well 1 

sp iked  wi th  approximately 100,000 pCi 226m/mL. 

mining t h e  s o r p t i o n  r a t i o  va lues  is t h e  same its t h a t  used f o r  s o r p t i o n  

i so the rms ,  d e t a i l s  f o r  which are l i s t e d  i n  Appendix B. The a n a l y s i s  of 

2 2 6 R a  w a s  accomplished by i n t e g r a t i n g  t h e  gamnla a c t i v i t y  under t h e  

0.609-MeV '14Bi peak a f t e r  a 30-d per iod  i n  which t h e  sample had been 

s e a l e d  i n  a count ing  tube  t o  allow t h e  decay products  of 222Rn t o  reach  

s e c u l a r  equi l ibr ium.  The s o r p t i o n  r a t i o s  obta ined  i n  t h e s e  tests are pre- 

s e n t e d  i n  Table 22. The d a t a  are summarized i n  Table G-1 i n  Appendix G. 

The procedure f o r  d e t e r -  

The radium s o r p t i o n  va lues  l i s t e d  i n  Table 22 r e p r e s e n t  an average 

material balance of approximately 79%,  which is  considered accep tab le  f o r  

radium a n a l y s i s .  The r e s u l t i n g  Rs va lues ,  which ranged from 1,100 t o  

18,000 mL/g, i n d i c a t e  very e f f e c t i v e  adso rp t ion  of t h e  radium by a l l  of 

t h e  NFSS s o i l  samples. Although t h e  i n i t i a l  concen t r a t ion  of radium w a s  

moderately h igh ,  t h e  R s  va lues  f o r  t h e s e  s o l u t i o n s  are probably conser- 

v a t i v e  s i n c e ,  i n  normal s o r p t i o n  i so therm de te rmina t ion ,  they tend  t o  

i n c r e a s e  as t h e  concen t r a t ion  of t h e  r ad ionuc l ide  i n  s o l u t i o n  decreases .  
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Table 22. Summary of radium s o r p t i o n  behavior on s o i l  from t h e  NFSS 

I n i t i a l  radium 
S o i l  c o n c e n t r a t i o n  A f t e r  contac t  

sample ( p C i /mL ) pH Rs W k g )  

GC-1 100,000 8.0 1,600 

GC-2 100,000 8.0 11,000 

GC-3 100,000 8.0 6,700 

BCB-1 100,000 8.0 3,500 

BCB-2 100,000 8.0 18,000 

BCB-3 100,000 8.0 12,000 

LC-1 100,000 8.0 7,400 
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7. APPENDIXES 





Appendix A. 

SITE CHARACTERIZATION DATA 





ORNL DWG 84 - 298 

PARTICLE SIZE ( p m )  

Fig. A-1. Particle size distribution analysis of soil sample GC-1 from the NFSS. 



ORNL DWG 84-299 

PARTICLE SIZE ( p m )  
Fig. A-2. Particle size distribution analysis of soil sample GC-2 from the W S S .  



ORNL DWG 84 - 300 

PARTICLE SIZE ( pm) 
Fig. A-3. Particle size distribution analysis of soil sample GC-3 from the NFSS. 



ORNL DWG 84 -301 

PARTICLE SIZE ( pm ) 

Fig. A-4. Particle size distribution analysis of soil sample BCB-lfrom the NFSS. 
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PARTICLE SIZE ( pm) 

Fig. A-6. Particle size distribution analysis of soil sample BCB-3 from the NFSS. 
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A p p e n d i x  B. 

DETAILS OF EXPERIMENTAL METHOD USED FOR THE DETERMINATION 
OF RADIONUCLIDE SORPTION AND APPARENT CONCENTRATION 

L I M I T  VALUES 
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B.1. EXPERIMENTAL PROCEDURE FOR THE DETERMINATION OF SORPTION 
ISOTHERMS (AMBIENT-pH METHOD) 

To provide da t a  f o r  so rp t ion  isotherms,  each test is conducted by 

con tac t ing  2.0 g of s o i l  wi th  10 mL of t h e  s y n t h e t i c  groundwater i n  a 

polys tyrene  cen t r i fuge  tube f o r  3 h t o  a l low the  s o i l  and t h e  groundwater 

t o  reach s teady-s ta te  condi t ions.  An argon atmosphere i s  maintained above 

t h e  s l u r r y  t o  minimize any a d d i t i o n a l  source of carbonate  from CO, i n  t h e  

a i r  from being introduced i n t o  the  sample and t o  prevent air oxida t ion  of 

reduced components. The appropr i a t e  metal-ion sp ike  is  added t o  t h e  

s l u r r y  t o  ob ta in  t h e  des i r ed  i n i t i a l  concentrat ion.  The concent ra t ion  of 

t h e  metal-ion s tock s o l u t i o n s  is chosen such t h a t  t h e  a d d i t i o n  of 0.1 mL 

t o  t h e  10 mL of t h e  groundwater w i l l  give the  des i r ed  i n i t i a l  con- 

cen t r a t ion .  The r ad ioac t ive  tracer i s  then  added t o  t h e  sample. The 

a c t i v i t y  of t h e  appropr ia te  rad ionucl ide  s tock  s o l u t i o n  is  a l s o  ad jus ted  

t o  a l e v e l  such t h a t  t h e  add i t ion  of 0.1 mL of the  s o l u t i o n  t o  the  10 mL 

of t h e  metal ion-spiked groundwater w i l l  g ive  an i n i t i a l  counting l e v e l  of 

approximately 100,000 cpm/mL. The sample i s  then placed on a shaker f o r  

2 4  h. (Various contact  t i m e s  were used i n  s o r p t i o n  ra te  s tud ie s . )  After 

t h e  sample has been removed from t h e  shaker ,  t he  s o l i d s  are allowed t o  

se t t le  and t h e  pH of the  superna te  is measured. 

Af t e r  a s t a b l e  pH l e v e l  has been reached, t he  sample  is placed i n  a 

S o r v a l l  cen t r i fuge  and cent r i fuged  a t  5000 rpm f o r  about 15 min. A 1.0-mL 

volume of t h e  clear supernate  is then  removed, and t h e  a lpha  and gamma 

a c t i v i t i e s  are determined by counting i n  a Packard Tri-Carb s c i n t i l l a t i o n  
spectrometer  and a Packard automatic  gamma spectrometer ,  respec t ive ly .  

Appropriate  s tandards  and blanks are a l s o  counted. 
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B.2. COMPUTER PROGRAM FOR CALCULATING SORPTION OR DESORPTION ISOTHERMS 

00010 PRINT "PROGRAM FOR CALCULATING ISOTHERM" 
00020 
00030 
00040 

00050 
00060 
00070 
00080 
00090 
00100 
001 10 
00115 
00120 
001 30 
00140 
00150 
00160 
00170 
00180 
00190 
00200 
00210 
00220 
00230 
00240 
00250 
00260 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00350 
00360 
00370 
00380 
00390 
00400 

PRINT "THIS PROGRAM REQUIRES THE FOLLOWING VARIABLES : " 
PRINT "(1) C, ACTIVITY OF INITIAL TRACER IN CTS/M/ML" 
PRINT " ( 2 )  VS , VOLUME OF SAMPLE AND ( 3) VRS , VOLUME OF RESIDUAL 
SOLUTION 

PRINT "(4) A, ACTIVITY OF FINAL SOLUTION IN CTS/MIN/ML" 
PRINT "(5) W, WEIGHT OF SAMPLES" 
PRINT "(6) M, CONCENTRATION OF INITIAL NUCLIDE IN MOLES/L" 
PRINT "(7) N, ANY ACTIVITY ADDED BY NUCLIDE" 
PRINT "TO END ENTRIES, GIVE 0 FOR ACTIVITY OF SAMPLE" 

DIM A(60),W(60),E(60>,B(60),V(60),Al(60) 

DIM G( 60) ,H( 60), J( 60) ,K( 60) ,R( 60) ,V1(60) 
PRINT "STANDARD TRACER CTS/MIN/ML "; 
INPUT C 
I= 1 
FOR 1=1 TO 60 
PRINT "ACTIVITY OF SAMPLE IS (CPM/ML)"; 
INPUT A(I) 
IF A(I)=O THEN 300 
PRINT "ACTIVITY ADDED BY NUCLIDE IS "; 
INPUT N(1) 
PRINT "SAMPLE VOLUME, RESIDUAL VOLUME ARE (MLS)"; 
INPUT V(I),E(I) 
PRINT 'WEIGHT OF SAMPLE IS (GM)"; 
INPUT W( I) 
PRINT "CONCENTRATION NUCLIDE IN MOLES/L IS "; 
INPUT B(1) 
NO=I 
NEXT I 
FOR 1-1 TO NO 
Vl=V(I)+E(I) 
C=N( I)+C 
Hl-B (I) /C 

Sl=C*S 
R(I)=Vl*(Sl-A(I))/(A(I)*W(I)) 
H(I)=A(I)*Hl 
G(I)=R(I)*H(I) 
J( I) = . 4343*LOG( G( I ) ) 
K(I)=.4343*LOG(H(I)) 

y$ = " N " 

DIM N(60) 

S=V( I)/V1 

00410 NEXT I 
00420 PRINT 
00430 PRINT "SAMPLE CONC . MAS s 

00440 PRINT "CTS/MIN/ML MOLES/L GUMS 

00450 PRINT 

VOL . 
MLS . 

RES . 
VOL . 



00460 
00465 
00480 
00490 
00500 
00510 

00520 
s " 
00530 
OR RD" 
00540 
00550 
00555 
00570 
00580 
00590 
00600 
00620 
00630 
00640 
00650 
00660 
00670 
00680 
00690 
00695 
00700 
00710 
00720 
00730 
00740 
00750 
00760 
00770 
00780 
00790 
00800 
00801 
00802 
00803 
00804 
00805 
00806 
00807 
00810 
00820 
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FOR 1-1 TO NO 
PRINT A(I) ,B(I) ,W(I),V(I) ,E(I) 
NEXT I 
PRINT 
PRINT 
PRINT"AM0UNT AMOUNT D 

PRINT "AD SORBED IN SOLUTION LOG LOG OR R 

PRINT"MOLS/KG MOL/L ADSORBED SOL 

PRINT 
FOR I=l TO NO 
PRINT G(I) ,H(I), J(I) ,K(I) ,R(I) 
NEXT I 
PRINT 
PRINT "DESORPTION (Y/N) "; 
INPUT Y$ 
IF Y$="N" THEN 820 
FOR 1-1 TO NO 
PRINT "NEW VOLUME IS "; 
INPUT Vl(1) 
PRINT "NEW RESIDUAL VOLUME IS "; 
INPUT E(1) 
PRINT "NEW ACTIVITY OF SAMPLE IS "; 
INPUT Al(1) 
H1 =B ( I ) /C 
A=R(I)*W(I)*A(I) 
Al=E(I)*A(I) 
S=Al(I)*(V(I)+E(I)) 
Rl=(A+Al-S)/W(I) 

H(I)=Al(I)*Hl 
G(I)=R(I)*H(I) 
J(I)=.4343*LOG(G(I)) 
K(I)=.4343*LOG(H(I)) 
A(I)=Al(I) 
NEXT I 
PRINT 
PR1NT"SAMPLE CONC . MASS VOL 0 RES." 
PR1NT"CTS /MIN/ML MOLES /L GRAMS MLS 0 VOL . " 
PRINT 
FOB 111 TO NO 
PRINT A1(I),B(I),W(I),V1(I),E(I) 
NEXT I 
GOT0 490 
END 

R(I)=R~/A~(I) 





A p p e n d i x  C. 

URANIUM SORPTION ISOTHERM DATA FOR NEAR-SURFACE SOILS FROM THE NFSS 





j Table C-1. Uranium(V1) so rp t ion  isotherm d a t a  for NFSS s o i l  sample GC-1 

Calcula ted  
i n i t i a l  Af te r  contac t  

U conc. Solu t ion  Adsorbed Solu t ion  Adsorbed K s  
(vg/mL) pH (mol/mL) (mol/g) ( l o g  mol /mL)  ( l o g  m l / g )  (L/kg) 

6 7.9 1 . 1~10'~ 7.7~10'~ -7.96 -7.11 7.0 

11 7.9 1.7~10-~ 1 . 6x10m7 -7.77 -6.80 9.4 

21 7.9 4. 7x10-8 2. iX10-7 -7.33 -6.68 4.5 

31 7.9 6.9~10'8 3.2~10'7 -7.16 -6.49 4.6 

41 8.0 9.9~10-~ 3.8~10-~ -7 . 00 -6.42 3.8 

51 8.0 1.3~10-~ 4.5~10-~ -6.89 -6.35 3.5 

101 7.9 2.6~10'~ 8.5~10-~ -6.59 -6.07 3.3 

201 8.1 5 . 9 ~ 1 O - ~  1 . 3 ~ 1 0 - ~  -6.23 -5.89 2.2 

301 8.0 7.8~1 0-7 2 . 5 ~ 1 0 - ~  -6.11 -5.60 3.2 

401 7.6 1 . 3x10+ 2 . 2 ~ 1 0 - ~  -5.89 -5.66 1.7 

501 7.7 1.6~10-~ 2 . 8~10-~ -5.80 -5.55 1.8 

1001 7.7 3.3~10-~ 4.9~10-~ -5.48 -5.31 1.4 

4813 7.5 1 . 4 ~ 1 0 - ~  3.2~10'~ -4.85 -4.49 2.3 

9191 7.3 2.3~10-~ 8.1~10-~ -4.64 -4.09 3.5 
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Table C-2. Uranium(V1) sorption isotherm data for NFSS s o i l  sample GC-2 

Calculated 
i n i t i a l  After contact 

(ug /mL 1 pH (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 
U conc. Solution Adsorbed Solution Adsorbed R s  

6 7.9 1 . 3x1 0'8 7 . 0x1 0'8 -7 . 89 -7.15 5.4 

11 7.9 2.2~10-~ 1 .~xIO-~ -7 . 66 -6.89 5.9 

21 7.9 5.1~10-~ 1.9~10-~ -7.28 -6.72 3.7 

31 7.8 7 . 9 ~ 1 0 - ~  2.7~10'7 -7.10 -6.57 3.4 I 
41 7.8 1. iX10-7 3. iX1o-7 -6.96 -6.51 2.8 

51 7.7 1 . 4 ~ 1 0 - ~  3.9~10'~ -6.85 -6.41 2.8 

101 8.0 3.0~10'7 6.4~10'7 -6.52 -6.19 2.1 

201 8.1 6.5~10-~ 1 . O X ~ O - ~  -6.19 -6.00 1.5 

301 7.7 9.9~10-~ 1 . 4~10'~ -6 . 00 -5.85 1.4 

401 7.7 1 . 4~10'~ 1 . 5x10+ -5.85 -5.82 1.1 

501 7.8 1.7~10-~ 2.1~10-~ -5.77 -5.68 1.2 

1001 7.9 3.4~10-~ 4 . 0~10'~ -5.47 -5.40 1.2 

4813 7.5 1.4~ 1 0-5 2 . 8x1 0'5 -4.84 -4.55 2.0 

9191 7.1 2.5~10-~ 7.2~10-~ -4.61 -4.14 2.9 
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.I 

Table C-3. Uranium(V1) sorption isotherm data for NFSS s o i l  sample GC-3 

Calculated 
i n i t i a l  After contact 
U conc. Solution Adsorbed Solution Ads or bed R s  
(vg/mL) pH (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 

6 7.6 1.4~10'~ 6.2~10-~ -7.85 -7.21 4.4 

11 7.7 2. 7x10-8 1 . 0~10-7 -7.57 -7.00 3.7 

21 7.7 5 . 5 ~ 1 0 - ~  1.8~10-~ -7.26 -6.74 3.2 

31 7.8 8.5~10'~ 2.4~10-~ -7.07 -6.62 2.8 

41 7.7 l.2~lO-~ 2.6~10-~ -6.92 -6.59 2.1 

- - - - - - 51 

101 7.7 3.1~10'~ 6.0~10-~ -6.51 -6.22 1.9 

201 7.6 6.5~10-~ 1.0~10-~ -6.19 -6.00 1.6 

301 7.6 9.9~10-~ 1.4~10-~ -6.00 -5.85 1.4 

401 7.6 1.4~10'~ 1.7~10-~ -5 . 85 -5.77 1.2 

5 01 7.6 1.7~10-~ 2.0~10-~ -5.77 -5.70 1.2 

1001 7.3 3.6~10-~ 3. -5.44 -5.52 0.8 

4813 6.6 8.4~10'~ 6.0~10-~ -5.07 -4.22 7.1 

9191 6.4 ,. 3. I X ~ O - ~  3.9~10-~ -4.51 -4.41 1 . 3  
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Table C-4. Uranium(V1) so rp t ion  isotherm d a t a  f o r  NFSS s o i l  sample BCB-1 e 

I n i t i a l  After contac t  
U conc. Solu t ion  Adsorbed Solu t ion  Ads orbed R s  
( IJ g /mL 1 pH (mol/mL) (mol/g) ( l o g  mol/mL) ( l o g  mol/g) (L/kg) 

6 

11 

21 

31 

41  

51  

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.5 

7.7 

7.8 

7.7 

7.7 

7.7 

7.7 

7.6 

7.6 

7.6 

7.6 

7.3 

6.6 

6.4 

1 . 1x10-8 

2.2x10-8 

4 . 7 ~ 1 0 - ~  

7 . 3 ~ 1 0 ' ~  

9. 7 ~ 1 0 - ~  

1. 2x10-7 

2.7~10'7 

5 . 6 ~ 1 0 - ~  

9 . Ox 1 0'7 

1 . 2x10-6 

1 . 5x10+ 

3 . 4x10+ 

1 .8~10-5  

3. ~ x I O - ~  

7 . 4x1 0'8 

1 . 3 ~ 1 0 - ~  

2.2x10-7 

3 . 0x1 0'7 

3 . 8 ~ 1 0 - ~  

4. ~ x I O - ~  

7.7~10-7 

1 . 3 ~ 1 0 - ~  

1 . 7 ~ 1 0 - ~  

2 . 2x1 0-6 

2 . 6 ~ 1 0 - ~  

3 . 6 ~  

1 . iX10-5 

2 . 0 ~ 1 0 - ~  

-7.96 

-7.66 

-7.33 

-7.14 

-7.01 

-6.92 

-6.57 

-6.25 

-6.05 

-5.92 

-5.82 

-5.47 

-4.74 

-4.47 

-7.13 

-6.89 

-6.66 

-6.52 

-6.42 

-6.34 

-6.11 

-5.89 

-5.77 

-5 . 66 

-5.59 

-5.44 

-4.96 

-4.70 

6.5 

5.7 

4.6 

4.1 

3.8 

3.8 

2.8 

2.4 

1.9 

1.8 

1.7 

1.1 

0.6 

0.6 
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Table C-5. Uranium(V1) sorption isotherm data for NFSS s o i l  sample BCB-2 

I n i t i a l  After contact 
U conc. Solution Adsorbed Solution Ads or bed R s  
( D g /mL ) pH (mol/mL) (mol/g) ( l o g  ml/mL) ( l o g  mol/g) (L/kg) 

6 

11 

21 

31 

41 

5 1  

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.6 

7.6 

7.7 

7.6 

7.6 

7.6 

7.6 

7.8 

7.5 

7.5 

7.5 

7.4 

6.7 

6.5 

9 . 4x1 0'9 

1 . 8 ~ 1 0 - ~  

3 . 7 ~ 1 0 ' ~  

5 . 9 ~ 1 0 ' ~  

8 . 2 ~ 1 0 - ~  

1 . iX10-7 

2 . 4 ~ 1 0 ' ~  

4 . 9 ~ 1 0 - ~  

8 . 0 ~ 1 0 ' ~  

1.1x10-6 

1 . 4 ~ 1 0 - ~  

3 . 2 ~ 1 0 ' ~  

1 . 7x1 0'5 

3 . 2 ~ 1 0 - ~  

8 . 5 ~ 1 0 - ~  

1 . 5 ~ 1 0 - ~  

2 . 6 ~ 1 0 ' ~  

3 . 7 ~ 1 0 - ~  

4 . 6x 1 0-7 

5 . 5 ~ 1 0 - ~  

9 . 3 ~ 1 0 - ~  

1 . 7 ~ 1 0 - ~  

2.2x10-6 

2 . 8 ~  1 0-6 

3 . 3 ~ 1 0 - ~  

4 . 4x 1 0'6 

1 . 4x 1 0-5 

3 . 0 ~ 1  0-5 

-8.03 

-7.74 

-7.43 

-7.23 

-7 . 09 

-6.96 

-6.62 

-6.31 

-6.10 

-5.96 

-5.85 

-5.49 

-4.77 

-4.49 

-7.07 

-6.82 

-6.59 

-6.43 

-6.34 

-6.26 

-6.03 

-5.77 

-5.66 

-5.55 

-5.48 

-5.36 

-4.85 

-4.52 

9.0 

8.3 

7.0 

6.3 

5.6 

5.2 

3.9 

3.4 

2.8 

2.4 

2.4 

1.4 

0.8 

0.9 
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Table C-6. Uranium(V1) so rp t ion  isotherm da ta  f o r  NFSS s o i l  sample BCB-3 

Calcula ted  
i n i t i a l  Af t e r  contac t  

U conc. Solu t ion  Adsorbed Solu t ion  Ads o r  bed Rs 
(IJ g /mL 1 pH (mol/mL) (mol/g) ( l o g  mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41 

51 

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.6 

7.6 

7.6 

7.6 

7.6 

7.6 

7.6 

7.5 

7.6 

7.5 

7.5 

7.2 

6.2 

6.4 

8.3~10'~ 

1 . 6x 
3.4~10-~ 

5.5~1 0'8 

7.5~10-~ 

1 . 0~10-7 
2 . 3x1 0'7 
4.7~10~~ 

7.8~10-~ 

1.1x10-6 

1 . 5 ~ 1 0 - ~  
3.2~ loe6 

1.7~10'5 

3.4~10-~ 

9 . 0x10'8 
1 . 5 ~ 1 0 - ~  
2 . 8x1 0'7 
3.9~10'~ 

4.9~10-~ 

5.6~10-~ 

9 . 9x 1 0'7 
1.8~10-~ 

2.3~10-~ 

2 . 5x 1 0'6 
2.8~10-~ 

4.8~10-~ 

1.3~10'5 

1 . 9x 1 0'5 

-8.08 

-7.80 

-7.47 

-7.26 

-7.12 

-7.00 

-6.64 

-6.33 

-6.11 

-5.96 

-5.82 

-5.49 

-4.77 

-4.47 

-7 . 05 
-6.82 

-6.55 

-6.41 

-6.31 

-6.25 

-6.00 

-5.74 

-5.64 

-5.60 

-5.55 

-5.32 

-4.89 

-4.72 

10.5 

9 . 4  

8.1 

7.1 

6.4 

5.6 

4.3 

3.9 

3.0 

2.2 

1.9 

1.5 

0.8 

0.5 



Table C-7. Uranium(V1) sorption isotherm data for NFSS s o i l  sample LC-I 

Calculated 
i n i t i a l  After contact 

U conc. Solution Adsorbed Solution Adsorbed R s  
(u  g /mL 1 pH (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21  

31 

41 

51 

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.8 

7.7 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.7 

7.7 

7.4 

6.8 

6.5 

1 . 2x1 0-8 

2 . 3x1 0-8 

4 . 8x1 0-8 

7 . 5 ~ 1 0 ' ~  

9 . 8x 1 0'8 

1 . 3 ~ 1 0 - ~  

2 . 8 ~  

5 . 8x 1 0'7 

9 . 1 ~ 1 0 ' ~  

1 . 2x 10-6 

1 . 5 ~ 1 0 ~ ~  

3 . 5x 1 0'6 

1 . 8 ~ 1 0 ' ~  

3.7xlO+ 

7 . 2x1 0'8 

1 . 2x10-7 

2. lX10-7 

2,9x10-' 

3 . 7 ~ 1 0 - ~  

4 . ~ x I O - ~  

7.3~10'7 

1 . 2 x 1 0 4  

1 . 7 ~ 1 0 ' ~  

2.1x10-6 

2 . 7 ~ 1 0 - ~  

3 . 4x1 0'6 

1 .oX10-5 

5 . 6x 1 0-5 

-7 . 92 

-7.64 

-7.32 

-7.12 

-7.01 

-6.89 

-6.55 

-6.24 

-6.04 

-5.92 

-5.82 

-5.46 

-4.74 

-4.43 

-7.14 

-6.92 

-6.68 

-6.54 

-6.43 

-6.38 

-6.14 

-5.92 

-5.77 

-5.68 

-5.57 

-5.47 

-5 . 00 

-4.25 

6.1 

5.3 

4.4 

3.9 

3.8 

3 . 3  

2.6 

2.1 

1.8 

1.7 

1.8 

1.0 

0.6 

1.5 
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Table D-1. Uranium(V1) sorption isotherm data for NFSS core sample 
from the 0.3- (1-ft) l eve l  of BH-77 

I n i t i a l  After contact 
U conc. Solution Adsorbed Solution Adsorbed KS 
(wdmL) pH (mol/mL) (mol/g) ( log mol/mL) ( log m l / g )  (mL/g) 

6 7.9 1.5~10'~ 5.7~10'~ -7 . 82 -7.24 3.9 

11  7.1 2 . 8x 9.8~10-~ -7.55 -7.01 3.6 

21 7.2 5.3~10-~ 1.9~10-~ -7.28 -6.72 3.5 

31 7.1 8.1~10'~ 2.6~10'~ -7 . 09 -6.58 3.2 

41 8.0 9 . 9 ~ 1 0 - ~  3 . 7 ~ 1 0 - ~  -7 . 00 -6.43 3.7 

50 7.1 1 . 3~10'~ 4 . 4 ~ ~ ~  -6.89 -6.36 3.5 

101 7.7 2.6~10'7 8.3~10'7 -6.58 -6 . 08 3.2 

195 7.6 4.8~10-~ 1 . 7x10+ -6.32 -5.77 3.6 

2 94 8.0 7 . 3x 2 . 6x1 0'6 -6.14 -5 . 58 3.6 

392 7.1 9 . 9x 10-7 3 . 4x -6.00 -5.47 3.4 

486 8.1 1.2~10-~ 4.1~10-~ -5.92 -5.39 3.3 

979 7.0 2.9~10-~ 6.1~10-~ -5 . 54 -5.21 2.1 

4707 6.7 1.2x10-5 4.0~10-5 -4.92 -4.40 3.3 

8989 6.1 1 . 7 x 1 ~ - 5  1 . 2x10-4 -4.77 -3.92 6.8 
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Table D-2. Uranium(V1) sorption isotherm data for NFSS core sample 
from the 2.13 (7-ft) level of BH-77 

Initial After contact 
U conc. Solution Adsorbed Solution Adsorbed Rs 
(ug/mL) pH (mol/mL) (mol/g) (log mol/mL) (log ml/g) (L/kg) 

6 6.9 1.1~10'~ 7.7~10-~ -7.96 -7.11 7.0 

11  8.0 2 . zXi 0-8 1 . 2x10-7 -7.66 -6.92 5.6 

21 7.5 3.9~10'~ 2.6~10'~ -7.41 -6.58 6.7 

31 7.1 6 . 7~10'~ 3. ~ x I O - ~  -7.17 -6.48 5.0 

40 7.1 9.0~10-~ 4. I x ~ O - ~  -7 . 05 -6.39 4.6 

50 7.2 1. iX10-7 5.0~10-7 -6.96 -6.30 4.4 

100 7.1 2.5~10-~ 8.8~10-~ -6.60 -6.06 3.5 

195 7.0 4.9~10-~ 1.7~10-~ -6.31 -5.77 3.5 

2 94 7.1 7.3~10-~ 2.6~10'~ -6.14 -5.58 3.6 

392 7.1 8.9~10'~ 3.9~10'~ -6.05 -5.41 4 . 4  

486 7.1 1 . 1 ~ 1 0 - ~  4.8~10-~ -5.96 -5.32 4.3 

9 79 7.0 2.5~10'~ 8.3~10'6 -5.60 -5 . 08 3.3 

4707 6.6 8.1~10'~ 6.2~10-~ -5.09 -4.21 7.6 

8989 6.2 1.3~10-~ 1.4~10-~ -4.89 -3.85 10.1 



99 

Table D-3. Uranium(V1) so rp t ion  isotherm d a t a  f o r  NFSS core sample 
from the  3.2- (10.5-ft) l e v e l  of BH-77 

I n i t i a l  After contac t  
U conc. Solu t ion  Adsorbed Solu t ion  Adsorbed Rs 
( lJ g /mL 1 pH (mol/mL) (mol/g) ( l o g  mol/mL) ( l o g  mol/g) (L/kg) 

6 7.6 1 . 8x10" 1 . 2 ~ l O - ~  -8.74 -6,92 70.0 

11 7.8 3.3x1 0-8 2 . 2x1 o - ~  -8.48 -6,66 67.0 

2 1  7.9 6.7~10'9 4 . 2 ~ 1 0 ' ~  -8.17 -6.38 63.0 

31 7.8 1 . 0 ~ 1 0 ' ~  6 .  2x10e7 -8 . 00 -6.21 61.0 

40 8.1 1 . 4 ~ 1  0'8 8. O X ~ O - ~  -7.85 -6.10 55.0 

50 8.3 1.9~10'8 9 . 8 ~ 1 0 ' ~  -7.72 -6.01 52.0 

101 8.1 4 . 8 ~ 1 0 ' ~  1 . 9 ~ 1 0 - ~  -7.32 -5.72 40.0 

195 8.0 1 . 4 ~ 1 0 - ~  3 . 5 ~ 1  0-6 -6.85 -5.46 26.0 

2 94 8.1 2 . 8 ~ 1 0 ' ~  4 . 9 ~ 1 0 ' ~  -6.55 -5.31 18.0 

392 8.0 4 . 3 ~ 1 0 ' ~  6 . 2 ~ 1 0 - ~  -6.37 -5.21 14.0 

486 8.0 6 . 3 ~ 1 0 ' ~  7 . 2 ~ 1 0 - ~  -6.20 -5.14 11.0 

9 79 7.8 1 . 8 ~ 1 0 ' ~  1 . 2 ~ l O - ~  -6.74 -4.92 6.7 

4707 6.8 5 . 0x1 0"6 7 . 8x1 0-5 -5.30 -4.11 16.0 

8989 5.8 3.2~10'~ 1.9~10-~ -4.49 -3.72 59.0 
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Table 0-4. Uranium(V1) sorption isotherm data for NFSS core sample 
from the 5.6- (18.5-ft) l e v e l  of BH-77 

I n i t i a l  After contact 
U conc. Solution Adsorbed Solution Adsorbed R s  
(u g /mL 1 pH (mol/mL) (mol/g) ( log  ml/mL) ( log  mol/g) (L/kg) 

6 

11  

21 

31 

41 

50 

101 

195 

2 94 

392 

486 

979 

4 707 

8989 

7.7 

7.7 

7.7 

7.6 

7.7 

7.7 

7.6 

7.7 

7.7 

7.8 

7.7 

7.6 

7.3 

6.6 

1 . 1x10-8 
1 . 7~10'~ 
3.7~10'~ 

8.7~10-~ 

9.ox10-8 

1 . iX10-7 
2.4~10-~ 

4.9~10-~ 

7.7~10'7 

1.1x10-6 

1 . 3x10+ 
3 . 2x 1 Oe6 
1 . 5 ~ 1 0 - ~  

3 . Ox 1 0'5 

7 . 8x1 0-8 
1 . ~ x I O - ~  

2.7~10'~ 

2 . 3x 1 0'7 
4 . ixi 0-7 
5. 1x10e7 

9.4~10-~ 

1.7~10-~ 

2.4~10'~ 

2.7x10+ 

3.6~10-~ 

4.6~10'~ 

2.6~10-~ 

4.6~10-~ 

-7.96 

-7.77 

-7 . 43 
-7 . 06 
-7.05 

-6.96 

-6.62 

-6.31 

-6.11 

-5.96 

-5.89 

-5.49 

-4.82 

-4.52 

-7.11 

-6.82 

-6.57 

-6.64 

-6.39 

-6.29 

-6.03 

-5.77 

-5.62 

-5.57 

-5.44 

-5.34 

-4.58 

-4.34 

7.1 

8.8 

7.2 

2.6 

4.6 

4.6 

4.0 

3.4 

3.1 

2.4 

2.8 

1.4 

1.7 

1.6 
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Table D-5. Uranium(V1) so rp t ion  isotherm d a t a  f o r  NFSS core sample 
from the  7.9711 (26- f t )  l e v e l  of BH-77 

Calcula ted  
i n i t i a l  Af te r  contac t  

(vg/mL 1 pH (mol/mL) (mol/g) ( log  mol/mL) ( l o g  m l / g )  (L/kg) 
U conc. Solu t ion  Ads orbed Solu t ion  Ads o r  bed Rs 

6 

11 

21 

31 

41 

5 0  

101 

195 

2 94 

3 92 

7.6 

7.7 

7.8 

7.7 

7.7 

7.7 

7.7 

7.6 

7.7 

7.6 

1 . 0x10'8 

2.ox10-8 

4. O X ~ O - ~  

7 . 0x1 0'8 

1 . 0x10-7 

1. 2x10-7 

2 . 8 ~ 1 0 ' ~  

6.0~10'7 

9.4~10'7 

. 29x 1 0-6 

4 86 7.6 1 . 5 8 ~ 1 0 ' ~  

9 79 7.2 3 . 4 4 ~ 1 0 ' ~  

4 707 6.8 1 . 6 7 ~ 1 0 - ~  

8989 6.4 3 .03~10-~  

9 . ox 10-8 

1 . 3x10'7 

2 . 5 ~ 1 0 - ~  

3 . 2 ~ 1 0 - ~  

3.7~10'7 

4 . 7 ~ 1 0 - ~  

7 . 5 ~ 1 0 - ~  

1 . 24x10-6 

1 . 67x10'6 

2 . 01x 10-6 

2 . 6 9 ~ 1 0 - ~  

3.93~10-6 

1 . 6 4 ~ 1 0 - ~  

4. 12x10-5 

-8.00 

-7 . 70 

-7 . 40 

-7.15 

-7.00 

-6.92 

-6.55 

-6.22 

-6.03 

-5.89 

-5 . 80 

-5.46 

-4.78 

-4 . 52 

-7 . 05 

-6.87 

-6.60 

-6.49 

-6.43 

-6.33 

-6.12 

-5.91 

-5.78 

-5.70 

-5.57 

-5.41 

-4.79 

-4.39 

9.0 

6.5 

6.3 

4.6 

3.7 

3.9 

2.7 

2.1 

1.8 

1.6 

1.7 

1.1 

1.0 

1.4 
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Table 0-6. Uranium(V1) so rp t ion  isotherm d a t a  f o r  NFSS core sample ~ 

from t h e  12.2111 (40-ft) l e v e l  of BH-77 

I n i t i a l  After contac t  
U conc. Solu t ion  Adsorbed Solu t ion  Ads orbed R s  
( P g/mL 1 pH (mol/mL) (mol/g) ( l o g  mol/mL) ( log  mol/g) (L/kg) . 

6 

11 

21 

31 

41 

50 

101 

195 

2 94 

392 

486 

9 79 

4707 

8989 

7.4 

7.5 

7.9 

7.6 

7.9 

7.9 

7.6 

7.9 

8.0 

8.0 

7.9 

7.7 

6.8 

6.5 

1.1x10-8 

2 . 3 1~10'~ 
4.76~10-~ 

7.19~10-~ 

1 . oox 1 0-7 
1 . 33~10-~ 
2.79~10~~ 

5.75~10'~ 

9.16~10-7 

1.23~10-~ 

1.57x10+ 

3 . 39x 10'6 
1 . 67~10-~ 
3. O O X ~ O - ~  

7.71~10-~ 

~21~10-7 

2.14~10-~ 

3. O ~ X ~ O - ~  

3.63~10'~ 

4 . 03x 1 0-7 

7 . 33x 1 0'7 
1 . 24x1 0'6 
1.63~ 10'6 

2.13x10-6 

2 . 4 1~10-~ 
3.69~10-6 

1.64~10-~ 

4.29~10-~ 

-7.96 

-7 . 64 
-7.32 

-7.14 

-7 . 00 

-6 . 88 
-6.55 

-6.24 

-6.04 

-5.91 

-5.80 

-5.47 

-4.78 

-4.52 

-7.11 

-6.92 

-6.67 

-6.51 

-6.44 

-6.39 

-6.13 

-5.90 

-5.79 

-5.67 

-5.62 

-5.43 

-4.79 

-4.39 

7.0 

5.2 

4.5 

4.5 

3.6 

3.0 

2.6 

2.2 

1.8 

1.7 

1.5 

1.1 

1.0 

1.4 
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Table D-7. Uranium(V1) sorption isotherm data for NFSS 
core sample from the 1 3 - 7 3  (45- f t )  l e v e l  of BH-77 

C a1 cu 1 a t  e d  
i n i t i a l  After contact 

U conc. Solution Ads orbed Solution Ads orbed Rs 
( IJ g/mL 1 pH (mol/mL) (mol/g) ( log  ml/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41 

51  

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.6 

7.7 

7.8 

7.8 

7.8 

7.6 

7.6 

7.6 

7.6 

7.6 

7.7 

7.8 

7.6 

8.4 

1 . 3xlO-l' 

2 . 3xlO-I 

3 . 4 ~ 1 0 ' ~ ~  

1.1x10-10 

2 . 3x 1 0-1 

8 . 2 ~ 1 0 ' ~ ~  

5. O X ~ O - ~  

2 . 5 ~ 1 0 - ~  

6 . 0 ~ 1 0 ' ~  

7 . 7 ~ 1 0 - ~  

9. 

2 . 9 ~ 1 0 - ~  

~ 2 ~ 1 0 - 5  

2. iX10-5 

1 . 3 ~ 1 0 - ~  

2 . 4x 1 0-7 

4.5~10'7 

6 . 7 ~ 1 0 - ~  

8 . 8x 1 0-7 

1 . 1x10-6 

1.9x10-6 

3 . 1 ~ 1 0 - ~  

3 . 4 ~ 1 0 ' ~  

4 . 7 ~ 1 0 - ~  

6 . 2 ~ 1 0 - ~  

6 . 6 ~ 1 0 - ~  

4 . 8x 1 0-5 

1. 2x10-4 

-10.89 

-10.64 

-10.47 

-9.96 

-9.64 

-9.09 

-7.30 

-6.60 

-6.22 

-6.11 

-6.05 

-5.54 

-4.92 

-4.68 

-6.89 

-6.62 

-6.35 

-6.17 

-6.06 

-5.96 

-5.72 

-5.51 

-5.47 

-5.33 

-5.21 

-5.18 

-4.32 

-3.92 

1 . 0 ~ 1 0 4  

1 . 0 ~ 1 0 4  

1 . 3x104 

6. 1x103 

3 . 8 ~ 1 0 ~  

1 . 3x103 

3 . 8 ~ 1 0 ~  

1 . 2x101 

5. 7x1Oo 

6.1~10'  

6 . 9 ~ 1 0 ~  

2. 3x1Oo 

1 . 5x10' 

5. 7x1Oo 
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Table D-8. Uranium(V1) sorption isotherm data for NFSS core sample 
from the 1 3 - 7 3  (45-f t )  l e v e l  of BH-77: replicate  data to that 

shown i n  Table D-7 

I n i t i a l  After contact 
U conc. Solution Adsorbed Solution Adsorbed R s  
(ug/mL) pH (mol/mL) (mol/g) ( log mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41  

50 

101 

195 

2 94 

3 92 

486 

9 79 

4707 

8989 

7.9 

7.9 

7.9 

7.9 

7.9 

7.9 

7.8 

7.8 

7.8 

7.4 

7.4 

7.4 

6.1 

5.8 

1 . 9x10-11 

3 . 1 ~ 1 0 ' ~ ~  

7 . 2x1 0-1 

7 . 4 ~ 1 0 - ~ O  

1 . 3 ~ 1 0 - ~ O  

1 . 4 ~ 1 0 - ~ O  

2.1x10-10 

1 . 1x10-8 

1 . 5 ~ 1 0 - ~  

6 . 9 ~ 1 0 - ~  

8 . 7 ~ 1 0 ' ~  

2 . 7 ~ 1 0 ' ~  

1 . 3 ~ 1 0 - ~  

1 . 7 ~ 1 0 ' ~  

1 . 3 ~ 1 0 - ~  

2 . 4 ~ 1  0'7 

4 . 6 ~ 1 0 - ~  

6 . 7 ~ 1 0 ~ ~  

8 . 7 ~ 1 0 ' ~  

1 . 1x10-6 

2 . 2x1 0-6 

4.1x10-6 

5 . 5 ~ 1 0 - ~  

4 . 9 ~ 1 0 - ~  

6 . 0 ~ 1 0 ' ~  

7 . O X ~ O - ~  

3 . 8 ~ 1 0 - ~  

1 . iX10-4 

-10.73 

-10.51 

-10.14 

-10.13 

-9.90 

-9.85 

-8.69 

-7 . 95 

-6.81 

-6.16 

-6.06 

-5.56 

-4.90 

-4.76 

-6.89 

-6.62 

-6.34 

-6.17 

-6.06 

-5.97 

-5.67 

-5.38 

-5.26 

-5.31 

-5.22 

-5.15 

-4.42 

-3.95 

6. 8x103 

1 . 0 ~ 1 0 3  

9 .1~103  

1. 3x103 

6 . 9 ~ 1 0 ~  

7. 7x103 

1 .0~104  

3. 7x102 

3. 7x102 

7.lxlOO 

6. 9x10° 

2. 6x1Oo 

2.9~10'  

6 . 5 ~ 1 0 ~  
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Table E-1. Uranium(V1) so rp t ion  isotherm d a t a  f o r  NFSS s o i l  sample BCB-1 

Calcula ted  
i n i t i a l  After contac t  

U conc. Solu t ion  Adsorbed Solu t ion  Ads orbed R s  
(ug/mL) PH (mol/mL) (mol/g) ( log  mol/mL) ( l o g  mol/g) (L/kg) 

6 

11 

21 

31 

41  

51  

101 

201 

301 

401 

501 

1001 

4813 

9191 

7.5 

7.7 

7.8 

7.7 

7.7 

7.7 

7.7 

7.6 

7.6 

7.6 

7.6 

7.3 

6.6 

6.4 

1. iX10-9 

2.2x10-8 

4 . 7 ~ 1 0 - ~  

7 . 3 ~ 1 0 - ~  

9 . 7 ~ 1 0 ' ~  

1. 2x10-7 

2 . 7 ~  1 0-7 

5 . 6x 1 0'7 

9 . 0 ~ 1 0 ' ~  

1 . 2 x 1 0 4  

1 . 5 ~ 1 0 ' ~  

3 . 6x1 0-6 

1 . 8x 1 0-5 

3 . 4 ~ 1 0 - ~  

7 . 4x 1 0-8 

1 . 3 ~ 1 0 - ~  

2. 2x10-7 

3 . O X I O - ~  

3 . 8x 1 0-7 

4 . 6 ~ 1 0 ' ~  

7. 7 x w 7  

1 . 3x10+ 

1 . 7x 1 0-6 

1 . 1x10-6 

2 . 6 ~ 1 0 - ~  

3 . 6 ~ 1 0 ' ~  

1 . MO-5 

2.0~10-5 

-7.96 

-7.66 

-7.33 

-7.14 

-7.01 

-6.92 

-6.57 

-6.25 

-6.05 

-5.92 

-5.82 

-5.47 

-4.74 

-4.47 

-7.13 

-6.89 

-6.66 

-6.52 

-6.42 

-6.34 

-6.11 

-5.89 

-5.77 

-5.66 

-5.59 

-5.44 

-4.96 

-4.70 

6.5 

5.7 

4.6 

4.1 

3.8 

3.8 

2.8 

2.4 

1.9 

1.8 

1.7 

1.1 

0.6 

0.6 
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Table E-2. Uranium(V1) sorption isotherm data for  NFSS s o i l  sample 
BCB-1: effect of adding 10% bentonite 

Calculated 
i n i t i a l  After contact 

U conc. Solution Adsorbed Solution Ads orbed R s  
( P g /mL 1 pH (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41 

50 

101 

195 

294 

392 

486 

979 

4707 

8989 

k 

8.0 

7.9 

8.2 

8.2 

8.0 

8.2 

8.0 

8.0 

8.2 

8.1 

8.0 

7.5 

6.8 

6.5 

9. 2iX10-9 

1 . 7 5 ~ 1 0 - ~  

3 . 7 0 ~ 1 0 ' ~  

5 . 87x1 0-8 

8 . 2 0 ~ 1  0'8 

1 . 0 8 ~ 1 0 - ~  

2 . 52x1 0-7 

5 . 3 9 ~ 1 0 ' ~  

8 . 5 9 ~ 1 0 ' ~  

1.19x10-6 

1 . 5 3 ~ 1 0 - ~  

3 . 3 2 ~ 1 0 ' ~  

1 . 6 7 ~ 1 0 - ~  

3 . 00x1 0'5 

8 . 6 1 ~ 1 0 ' ~  

1 . 4 9 ~ 1 0 - ~  

2 . 6 8 ~ 1 0 - ~  

3 . 7 4 ~ 1 0 ' ~  

4 . 5 7 ~ 1 0 - ~  

5 . 3 2 ~ 1 0 ' ~  

8.71~10-~ 

1 . 4 3 ~ 1 0 ' ~  

1 . 9 2 ~ 1 0 ' ~  

2 . 33x1 0-6 

2 . 6 1 ~ 1 0 - ~  

4 . 04x 1 0'6 

1 . 6 2 ~ 1 0 - ~  

4 . 3 Ix 

-8.04 -7.07 9.3 

-7.76 -6.83 8.6 

-7 . 43 -6.57 7.3 

-7.23 -6.43 6.4 

-7 . 09 -6.34 5.6 

-6.97 -6.27 -. 4.9 

-6.60 -6.06 3.5 

-6.27 -5.84 2.7 

-6.07 -5.72 2.2 

-5.92 -5.63 2.0 

-5.81 -5.58 1.7 

-5.48 -5.59 1.2 

-4.78 -4.79 1.0 

-4.52 -4.37 1.4 
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Table E-3. Uranium(V1) sorption isotherm data for NFSS s o i l  sample LC-1 

Calculated 
i n i t i a l  After contact 

U conc. Solution Adsorbed Solution Ads orbed R s  
(vg/mL) PH (mol/mL) (mol/g) ( log  ml/mL) ( log  mol/g) (L/kg) 

6 

11 

21  

31 

41 

5 1  

101 

201 

301 

401 

5 01 

1001 

4813 

9191 

7.8 

7.7 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.7 

7.7 

7.4 

6.8 

6.5 

1. 2x10-9 

2 . 3 ~ 1 0 - ~  

4 . 8x1 0-8 

7 . 5 ~ 1 0 - ~  

9 . 8 ~ 1 0 - ~  

1 . 3x10-7 

2 . 8x 1 0'7 

5 . 8x 1 0'7 

9.1~10'7 

1 . 2x10'6 

1 . 5 ~ 1 0 ' ~  

3 . 5 ~ 1 0 ' ~  

1 . 8 ~ 1 0 ' ~  

3. ~ x I O - ~  

7 . 2 ~ 1 0 - ~  

1.2x10-8 

2. iX10-7 

2. ~ x I O - ~  

3 . 7 ~ 1 0 - ~  

4.2~10'7 

7 . 3 ~ 1 0 - ~  

1 . 2 x 1 0 4  

1 . 7x10'6 

2.1x10-6 

2 . 7 ~ 1 0 - ~  

3 . 4x1 0-6 

1.0~10-5 

5 . 6 ~ 1 0 - ~  

-7.92 

-7.64 

-7.32 

-7.12 

-7.01 

-6.89 

-6.55 

-6.24 

-6.04 

-5.92 

-5.82 

-5.46 

-4.74 

-4.43 

-7.14 

-6.92 

-6.68 

-6.54 

-6.43 

-6.38 

-6.14 

-5.92 

-5.72 

-5.68 

-5.57 

-5.47 

-5.00 

-4.25 

6.1 

5.3 

7.3 

3.9 

3.8 

3.3 

2.6 

2.1 

1.8 

1.7 

1.8 

1.0 

0.6 

1.5 
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Table E-4. Uranium so rp t ion  isotherm d a t a  f o r  NFSS s o i l  sample 
LC-1: e f f e c t  of adding 10% bentoni te  

Calcu la ted  
i n i t i a l  Af te r  contac t  

U conc. Solu t ion  Adsorbed Solu t ion  Ads orbed R s  
( P g /mL 1 pH (mol/mL) (mollp;) (log ml/mL) ( l o g  mol/g) (L/kg) 

6 7.8 1.06~10-~ 7.90~10'~ -7*97 -7.10 7.4 

11 7.9 2.32~10-~ l.2O~lO-~ -7.63 -6.92 5.1 

21 8.1 4.74~10'8 2.15~10-7 -7.32 -6.67 4.5 

31 8.1 7.33~10-~ 2.99~10-~ -7.13 -6.52 4.1 

41 8.0 9.97~10-~ 3.66~1O-~ -7.00 -6.44 3.7 

50 7.8 1 . 28x10'7 4.2 7x10'7 -6 . 89 -6.37 3.3 

101 7.8 2.81~10-~ 7 . 2 1 ~ 1 0 - ~  -6.55 -6 .14 2.6 

195 7.9 5.74~10-~ 2.25~10-~ -6.24 -5.90 2.2 

2 94 7.8 8.97~10-7 1.72~10-6 -6.05 -5.76 1.9 

392 7.8 1.23~10-~ 2.13~10-~ -5.91 -5.67 1.7 

486 7.6 1.58~10-~ 2.34~10-~ -5.80 -5.63 1.5 

9 79 7.5 3.41~10'6 3.59~10'6 -5.47 -5.44 1.1 

4707 6.9 1 . 66~10-~ 1.68~10-~ -4.78 -4.78 1.0 

8989 6.6 3.11~10-~ 3.68~10'~ -4.51 -4.43 1.2 
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Table E-5. Uranium(V1) s o r p t i o n  isotherm d a t a  f o r  NFSS s o i l  
sample from core BH-77 [-7.9 m (-26 ft)] 

Calcula ted  
i n i t i a l  Af t e r  contac t  

( w / m L  1 PH (mol/mL) (mol/g) ( l o g  ml/mL) (log aml/g) (L/kg) 
U conc. Solu t ion  Adsorbed So lu t ion  Adsorbed R s  

6 7.6 1.0x10-8 9.ox10-8 -8 . 00 -7.05 9.0 

11 7.7 2.0~10'8 1.3~10'7 -7.70 -6.87 6.5 

21  7.8 4 . 0 ~ 1 0 ' ~  2 . 5 ~ 1 0 - ~  -7.40 -6 . 60 6.3 

31 7.7 7.0~10-8 3.2~10-7 -7.15 -6.49 4.6 

41 7.7 1 . Ox 1 0'7 3 . 7 ~  1 0-7 -7.00 -6.43 3.7 

50  7.7 1. 2x10-7 4. 7x10-7 -6.92 -6.33 3.9 

101 7.7 2 . 8 ~ 1 0 ' ~  7.5~10-7 -6.55 -6.12 2.7 

195 7.6 6 . 0 ~ 1 0 ' ~  1 . 2 4 ~ 1 0 - ~  -6.22 -5.91 2.0 

2 94 7.7 9 . 4 ~ 1 0 ' ~  1 . 6 7 ~ 1 0 ' ~  -6.03 -5.78 1.8 

3 92 7.6 1 . 3 ~ 1 0 ' ~  2 . 0 ~ 1 0 ' ~  -5 . 89 -5.70 1.5 

486 7.6 1 .6x10e6 2.7x10+ -5.80 -5.57 1.7 

9 79 7.2 3.4~10'6 3.4~10-6 -5 . 46 -5.41 1.0 

4707 6.8 1 . 7x10'5 1 . 6 ~ 1 0 ' ~  -4.78 -4.79 0.94 

8989 6.4' 3 . 0 ~ 1 0 ' ~  4 . 1 ~ 1 0 - ~  -4.52 -4.39 1.4 



1 1 2  

Table E-6. Uranium(V1) sorption isotherm data for NFSS s o i l  sample 
from core BH-77 [-7.9 m (-26 f t ) ]  mixed w i t h  10 w t  % bentonite 

C a1 cu 1 a t  e d 
i n i t i a l  After contact 

(v  g /mL 1 pH (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 
U conc. Solution --Adsorbed Solution Ads orbed R s  

6 

11 

21 

31 

41 

50 

101 

195 

293 

392 

486 

9 79 

4707 

8989 

7.7 

7.8 

7.9 

7.9 

7.9 

7.9 

7.9 

7.8 

7.9 

7.9 

7.8 

7.5 

6.7 

6.4 

1 . 0x1 0-8 
2.Ox10-8 

4.4~10-~ 

7.0~10'~ 

1 . 0x10-7 
1 . 2x10-7 
3 . 3x 1 0-7 
5.9~ 1 0'7 

9.4~10'~ 

1.3~10'~ 

1.5~10-~ 

3.4~10-~ 

1.7~10'~ 

2 . 9x1 0'5 

8.2~10-~ 

1 . 4~10'~ 
2.3~10'7 

3.2~10-~ 

3 . 7x10e7 
4.5~10'~ 

4. ~'xIO-~ 

1 . 2x10-7 

1 . 9x10'6 
1 . 5~10'~ 
2.7~10'~ 

3.5~10-~ 

1.5~10'~ 

4.9~10'5 

-8 . 00 
-7.70 

-7.35 

-7.16 

-7 . 00 
-6.91 

-6.48 

-6.23 

-6.03 

-5.90 

-5.82 

-5.46 

-4.77 

-4.54 

-7.09 

-6.87 

-6.69 

-6.50 

-6.43 

-6.34 

-6.33 

-5.94 

-5.83 

-5.72 

-5.57 

-5.46 

-4.83 

-4.31 

8.2 

7.0 

5.2 

4.6 

3.7 

3.8 

1.4 

2.0 

1.6 

1.5 

1.8 

1.0 

0.9 

1.7 
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A p p e n d i x  F .  

URANIUM SORPTION ISOTHERM DATA FOR SOILS FROM THE NFSS SHOWING 
THE EFFECT OF pH ADJUSTMENT FOR CARBONATE CONTROL 
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' Table F-1. Uranium(V1) sorption isotherm data for NFSS s o i l  sample GC-1 

Calculated 
i n i t i a l  After contact 

U conc. Solution Adsorbed Solution Adsorbed R s  
(vg/mL) pH (mol/mL) (mol/g) (log mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41 

51 

101 

201 

301 

401 

501 

1001 

4813 

9 190 

7.9 

7.9 

7.9 

7.9 

8.0 

8.0 

7.9 

8.1 

8.0 

7.6 

7.7 

7.7 

7.5 

7.3 

1.1x10-8 

1 . 7 ~ 1 0 - ~  
4.7~10-~ 

6.9~10'~ 

9 . 9x1 0-8 
1.3~10-~ 

2.6~10-~ 

5.9~ 1 0'7 

7 . 8x 1 0-7 
1.3~10-~ 

1.6~10'~ 

3.3~10~~ 

1.4~10'~ 

2 . 3x 1 0' 

7 . 7x1 0'8 
1 . 6 ~ 1 0 - ~  
2.1~10-7 

3 . 2 ~ 1 0 - ~  
3.8~10-~ 

4.5~10-~ 

8.5~10'7 

1 . 3 ~ 1 0 - ~  
2.5~10-~ 

2.2x10-6 

2.8~1 0'6 

4.9~10-~ 

3 . 2~10'~ 
a. MO-5 

-7.96 

-7.77 

-7.33 

-7.16 

-7.00 

-6.89 

-6.59 

-6.23 

-6.11 

-5.89 

-5.80 

-5.48 

-4.85 

-4.64 

-7.11 

-6.80 

-6.68 

-6.49 

-6.42 

-6.35 

-6.07 

-5.89 

-5.60 

-5.66 

-5.55 

-5.31 

-4 . 49 
-4.09 

7.0 

9.4 

4.5 

4.6 

3.8 

3.5 

3.3 

2.2 

3.2 

1.7 

1.8 

1.4 

2.3 

3.5 
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Table F-2. Uranium sorption isotherm data for NFSS s o i l  sample GC-1: 
e f f e c t  of reducing pH to 3.0 prior to  contact with 

uranium-spiked groundwater a t  pH 7.1 to  7.7 

I n i t i a l  After contact 
U conc. Solution Adsorbed Solution Adsorbed R s  
( IJ d m L  1 pH (mol/mL) (mol/g) ( log  ml/mL) (log ml/g) (L/kg) 

6 7.7 8 . 6 ~ 1 0 - ~  8 . 9 ~ 1 0 - ~  -8.06 -7.05 1 . 0 ~ 1 0 ~  

11 7.4 1 . 6 ~ 1 0 ' ~  1 . 6 ~ 1 0 ' ~  -7.81 -6.80 1 . 0 ~ 1 0 ~  

21  7.6 3 . 2 ~ 1 0 ' ~  2 . 9 ~ 1 0 ' ~  -7.49 -6.53 9 . 0 ~ 1 0 ~  

31 7.6 4 . 8 ~ 1 0 - ~  4 . 3 ~ 1 0 - ~  -7 . 32 -6.37 9 . 1 ~ 1 0 ~  

41 7.6 6 . 5 ~ 1 0 ' ~  5 . 5 ~ 1 0 ' ~  -7.19 -6.26 7. 5x1Oo 

50 7.6 8. O X ~ O - ~  6 . 7 ~ 1 0 - ~  -7.10 -6.17 7 . 4 ~ 1 0 ~  

101 7.5 1 . 6x10-' 1 . 3 ~ 1 0 - ~  -6.80 -5.87 7.4~10'  

In i t ia t ion  of probable precipitat ion 

195 7.5 2 . 6 ~ 1 0 ' ~  2 . 8 ~ 1 0 - ~  -6.58 -5.55 1 . 1x101 

2 94 7.4 3 .1~10 '~  4 . 7 ~ 1 0 - ~  -6.50 -5.33 1 . 5 ~ 1 0 ~  

392 7.4 3 . 2 ~ 1 0 - ~  6 . 7 ~ 1 0 - ~  -6.49 -5.17 2 .1~10 '  

486 7.4 2 . 9 ~ 1 0 - ~  9.0~10'6 -6.54 -5.05 3 . 1 ~ 1 0 ~  

9 79 7.1 1.5~10-7 2 .0~10-5  -6.84 -4.69 1 .4x102 

4706 7.5 3 . 7 ~ 1 0 - ~  9 . 9 ~ 1 0 - ~  -7.43 -4.00 2 . 7 ~ 1 0 ~  

8989 7.4 3 . 8x1 0'8 1 . 8 ~ 1 0 ' ~  -7.42 -3.75 4 . 7 ~ 1 0 3  



Ta 
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le F-3. Uranium(V1) sorption isotherm data for NFSS soil sample BCB- 

Initial After contact 
U conc. Solution Adsorbed Solution Adsorbed Rs 
(ug/mL) pH (mol/mL) (mol/g) (log mol/mL) (log mol/g) (L/kg) 

6 

1 1  

21 

31 

41 

51 

101 

201 

301 

401 

501 

1001 

4813 

9 190 

7.5 

7.7 

7.8 

7.7 

7.7 

7.7 

7.7 

7.6 

7.6 

7.6 

7.6 

7.3 

6.6 

6.4 

1 . 1x10-8 
2.2x10-8 

4.7~10'~ 

7.3x10-' 

9 . 7 ~ 1 0 - ~  

~ 2 ~ 1 0 - 7  

2 . 7x1 0'7 
5 . 6 ~ 1 0 ~ ~  

9 . 0x1 0-7 
1 . 2x1 0-6 
1.5~10'~ 

3.4~10'6 

1 . 8 ~ 1 0 - ~  

3.4~10'~ 

7 . 4 ~ 1 0 - ~  

1 . 3 ~ 1 0 - ~  

2 . 2x10-7 
3 . Ox1 0-7 
3. axi 0-7 

4.6~10'~ 

7 . 7 ~ 1 0 - ~  

1.3~10-~ 

1 . 7~10'~ 
2.2x10-6 

2 . 6x 1 0'6 
3.6~10'6 

1. iX10-5 

2.0~10-5 

-7.96 

-7.66 

-7.33 

-7.14 

-7.01 

-6.92 

-6.57 

-6.25 

-6.05 

-5.92 

-5.82 

-5.47 

-4.74 

-4.47 

-7.13 

-6. 89 

-6.66 

-6.52 

-6.42 

-6.34 

-6.11 

-5. 89 

-5.77 

-5.66 

-5.59 

-5.44 

-4.96 

-4.70 

6.5 

5.7 

4.6 

4.1 

3.8 

3.8 

2.8 

2.4 

1.9 

1.8 

1.7 

1.1 

0.6 

0.6 
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Table F-4. Uranium(V1) s o r p t i o n  isotherm d a t a  f o r  NFSS s o i l  sample 
BCB-1: e f f e c t  of reducing i n i t i a l  pH t o  3.0 p r i o r  t o  contac t  

w i t h  uranium-spiked groundwater at pH 7.5 t o  8.2 

I n i t i a l  Af t e r  contac t  
U conc. Solu t ion  Adsorbed Solu t ion  Adsorbed R s  
(pg/mL) pH (mol/mL) (mol/g) (log mol/mL) ( log  m l / g )  (L/kg) 

6 

11 

2 1  

31 

41 

50 

101 

195 

294 

8.0 

8.2 

8.2 

8.2 

8.2 

8.2 

8.1 

8.1 

8.0 

392 7.94 

486 7.85 

979 7.54 

4707 7.50 

8 989 7.60 

8 . 1 ~ 1 0 ' ~  9 . 2 ~ 1 0 ' ~  -8.09 

1 . 4 ~ 1 0 ' ~  1 . 7 ~ 1 0 - ~  -8.85 

3 . 2 ~ 1 0 - ~  ~ . O X ~ O - ~  -7.50 

4 . 9x 10'8 4 . 3 ~ 1 0 ' ~  -7.31 

5 . 3 ~ 1 0 ' ~  6 . 0 ~ 1 0 - ~  -7.27 

8 . 6x10'8 6 . 4x10-7 -7.07 

1 . 9 ~ 1 0 - ~  1 . 2 ~ 1 0 - ~  -6.73 

3 . 8 ~ 1 0 ' ~  2 . 3x -6.42 

5.2~10'7 3.6~10'6 -6.28 

I n i t i a t i o n  of probable p r e c i p i t a t i o n  

5 . 5 ~ 1 0 ' ~  5 . 6 ~ 1 0 - ~  -6.26 

5 . 6 ~ 1 0 - ~  7 . 6x1 0-6 -6.25 

4.4~10'7 1.9~10-5 -6.36 

2 . 3x 1 0'8 9 . 4x1 0-5 -7 . 64 

2.2x10-8 2.iX10-4 -7.66 

-7.04 

-6.77 

-6.53 

-6.37 

-6.22 

-6.19 

-5.92 

-5.65 

-5 . 44 

-5.25 

-5.12 

-4.73 

-4.03 

-3 . 67 

1 . 1x101 

1 . 2x101 

9 . 4 ~ 1 0 ~  

8 . 8 ~ 1 0 ~  

l.lxlO1 

7 . 6 ~ 1 0 0  

6 . 5 ~ 1 0 ~  

6 . 0 ~ 1 0 ~  

7 . 0x100 

1 . 0x101 

1 . 3 ~ 1 0 ~  

4 . 2 ~ 1 0 1  

4 .1~103  

9. 5x102 
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Table F-5. Uranium(V1) sorption isotherm data for NFSS s o i l  sample LC-1 

Calculated 
i n i t i a l  After contact 

U conc. Solution Adsorbed Solution Ads orbed R s  

6 

11 

21 

31 

41 

51  

101 

201 

301 

401 

501 

1001 

4813 

9 190 

7.8 

7.7 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

7.7 

7.7 

7.4 

6.8 

6.5 

1.2x10-8 

2 . 3 ~ 1 0 - ~  

4.8~10'8 

7 . 5 ~ 1 0 - ~  

9 . 8x 1 0-8 

1 . 3 ~ 1 0 ' ~  

2 . 8x 1 0'7 

5 . 8 ~ 1 0 - ~  

9. iX10-7 

1 . 2x10'6 

1 . 5x10+ 

3 . 5 ~ 1 0 ' ~  

1 . 8x 1 0'5 

3 .  ~ x I O - ~  

7 . 2x10d8 

1 . 2x10-7 

2. iX10-7 

2 . 9 ~ 1  Od7 

3 . 7 ~ 1 0 - ~  

4 . 2 ~ 1 0 ' ~  

7 . 3x 1 0-7 

1 . 2 x 1 0 4  

2.1x10-6 

1 . 7 ~ 1 0 - ~  

2 . 7 ~  1 0-6 

3 . 4 ~  1 0-6 

1 . 0x10'5 

5 . 6 ~ 1 0 - ~  

-7 . 92 

-7 . 64 

-7.32 

-7.12 

-7.01 

-6.89 

-6.55 

-6.24 

-6.04 

-5.92 

-5 . 82 

-5.46 

-4.74 

-4 .43  

-7.14 

-6.92 

-6.68 

-6.54 

-6.43 

-6.38 

-6.14 

-5.92 

-5.77 

-5.68 

-5.57 

-5.47 

-5.00 

-4.25 

6.1 

5.3 

4.4 

3.9 

3.8 

3.3 

2.6 

2.1 

1.8 

1.7 

1.8 

1.0 

0.6 

1.5 
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Table F-6. Uranium so rp t ion  isotherm da ta  f o r  NFSS s o i l  sample 
LC-1: e f f e c t  of i n i t i a l  reduct ion  of pH t o  3.0 p r i o r  t o  
con tac t  wi th  uranium-spiked groundwater a t  pH 7.4 t o  7.8 

I n i t i a l  After contac t  
U conc. Solu t ion  Adsorbed Solu t ion  Adsorbed R s  
(w/mL) pH (mol/mL) (mol/g) (log mol/mL) ( l o g  mol/g) (L/kg) 

6 

11 

21 

31 

41 

50  

101 

195 

294 

7.4 

7.5 

7.5 

7.6 

7.7 

7.8 

7.8 

7.8 

7.8 

392 7.8 

486 7.8 

979 7.7 

4707 7.4 

8989 7.5 

9.8~10'9' 8 .3~10 '~  -8.01 

1 .8~1 0'8 1 . 5 ~ 1  0'7 -7.73 

3 . 8 ~ 1 0 - ~  2 . 6 ~ 1 0 - ~  -7 . 42 

5 . 7 ~ 1 0 ' ~  3 . 9 ~ 1 0 ' ~  -7.25 

7 . 6x 1 0'8 4 . 9 ~  1 0-7 -7.12 

7.7x10-' 6 . 9 ~ 1 0 - ~  -7.11 

1.9xlO-' 1 . 2 ~ 1 0 ' ~  -6.73 

3 . 9 ~ 1 0 - ~  2 . 2 ~ 1 0 - ~  -6.41 

5 . 5 ~ 1 0 - ~  3 . 5 ~ 1 0 ~ ~  -6.26 

I n i t i a t i o n  of probable p r e c i p i t a t i o n  

4 . 7 ~ 1  Oe7 6 . 0 ~ 1 0 ' ~  -6.33 

6 . 4 ~ 1 0 ' ~  7 . 2 ~ 1 0 ' ~  -6.20 

7 . 9x 1 0'9 1 . 7 ~  1 0-5 -6.10 

2 . 3 ~ 1 0 - ~  9.8~10-5 -6.63 

2 . 8 ~ 1 0 ' ~  1 . 8 ~ 1 0 - ~  -7.55 

-7.08 

-6.83 

-6.58 

-6.41 

-6.31 

-6.16 

-5.92 

-5.66 

-5.46 

-5.22 

-5.14 

-4.77 

-4.01 

-3.74 

8.5 

7.9 

6.9 

6.8  

6.4 

8.9 

6.4 

5.5 

6.4 

1 . 3 ~ 1 0 ~  

1.lxlOl 

2.2x101 

4. 3x102 

6 . 4 ~ 1 0 ~  
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Table F-7. Uranium(V1) so rp t ion  isotherm data fo r  NFSS core sample 
from the  7.9-m (26-ft) l e v e l  of BH-77 

Calcula ted  
i n i t i a l  After contact  

U conc. Solut ion Adsorbed Solu t ion  Ads o r  bed Rs 
(u  g/mL 1 pH (mol/mL) (mol/g) ( log  mol /mL)  ( l og  mol/g) (L/kg) 

6 7.6 1.0~10'~ 9.0~10-~ -8.00 -7.05 9.0 

11 7.7 2.0~10-8 1.3~10-7 -7.70 -6.87 6.5 

21 7.8 4.0~10-~ 2.5~10-~ -7.40 -6.60 6.3 

31 7.7 7.0~10-~ 3.2~10-~ -7.15 -6.49 4.6 

41 7.7 1.OXlO-7 3.7~10-~ -7.00 -6.43 3.7 

50 7.7 l.2~lO-~ 4.7~10-~ -6.92 -6.33 3.9 

101 7.7 2.8~10'~ 7.5~10-~ -6.55 -6.12 2.7 

195 7.6 6.0~10'7 1.24~10-6 -6.22 -5.91 2.1 

2 94 7.7 9.4~10-~ 1.67~10-~ -6.03 -5.78 1.8 

392 7.6 1.29~10-~ 2.01~10-~ -5.89 -5.70 1.6 

4 86 7.6 1 . 58x10'6 2.69~10-6 -5.80 -5.57 1.7 

979 7.2 3.44~10'~ 3.93~10-~ -5.46 -5.41 1.1 

4707 6.8 1.67~10-~ 1.64~10-~ -4.78 -4.79 1.0 

8989 6.4 3.03~10-5 4.12~10-5 -4.52 -4.39 1.4 
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Table F-8. Uranium so rp t ion  isotherm da ta  f o r  NFSS core sample from the  . 
7.93 (26-ft) l e v e l  of BH-77: e f f e c t  of i n i t i a l  reduct ion of 

pH t o  3.0 p r i o r  t o  contac t  with uranium-spiked groundwater 
a t  pH 7.0 t o  8.1 

~ ~~~ ~~~~~~ ~~~~ 

I n i t i a l  Af t e r  contact  
u conc. Solu t ion  Adsorbed Solu t ion  Adsorbed RS 
( 1.1 a /mL 1 p H (mol/mL) (mol/g) ( log  mol/mL) ( log  mol/g) (L/kg) 

6 

11 

21 

31 

41 

50 

101 

195 

294 

392 

486 

9 79 

4707 

8989 

8.1 

7.8 

8.0 

8.1 

8.1 

8.1 

8.0 

7.9 

7.9 

7.8 

7.7 

7.4 

7.0 

7.0 

7. lxlO-' 9.7~10-~ -8.15 

1.4~10'~ 1.7xlO-' -7 . 86 
2.9~10-~ 4.4~1O-~ -7.54 

4.6~10-~ 4.4~1O-~ -7 . 34 
6.1~10'~ 5.6~10'7 -7.21 

8.0~10'~ 6. ~ x I O - ~  -7.10 

1.8~10-~ 1.3~10-~ -6.76 

3.4~10'~ 2.4~10'~ -6.47 

4. ~ x I O - ~  4.1~10-~ -6.36 

I n i t i a t i o n  of probable p r e c i p i t a t i o n  

4. ~ x I O - ~  6.1~10-~ -6.34 

4.5~10-~ 8.1~10'~ -6.35 

3. O X ~ O - ~  1. ~ x I O - ~  -6.52 

2 . 2 ~ 1 0 - ~  9.5~10-~ -7.66 

5.7~10-~ 1.8~10-~ -7.23 

-7.01 

-6.78 

-6.35 

-6.36 

-6.25 

-6.17 

-5.90 

-5.61 

-5.39 

-5.22 

-5.09 

-4.71 

-4.04 

-3.76 

1.4~10~ 

1.2x101 

1.5~10~ 

9.6~10' 

9. 2x1Oo 

8.5~10~ 

7.2~10~ 

7.lxlOO 

9. 4x10° 

1.3~10~ 

1.8~10 

6 . 5x1 0 
4. 1x103 

3. 2x102 
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Table G-1. Radium sorption data for s o i l  samples from the NFSS 

I 

After contact I n i t i a l  
S o i l  solution Solution Adsorbed Solution Adsorbed R s  

I sample (pCi/mL) pH (pCi/mL) (pCi/g) (log pCi/mL) ( log  pCi/g> (L/kg) 

GC-1 1.035 8.0 2.332 3.6E5 2.36 5.56 1,600 

GC-2 1.OE5 8.0 3.4E1 3.735 1.53 5.57 1,100 

GC-3 1.OE5 8.0 6.3E1 4.235 1.80 5.62 6,700 

BCB-1 1 .OE5 8.0 1.2E2 4.235 2.08 5.62 3,500 

BCB-2 1.OE5 8.0 2.4E1 4.235 1.38 5.62 18,000 

BCB-3 1.OE5 8.0 3.4E1 3.935 1.53 5.59 12,000 

LC- 1 1.OE5 8.0 5.3E1 3 . 9E5 1.72 5.59 7,000 
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